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INTRODUCTION

This collection of 48 publications is divided into three 
main sections:

A. Original papers and reviews concerning carbohydrates 
and nucleotides.

B. Original papers and reviews relating to phenolic 
compounds,

C. Edited books.

The overlap in topics which occurs in Sections A and B a 
direct result of the candidate’s interest in the borderline 
field between the three groups of compounds listed.

Publications A1 - A9 are mainly concerned with higher 
plant polysaccharides and related researches. Prunus gums 
have been investigated from the points of view of composition, 
function and biosynthesis. The detailed chemical structures 
of the polysaccharide moieties have not been emphasized but, 
instead, certain comparative aspects of the structures of 
gums arising from different plant tissues. In addition, the 
minor components of gums have been examined together with the 
tissues which apparently produce the gums.

The biosynthesis of complex heteropolysaccharides in 
mature plant tissues was observed for the first time using 

and more recently the biosynthesis of hemicelluloses 
has been investigated and nucleotide derivatives of L-arabinose 
and D^-xylose shown to be involved.

Methods for the determination of monosaccharides were 
devised and the dangers of acid catalysed polymerization of 
these sugars stressed.



Publications A10 (a,b) describe some initial studies 
with human foetal glycogen. This polysaccharide was shown 
to be present in foetal livers after only 13i weeks 
gestation; structural analysis indicated a close similarity 
to adult human liver glycogen. Information on the level of 
some of the enzymes concerned with glycogen metabolism in 
foetal tissues has been obtained.

Studies with oligosaccharides constitute the main 
thesis of publications A11 - A19* This work began with the 
isolation and characterization of the galactose-containing 
oligosaccharides from broad-bean seeds. The biosynthesis 
and metabolism of these sugars was later studied; UDP 
galactose has been implicated in the formation of raffinose 
in vivo and the enzymes a-galactosidase and UDP glucose; 
fructose glucosyl transferase (sucrose synthetase) in the 
breakdown of the trisaccharide during germination. The low 
molecular weight carbohydrate content and associated enzymes 
of aspen cambial tissues have also been examined. Reviews 
on methods in oligosaccharide chemistry are included.

General interest in the stability of glycosidic bonds 
and also possible methods of making iron-containing organic 
compounds soluble in water led to the work on o-D-glucosides 
and acetals of ferrocene derivatives which is described in 
publications A20 - A23.

Publications B1 - B21 are concerned mainly with the 
formation and metabolism of phenolic glycosides. In 
summary, it has been shown that nucleoside diphosphate glucose 
derivatives are almost certainly involved in phenolic 
p«p-glucoside formation in plants. The ability to produce 
glucosides from exogenous phenols has been shown to be a



common characteristic of most higher plant tissues but not 
of lower plants such as algae and fungi. In higher plants 
the glucosylating system is rather non-specific with respect 
to exogenous phenols. This is probably due to the existence 
of several glucosyl transferases in the tissues. Transfer 
of D-galactose, D-fucose and D-glucose from *low energy* 
glycosyl donors to phenolic hydroxyl groups has been effected 
using enzymes from microorganisms. This type of transferase 
utilizing simple D-glucose derivatives apparently does not 
exist in higher plants. Initial studies suggested that 
helicin not saligenin was the direct precursor of salicin 
(further evidence which is unpublished, confirms this).

DOPA metabolism has been investigated. Unexpectedly 
it was found that only small amounts of this compound are 
converted to the glucoside in Vicia faba. An enzyme capable 
of deaminating DOPA with the formation of caffeic acid was 
detected in several plant species. In DOPA-containing plants 
which produce mepQjnin the biosynthetic pathway to the pigment 
cannot be the same as in the animal kingdom as these plant 
melanins have structures largely based on catechol residues.

Analytical methods have been developed to assist with 
the studies described above and reviews on phenol chemistry 
and biochemistry have been prepared.
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Al
{Reprinted from Nature, Vol. 172, p. 207, August 1, 1953)

Free X ylose In Fruits
A n investigation  o f th e  carbohydrates p resen t in  

th e  V ictoria p lum  has revealed  th e  presence o f sm all 
am oun ts (c. 0 - 1  p e r cen t fresh w eight) o f free xylose in  
th e  juice o f ripe an d  im m atu re  fru its . T he origin o f  
th is  sugar is u n ce rta in  ; i t  m ay  arise from  enzym ic 
hydrolysis o f a  xyloside, b u t we consider th is unlikely .

T he xylose w as iso lated  b y  m acera tion  o f th e  
p lum  m esocarp, followed b y  dialysis against d istilled  
w ate r. T he d ialysate , con tain ing  th e  free sugars, w as 
evapo ra ted  to  a  syrup  in  vacuo, an d  th e  xylose iso lated  
b y  p a rtitio n  ch rom atography  using a  cellulose 
column^.

T he xylose w as characterized  b y  p ap er ch rom ato 
g raphy  (W hatm an  N o. 1 p ap er w as em ployed) using  
as so lvents e thy l a ce ta te  -  acetic a c id -  w ate r ( 9 :2 :2 ) ,  
n -b u ta n o l-  py rid ine  -  w a te r (10 : 3 : 3), an d  p h en o l- 
w a te r (phenol sa tu ra te d  w ith  w ater). T he ch rom ato 
gram s w ere developed by  sp ray ing  w ith  4 p e r cen t 
anisid ine hydrochloride in  n-butanol®.

F u r th e r  p ro o f o f id en tity  w as obtained  b y  th e  
p rep ara tio n  o f  a  d im ethy l ace ta l dibenzylidene 
derivative.

Sulficient m ateria l w as n o t available for accu ra te  
optical m easurem ents, though  a  p re lim inary  exam 
in a tio n  show ed th a t  i t  exh ib ited  a  sm all d ex tro 
ro ta tio n . ^

-E v idence  has also been  ob ta ined  o f th e  existence 
o f free xylose in  o th e r varie ties o f m a tu fe  p lum , 
dam son an d  quince, an d  D r. A . E . F lood  an d  his 
colleagues have  detec ted  i t  ch rom atographically  in  
young  apple an d  p ea r shoots, an d  in  th e  leaves o f 
potato®.

I t  is hoped  to  continue th e  investigation  w hen 
fu r th e r supplies o f fru ity  are  availab le . W e are  
indeb ted  to  D r. J .  K . N . Jones fo r h is advice an d  
in te re s t during  th is  w ork.

. J .  G. H ay 
’ J .  B . P bidham  

D ep a rtm en t o f -Biological C hem istry ,
U n iversity , B ris to l 8 . M arch 26. i

‘ Hough, li., Jones, J. K. N., and Wadman, W. H., J . Chem. Soc.,: 
2511 (1949).

* Hough, L., Jones, J. K. N., and Wadman, W. H., J . Chem. Soc.,
1702 (1950). ■

• Mood, A. B. (private communication). .

Printed in Great Britain by Fisher, Knight & Co., Ltd., St. Albans.
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A  Colorimetric Estimation of Sugars Using Benzidine

A2-

B y  j .  K . N . JO N E S* a n d  J .  B . P R ID H A M  
Department o f Chemistry, The U niversity, B ristol 8

{Received 1 M a y  1954)

M any colorim etric m ethods using organic reagents 
are  available for th e  estim ation  o f sugars, a  num ber 
o f w hich have  been utilized  m  conjunction  w ith  
chrom atography . F o r exam ple, a  m ethod  using 
aniline p h th a la te  has been described (Blass, 
M acheboeuf & N unez, 1950; B a rtle tt , H ough  & 
Jones, 1951). T his m ethod , how ever, consists of 
several stages, w hich is a  d isadvantage. M ethods 
using concen tra ted  m ineral acids are  to  be avoided 
if  possible, in  order to  sim plify p rac tica l procedure, 
an d  for th is  reason th e  m ethod  described by  
D ubois, Gilles, H am ilton , R ebers & Sm ith  (1951), 
using a  phenol-sulphm dc acid reagent, w as con
sidered unsu itab le  for rou tine analysis.

In  connexion w ith  w ork on gum s, i t  w as con
sidered necessary to  have  available a  sim ple colori
m etric  estim ation  apjilicable to  all th e  m ono
saccharide constituen ts of com plex polysaccharides 
an d  th e ir  m ethy la ted  derivatives.

q . 0-2

320 340 360 380 400 420 440 460 480
Wavelength {my.)

Fig. 1. Absorption spectra for: A , reaction of lOO/Lig, 
D-galactose with the benzidine reagent; B, the blank 
determmation. Curves for aldopentoses, m ethyl aldo- 
pentoses, hexuronic acids, and methylated sugars were 
similar to A.

* Present address: Department of Chemistry, Queen’s 
University, Kingston, Ontario, Canada.

B enzidine is used  as a  chrom atographic sp ray  
reagen t fo r reducing sugars (Horroclis & M anning, 
1949) an d  for th e  e sthna tion  o f pentoses b y  an  
ind irect m ethod  involvm g fu rfiua l (McCance, 1926). 
A n a tte m p t w as therefore m ade to  estim ate  sugars 
d h ec tly  using a  so lution o f benzidine in  glacial 
acetic acid. P relirrdnary experim ents show ed th a t  
aldopentoses, m e th y l aldopentoses, aldohexoses, 
hexuronic acids, m e th y la ted  sugars, an d  ohgo- 
saccharides all gave an  orange-yeUow coloration 
w hen h ea ted  w ith  th e  reagen t, an d  th a t  th e  colour in 
each case h ad  a  sim ilar m ax im um  absorp tion  band  
(Fig. 1). F u r th e r  investiga tion  show ed th a t  th e  
re lationsh ip  betw een  absorp tion  an d  concentration  
w as linear in  all cases stud ied .

I t  w as observed th a t  th e  benzidine reagen t in  
glacial acetic acid  g radually  becam e pale yellow 
w hen exposed to  a ir  an d  ligh t. H ow ever, th e  
add ition  o f a  sm all am oun t o f  stannous chloride 
p reven ted  th is  discoloration, an d  also increased th e  
sensitiv ity , enabling  th e  determ ination  o f m uch 
lower concentrations o f sugar. S tannous chloride is 
also used in  th is  lab o ra to ry  to  stabilize th e  p -  
anisidine hydrochloride sp ray  reagen t (Hough, 
Jones & W adm an, 1950).

T he com position o f polysaccharides w as d e te r
m ined using th e  benzidine reagent, a fte r  hydrolysis 
an d  separa tion  o f th e  m onosaccharide constituen ts 
on p ap er chrom atogram s.

E X P E R IM E N T A L

Reagent. This consists of a 0 2 % (w/v) solution of ben
zidine (A.R.) in glacial acetic acid (A.R.) containing 0 1% 
(w/v) SnClj.

Owing to the slight instability of the reagent, the deter
mination of sugars is not based on a standard curve, but 
estimations of standard sugar solutions are carried out 
together with the unknown. The solution of benzidine in 
glacial acetic acid should be freshly prepared. The addition 
of stannous chloride produces a cloudy precipitate which is 
filtered off. The clear, coloiuless solution is then ready for 
use.

Method
The estimations are carried out in test tubes (7 x 1 in.) 

provided with small glass spheres to prevent the entry or 
loss of water. Sugar solution to be determined (1 ml.), 
containing not more than 600 pg. of sugar, is added from 
a pipette into a tube, followed by the benzidine reagent 
(5 ml.) from a burette. After a thorough mixing, the tubes 
are heated in a vigorously boilhig water bath for a period 
depending on the class of the sugar (Table 1 and Fig. 2). At
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least two standards of suitable concentration are included 
and also a blank determmation, i.e. 1 ml. of water and 5 ml. 
of benzidine reagent.

After being heated, the tubes are cooled in runnmg water 
for not less than 3 min. The colour is then measured with 
a HUger ‘Spelvker’ photoelectric absorptiometer ushig a 
violet filter (Ilford no. 601, wavelength 425 mp.) and a 
0 5 cm. glass cell. The concentration of the unknown can 
then be calculated from the standards by simple proportion, 
or, better still, if three or more standards are employed, by 
plotting absorption against concentration and reading the 
unknovm from the resulting graph. The relation between 
concentration and absorption was found to be linear over 
the range 100-600 pg./ml. for the sugars listed in Table 1.

Concentrations as low as 20 pg./ml. can also be determined 
satisfactorily, provided that standards are included within 
the range 2 0 - 1 0 0  pg./ml., and the calculation is based on 
these standards. The reason for this is that below a concen-

T able 1. Tim es o f heating sugars 
until the benzidine reagent

Sugar
Arabinose
Ribose
Lyxose
Xylose
Glucose
Galactose
Mannose
Rhamnose
Fucose
Glucurone
Galacturonic acid
2:3:4-Trimethylxylose
2:4:6-Trimethylglucose
2:3:6-Trimethylglucose
2:3:4:6-Tetramethylglucose
Maltose
Sucrose

Heating time necessary 
for maximum colour 

production 
(min.)

15

30

y 60

0 -4

o  0-3

«  0-2

0 20 3 0 5 0 6010 40
Time of heating (min.)

Fig. 2. Variation in optical density (400 m/a.) with time of 
heating for: A, D-glucurone (300/ag.); B, D-ribose 
(250/ag.); C, 2:4:6-tiimethyl-D-glucose (160/ag.) with 
benzidine reagent. Methyl aldopentoses, aldohexoses, 
and galacturonic acid gave curves similar to A. All 
aldopentoses resembled curve B  and aU methylated 
sugars curve C. Measurements were made with a Unicam 
SP. 350 spectrophotometer using a 1 cm. glass cell.

tration of lOO/ag./ml. the slope of the concentration/ 
absorption graph changes slightly (Fig. 3). The method is 
not suitable for concentrations of less than 1 0 0  pg./ml. of 
methylated sugars and disaccharides or less than 50 /xg./ml. 
of hexuronic acids. The determination may be carried out 
with errors of less than dh 3 %.

The absorption spectra of the coloured compounds 
produced by interaction of the benzidine reagent with 
sugars were plotted at intervals of 5 m/a. using a Unicam
S.P. 500 spectrophotometer, and a 1 cm. glass cell. The 
maximum absorption with all the sugars tested was in a 
wavelength band ranging from approximately 340 to 
420 m /i .  (Fig. 1). Small peaks were evident within the 
wavelength band, with a small variation depenchng on the 
nature of the sugar. The main absorption plateau, however, 
was of a similar nature in every case. The use of the ‘ Spekker ’ 
with a violet filter to measure the colour produced, instead 
of a spectrophotometer employing a diffraction grating for 
the selection of a definite wavelength, was found to be quite 
satisfactory. The former instrument was easier to operate, 
espeeially when dealing with many determinations, and the 
violet filter allowed absorption to be measured over a 
wavelength band where the absorption maximum of the 
blank determination was at a mhiimum.

Specificity o f coloration
The benzidine reagent was observed to give colours with 

hexose diphosphate, 2 -deoxy-D-galactose, dihydroxy- 
acetone, and with ketonic compounds with free or easily 
accessible carbonyl groups, e.g. acetone, formaldehyde, 
a-oxoglutaric acid, etc. n-Fructose, however, only gave 
a colour when in high concentration.

No colour was observed with glycine (in concentration less 
than 1 0  mg./ml.), tryptophan, tyrosine, asparagine, cystine, 
hydroxyprohne, urea, hexitols, or calcium gluconate. 
D-Glucosamine hydrochloride gave a faint colom’ in a con
centration of 500 /ig./ml.

0-6

0-5

X 0-3

0-2

0-1

0 100 200 300 400 500 600 700
Sugar concentration  (pg./m l.)

Fig. 3. Concentration /absorption graphs showing change of 
slope below a concentration of lOO/ig./ml. for: A , d- 
mannose; B, u-xylose, C, D-glucmone. Other sugars 
show a similar change. The filter used (Ilford 601) 
transmits light in the range 385-470 m/a., max. trans
mission 425 m/a.
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Table 2. A nalysis  o f polysaccharides

Polysaccharide
Lucerne seed galactomannan 
Lilium umbellatum glucomannan

Ratio of D-glucose or 
D-galactose to D-mannose Recovery 

based on 
riboseDetermined Results of

by benzidine previous recovery
method workers (%)
1:1-35 1:1-25* 1 0 1 - 8
1 : 1 - 8 8 l:l-8 3 f 94-4

* Andrews, Hough & Jones (1952). 
t  Andrews, Hough & Jones (unpublished results).

T able 3. Recoveries o f sugars after partition on paper

Amount 
added to 

paper Recovery Recovery
Sugar (Mg-) (Mg-) (%)

L-Arabinose 309 309 1 0 0
233 235 1 0 1
155 165 106

D-Xylose 998 930 93
750 750 1 0 0
499 457 92
250 229 92

D-Galactose 99 99 1 0 0
398 365 92

A na lysis o f polysaccharides
Two polysaccharides have been hydrolysed, their con

stituent sugars separated on paper chromatograms (Flood, 
Hirst & Jones, 1948) and analysed using the benzidine 
reagent. The results obtained (Table 2) were comparable 
with those of other workers.

The sugars were eluted from the chromatograms by 
shaking the paper strips with suitable volumes of distilled 
water in tubes fitted with ground-glass stoppers. The sugar 
solutions were then poured off, centrifuged to remove small 
particles of cellulose, and samples taken for analysis (cf. 
Roudier, 1951).

The recovery from the paper using the above technique 
was examined by applying standard sugar solutions to 
chromatograms with an ‘Agla’ micrometer syringe 
(Burroughs Wellcome and Co., London), developing with 
ethyl acetate-acetic acid-water solvent (9:2:2, v/v) and 
eluting the sugar as described. The error was found to be 
within ± 9 %  (Table 3).

Lucerne seed galactomannan. The polysaccharide 
( 1 1  38 mg.) was hydrolysed with N-H2SO4 in a sealed tube 
overnight at 100°. n-Ribose (2-925 mg.) was added to the 
hydrolysate and then the acid neutralized with barium 
carbonate. After filtration, the solution was evaporated 
under reduced pressure to a small volume. The three com
ponent sugars were then separated chromatographically 
using M-butanol-ethanol-water solvent (40:11:19, v/v) 
(see Table 2).

Lilium umbellatum glucomannan. The glucomannan 
(20-27 mg.) was hydrolysed in a sealed tube with 98% 
formic acid at 100° overnight. The acid was removed by 
evaporation under reduced pressure, and the residue taken 
up in N-H2SO4 . n-Ribose (6-318 mg.) was then added and 
the solution heated at 100° for 30 min. to hydrolyse formyl

esters. The acid was then neutralized as before with barium 
carbonate, and the remainder of the procedure repeated as 
described for lucerne seed galactomannan (see Table 2).

SUMMARY

1. A  new  m ethod  o f determ in ing  sugars colori- 
m etrically  is described, th e  reagen t consisting of 
a  so lu tion  of benzidine in  glacial acetic acid. The 
m ethod  is su itab le  for th e  determ ination  of a ldo
pentoses, m ethy l aldopentoses, aldohexoses, h ex 
uronic acids, m eth y la ted  sugars, an d  disaccharides. 
K etoses an d  am ino sugars carm ot be estim ated  w ith  
th is  reagent.

2. F rom  20 to  600  pg./m l. o f aldopentose, m ethy l 
aldopentose, an d  aldohexose m ay  be determ ined  by  
th e  m ethod . H exuronic acids can be estim ated  in 
concentrations ranging  from  50  to  60 0  p.g./ml. 
M ethy lated  sugars and  disaccharides canno t be 
estim ated  sa tisfactorily  below a  concentration  of 
lOOpg./ml. T he sugars m ay  be determ ined  w ith  
errors less th a n  ± 3 % .

3. T he analysis of a  g lucom annan an d  galac to
m annan  has been carried  o u t using th is  procedure.

One of us (J.B.P.) wishes to thank the Department of 
Scientific and Industrial Research (Food Investigation) for 
a grant.
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The form ation of analogous compound^ from  D -arab o  asco rb ic  acid  and fron i 
D-gluco asco rb ic  acid  is  d esc rib ed . ~

J5. THE COMPOSITION AND FUNCTION O F PLANT GUMS. L . Hough - 
and J .  B. P rid h am . B iological C h em istry  L ab o ra to rie s , The U niversity , 
B risto l, England.

Fruit su rface  gum and b a rk  gum of V ic to ria  plum a re  chiefly  com posed of 
polysaccharide m a te ria ls  which on acid  hydro lysis yield D.-glucuronic acid, 
H-galactose, H -m annose, ^ -a ra b in o s e ,  Q -xylose , and I^-rB am nose. The 
Eârk gum polysaccharide  was shown to contain a higher proportion  of D« 
mannose, ^ ra ra b in o se , and hexuronic acid  than the fru it su rface  gum .'"

Traces of combined 4-O -m ethylglucuronic  acid  w ere  a lso  detected  in the - 
polysacch^ide of the fru it su rface  gum.

Periodate oxidation of the two types of gum a lso  showed that they w ere 
structurally d ifferen t. Both gum polysaccharides appeared  to be e le c tro -  
phoretically hom ogeneous, and a  m ix tu re  of the two could not be reso lv ed .

Both types of V ic to ria  plum gum contained perox idase , a s  did sam ples 
of gums from  se v e ra l o th er plant sp ec ie s . The physiological sign ificance of 
this enzyme in re la tio n  to the gum is  d iscu ssed .

Also p re sen t in plum gum s w ere phenolic m a te ria ls , including lignin and 
small amounts of pen tose- and hexose-containing o ligo sacch arid es . The 
latter compounds could be ex trac ted  with cold m ethanol (pH 7), and there^  
fore it is im probable that they a ro se  by p a rtia l hydro lysis of the p o ly sac- '  : 
eharides during experim entation . O ligosaccharides w ere  a lso  e x trac ted  J 'y  .J 
firotn gum a rab ic  and c h e rry  gum with cold m ethanol.



Some Observations on the Composition, Function and Biogenesis of Plant Gums with Particular 
Reference to the Plum Gums. By J. B. P r i d h a m  (introduced by C. A. A s h f o r d ). (The Biological
C hem istry Laboratory, U niversity o f Bristol)

The gum  th at is exuded from the bark and fruit o f  
plum  trees, like other plant gum s, consists largely o f a 
com plex acidic polysaccharide composed o f D-glucu- 
ronic acid, D-galactose, D-mannose, L-arabinose, D- 
xylose and L-rhamnose (cf. H irst & Jones, 1947).

I t  has been suggested (Hirst & Jones, 1951) that 
■ gummosis is a protective mechanism which enables 
the plant to seal off lesions made by mechanical 
injury or invading micro-organisms. Small-scale 
experiments indicate that gum formation is pro
bably enhanced when micro-organisms are intro
duced artificially into plum trees, and repeated 
failures to degrade gums in  vitro  with micro
organisms illustrate the value of these compounds to 

. the tree.
Apart from the large carbohydrate fraction, the 

exuded gums also contain small amounts of 
phenolic compounds, lignin and protein, and show 
peroxidase activity, as do gum arabic (Whistler & 
Smart, 1953), gum Cedrela sinensis, and grapefruit 
gum.

The proportions o f  D-galactose, D-mamiose, 
L-arabinose and d -xylose, after hydrolysis, in 
.V ictoria plum  bark and fruit gum s, have been  
determ ined by the benzidine m ethod (Jones &

BiocKetv\. Ÿ £J ̂  XXvm
Pridliam, 1953), ^fid it has been shown that the bark 
gum  contains a higher proportion o f D-mannose and  
L-arabinose than the fruit gum . Other properties, 
however, such as optical rotation and rate o f hydro
lysis, are similar for both gums.

The use of the Tiselius electrophoresis apparatus 
for investigating the homogeneity of water-soluble 
polysaccharides has been explored, and artificial 
mixtures of gum arabic and plum gum in borate 
buffer (pH 7*8), and sugar-beet araban and plum 
gum in phosphate buffer (pH 7 0) have been sucess- 
fully separated.

All attempts to fractionate bark and fruit gums 
electrophoretically, either singly or using an artifi
cial mixture of the two, have so far failed.

The author wishes to thank the Department of Scientific 
and Industrial Research for a grant.
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I n t r o d u c t i o n

D-Gluciironic acid is a common constituent of polysaccharides, occur
ring in many plant gums and hemicelluloses (1). Experiments in this 
laboratory on the gummosis of plum trees have suggested th a t the 
formation of this uronic acid in the tree is related to the biosynthesis of 
plum gum. This gum is a complex acidic polysaccharide containing d -  

glucuronic acid, D-galactose, D-mannose, L-arabinose, D-xylose, and l -  

rhamnose (2). Degradation studies by other workers (3) on many plant 
gums have left little doubt th a t chemically the uronic acid occupies an 
im portant structural position in the gum molecule. I t  also probably helps 
to stabilize the molecule to microbiological attack, as all attem pts to 
degrade plum gum with various microorganisms have failed (2 ), whereas 
these microorganisms hydrolyzed many other plant polysaccharides, 
e.g., pectic acid, araban, galactan, and xylan, thus supporting the sugges
tion that the gum functions as a protective barrier to  microbiological 
invasion (4).

The formation and metabolism of D-glucuronic acid in animals has 
been studied extensively, and it now seems fairly certain th a t D-glucose 

y  is the precursor (5). However, few observations have been made in this 
connection using plant material. Isherwood, Chen and Mapson (6 ) stud
ied the biosynthesis of ascorbic acid in cress seedhngs and suggested th a t 
a possible route was the conversion of D-glucose to D-glucuronic acid.

Since the formation of gum by plum trees was accompanied by the 
appearance of combined glucuronic acid in the tissue polysaccharides, 
the effect of D-glucuronic acid and its lactone on the respiration of plum

1 T his work forms p a rt of the  program  of the Food Investigation  O rganisation 
of the  D epartm ent of Scientific and Industria l Research.
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tissues was studied. D-Xylose has been found in a free state in plum tis
sue (7 ), and therefore this experiment was of further interest owing to the 
suggestion that pentoses might arise by decarboxylation of hexuronic 
acids (8 ), since on stereochemical consideration alone, D-glucuronic acid 
is potentially a direct precursor of D-xylose.

The results obtained showed that sodium D-glucuronate was toxic, 
but th a t D-glucurono-7 -lactone was readily assimilated by plum shoots 
and produced a respiratory stimulation of plum fruit tissue slices. No 
evidence for the conversion of D-glucurono-y-lactone to  pentose by a 
decarboxylation mechanism was obtained. D-Xylose produced a slight 
inhibition of respiration of tissue slices.

E x p e r i m e n t a l

All experiments were carried out w ith organs or tissue preparations from trees 
of V ictoria Plum ; the tissue used for respiration m easurem ents was collected in 
July .

Fresh plum  fru it have been examined qualita tively  for D-glucuronic acid at 
various stages of growth. The tissues were m acerated, ex trac ted  w ith two por
tions of cold m ethanol, and after drying a t room tem peratu re, th e  tissue residue 
was hydrolyzed in N  H 2SO4 on a boiling w ater b a th  for approxim ately 16 hr. The 
mineral acid was then  neutralized w ith barium  carbonate (A.R.) and filtered, and 
the barium  ions were removed from the filtrate by passing th rough  a small column 
of Amberlite IR-120 resin (H+ form). The eluate w;as then  concentrated  under re
duced pressure and examined on paper chrom atograms using e thy l acetate-acetic 
acid-w ater solvent (9:2:2 v/v) and W hatm an No. 1 paper. The uronic acid, in the 
7 -lactone form, was detected by spraying w ith p-anisidine hydrochloride solution 
(9), when i t  appeared as a characteristic fast-m oving p ink spot, clearly distin
guishable from the other monosaccharides present.

The effects of sodium D-glucuronate (0.6%) and D-glucurono-7 -lactone (1.0%) 
on plum fru it spurs were compared by inunersing the  cu t ends in to  aqueous solu
tions of these compounds and leaving for approxim ately 24 hr. a t room tem pera
tu re . A fter this period, the general appearance of the  spurs was noted, and the 
organs (leaves, fru it, and bast) were m acerated separately , ex tracted  w ith hot 
m ethanol, and, after evaporation of th e  m ethanol, th e  residue was examined on 
paper chromatograms for sugars.

Leaf respiration was measured m anom etrically by th e  m ethod of Dixon (10), 
th e  petioles having been inunersed in 1.0% solutions of D-glucose and D-glucurono- 
7 -lactone for 17 hr. a t room tem perature before the  experim ent. Gaseous exchange 
values were based on dry weight of leaves.

Respiration measurements on plum mesocarp tissues were m ade using the 
same manometric procedure. Cylindrical pieces (ca. 0.7 X 1.0 cm.) of tissue were 
cu t w ith a No. 4 cork borer and partia lly  immersed in w ate r for 17 hr. prior to 
examination. Comparisons of respiration rates in w ater and 1.0% D-glucurono- 
7 -lactone solution, and in 1.0% D-glucose and 1.0% D-glucurono-7 -lactone solu
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tions were then carried out. The respiration of plum  mesocarp tissue in w ater 
and in 1 .0 % n-xylose solution, w ithout the prelim inary starvation  period in w ater, 
was also compared.

The possibility of decarboxylating n-glucuronic acid to  form n-xylose was 
tes ted  by incubating mesocarp slices w ith 1 .0 % n-glucurono-y-lactone solution 
(10 ml.) for 4 days a t room tem perature. The supernatan t liquor was then  filtered 
through a weighed sintered-glass funnel (medium porosity), th e  tissue was ex
trac ted  four tim es w ith boiling m ethanol to  remove m onosaccharides, and the 
residue was then  transferred  quan tita tive ly  to  the funnel and washed w ith a 
fu rth er volume of m ethanol. The funnel and its  contents were then  dried to  a 
constan t weight in an oven a t 100°. The combined washings were carefully evapo
ra ted  to  a sirup under reduced pressure, and dilu ted  w ith w ater to  10 ml. n-Glucose 
and D-xylose were then separated  chrom atographically and estim ated  colori- 
m etrically  w ith benzidine using the  m ethod of Jones and Pridham  (11). In  a con
tro l experim ent, the  D-glucurono-7 -lactone solution was replaced w ith w ater (10 
ml.) and analyzed sim ultaneously.

R e s u l t s  a n d  D i s c u s s i o n

Qualitative paper chromatographic examination of acid hydrolysis 
products of plum mesocarp tissues a t varying stages of growth indicates 
th a t galactose, mannose, arabinose, xylose, rhamnose, and galacturonic 
acid were present in the water-soluble polysaccharides of the tissues 
throughout the period of fruit development, and, apart from the galactu
ronic acid, in approximately the same proportions as in plum gum. Thus 
the mesocarp polysaccharides contain all of the monosaccharide constit
uents of the gum with the exception of glucuronic acid. The latter could 
not be detected in the mesocarp until late July, when external gummosis 
was evident from field observations, and then only in very low concen
trations. Examination of the bast, however, by the same procedure, in
dicated th a t relatively high concentrations of the uronic acid were pres
ent in this tissue in June.

Qualitative observations with single plum fruit exhibiting external 
gummosis show th a t the glucuronic acid content of the mesocarp tissue 
adjacent to the gummosis site is much higher than th a t of tissue a short 
distance from the site.

These results suggest that the appearance of glucuronic acid in the 
mesocarp is directly related to the formation of gum. I t  seems plausible 
th a t the gum molecule is biosynthesized a t a late stage in the develop
ment of the fruit, from pre-existing polymeric material such as the poly
saccharides of the pectin complex or the cell wall hemicelluloses. In  stud
ies on the fixation of by plum fruit spurs, it has been observed th a t
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incorporation of into pectin occurs^ showing th a t this polysaccharide 
must be m a dynamic state during the period when fruit gummosis oc
curs, and could therefore act as a gum precursor. The incorporation of 
glucuronic acid into the gum might well be one of the final stages in the 
biosynthesis of this macromolecule. Small amounts of gum appear to be 
present in all plum fruit during the later stages of development, but the 
production of large amounts, both externally and internally, is probably 
due to some physiological disorder which at present is not understood.

The perfusion experiments showed that D-glucurono-y-lactone was 
rapidly taken up by small plum fruit spurs, and chromatographic exami
nation after 24 hr. showed that the lactone had been translocated to 
bast, leaves, and fruit. On replacing the spurs in water, they continued to 
appear normal for 2-3 days, after which brown lesions developed on the 
leaves followed by a loss of turgidity.

However, with sodium D-glucuronate, the leaves became pigmented 
and very brittle within a few hours, and no glucuronate uptake could 
be demonstrated.

Respiration measurements with plum leaves in D-glucurono-7 -lactone 
and D-glucose solutions showed that the R.Q. values were approximately 
unity in all cases, and no evidence was obtained for the existence of a 
system capable of decarboxylating the lactone to pentose. If decarboxyl
ation had occurred, it is probable that the R.Q. value would have been 
greater when using the hexuronic acid or lactone as substrate than when 
using D-glucose.

Comparisons of the respiration of plum mesocarp tissue slices in water 
and D-glucurono-7 -lactone solution, and in D-glucose and D-glucurono-7 - 
lactone solutions (Tables I and II), suggest th a t the lactone was metabo
lized, as it stimulated the respiration of starved tissue slices, producing 
a 26 % increase in 0 , consumption. However, the stimulation was more 
marked usmg D-glucose as substrate, as was previously found with plum 
leaves.

Again the R.Q. values obtained using D-glucurono-7 -lactone as sub
strate give no indication of decarboxylation, but in all cases the CO2 out
put was much higher than the O2 uptake. This is not unusual in succu
lent tissues and may be due to fermentation reactions under conditions 
of oxygen limitation.

Quantitative paper chromatography of an extract of mesocarp tissue, 
after it had been incubated with D-glucurono-7 -lactone solution, showed

2 L. Hough and J. B. Pridham , unpublished results.
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TABLE I
Respiration of P lum  Mesocarp Tissue in  Water and in  1% j>-Glucurono-y-lactone

Solution
Microliters gas/g. dry wt.

CO2 O2 R.Q. values
W ater 1 445 221 2 .0

2 439 209 2 .1
3 367 218 1 .7

Average value 417 216
D-Glucurono-7 -lactone 1 521 266 2 .0

2 523 247 2 .1
3 638 381 1 .7

Average value 561 298

TABLE I I
Respiration of Plum  Mesocarp Tissue in  1%  Solutions of d -Glucose and

T>-Glucurono-y-lactone
Microliters gas/g. dry wt.

CO2 O2 R.Q. values

D-Glucose 1 206 115 1 .8
2 254 125 2 .0
3 392 246 1 .6

Average value 284 162
D-Glucurono-7 -lactone 1 189 118 1 .6

2 238 133 1 .8
3 306 215 1 .4

Average value 244 . 155

TABLE I I I
Estimation of Glucose and Xylose in  Plum  Mesocarp Tissue after Incubation with 

Water and 1% 'o-Glucurono-y-lactone Solution
Per cent sugars 

(based on dry weight of tissue) 
Glucose Xylose

Tissue -(- D-gIucurono-7 -Iactone 28.3 6.2
Tissue 4- w ater 26.6 6.4

no significant change in the concentrations of glucose or xylose (Table 
III) .

D-Xylose was found to produce no stimulation of fruit mesocarp respi
ration; instead a slight inhibition (16% decrease in O2 uptake) was ob
served (Table IV).

While there is little doubt th a t D-glucurono-7 -lactone was metabolized 
by plum tissue, a process involving decarboxylation of the hexuronic
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TABLE IV
Respiration of Plum  Mesocarp Tissue in  Water and in  1% D-Xylose Solution

Microliters gas/g. dry wt.
CO2 O2 R.Q. values

W ater 1 317 196 1 . 6

2 330 195 1.7
3 298 175 1.7

Average value 315 189
D -X ylose 1 296 170 1.7

2 309 147 2 .1
Average value 302 159

acid to D-xylose is improbable. Therefore it seems probable th a t the lac
tone was metabolized by the plant after initial conversion to n-glucose, 
which is in accord with observations of Isherwood, Chen, and Mapson (6 ). 
Furthermore, Escherichia coli adapted to growth on either D-galactu- 
ronic or D-glucuronic acids would not metabolize L-arabinose and D-xy
lose respectively, again suggesting that the uronic acids were not metabo
lized by initial decarboxylation (1 2 ).

The path of conversion of D-glucuronic acid to D-glucose is a t present 
unknown, although the interconversion of thqse compounds may take 
place under the influence of uridine diphosphate (UDP), as UDP-glu- 
cose (13) and UDP-glucuronic acid (14, 15), since both have been iso
lated from hving organisms. The reverse process, D-glucose to D-glucuronic 
acid, is better understood and proceeds directly without fragmentation 
in animals (5) and bacteria (16). I t  has recently been shown th a t a parti
cle-free supernatant fluid from liver homogenates oxidized UDP-glu- 
cose to UDP-glucuronic acid in the presence of DPN+ (15).
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S u m m a r y

1. The appearance of combined glucuronic acid in plum mesocarp 
tissues coincided with the formation of fruit gum.

2. D-Glucurono-7 -lactone was metabolized by plum mesocarp tissues. 
No evidence was obtained for the conversion of the lactone to  D-xylose 
by a decarboxylation process.
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(R eprin ted  fro m  N ature, V ol. 177, p . 1039 only, June 2, 1956)

Incorporation of Carbon-14 into the 
Complex Polysaccharides o f Plants

T h e  carbon-14 tra ce r techn ique w ould app ea r to  
offer a  un ique  oppo rtu n ity  for investigations o f th e  
b iosynthesis an d  subsequen t m etabolism  o f pectins 
an d  hemicellidoses, p rov ided  th a t  th e re  is a  m easu r
able synthesis an d  tu rn o v er o f these  polysaccharides 
in  p la n t tissues. A fter allowing four m a tu re  fru iting  
spurs, each w ith  four to  six  leaves an d  tw o fru its , 
detached  from  p lum  trees  (variety  V ictoria), to  
photosynthesize^ in  th e  presence o f ca rbon -14 dioxide 
(from 43 "5 [ic. bariiun  carbonate-^^C), th e  lea f po ly 
saccharides an d  th e  w ater-soluble polysaccharides of 
th e  fru it m esocarp w ere isolated. Labelling o f all th e  
m onosaccharide constituen ts w as observed b y  h y d ro 
lysing th e  polysaccharides {N  su lphuric acid  ; 100° ; 
16 hr.), separa ting  th e  p roducts on pap er ch rom ato 
gram s and  exam ining w ith  a  Geiger coun ter those 
areas contain ing th e  separa ted  sugars. T he specific 
activ ities of th e  la t te r  were determ ined, a fte r elu tion  
■from th e  pap er chrom atogram s, as infin itely  th in , 
filrhs on p lanchets (see T able 1). T he incorporation  
o f carbon-14 in to  th e  fru it m esocarp polysaccharides 
m ay  be due to  photosynthesis b y  th e  fru it or by  
tran sloca tion  from  th e  leaves.

, T able!

Monosaccharide
Specific activity (counts/min./mgm.)

Leaf
polysaccharides

Mesocarp
polysaccharides

Galacturonic acid 
Galactose 
Glucose - 
Arabinose 
Xylose 
Uhamnose

882
1,342
3,110

334
ISO
184

20
31

11

The highly  active glucose u ndoub ted ly  arose from  
lea f starch . Clearly, th e  com plex polysaccharides 
are  b iosynthesized in  th e  leaf an d  m a tu re  p lum  fru it 
tissues, th u s  suggesting th e  existence o f a  dynam ic 
equilibrium  betw een these polysaccharides an d  th e ir 
m onosaccharide constituen ts in  a  m anner analogous 
to  th e  anim al proteins. Je rm y n  an d  Isherwood® have 
m ade an  analy tica l s tu d y  o f th e  cell-wall polysac
charides of p ear fru it a t  various stages o f ripening, w ith  
th e  conclusion th a t  certa in  o f th e  polysaccharides



w ere being syn thesized in  over-ripe fru it. T he 
synthesis o f com plex polysaccharides in  m a tu re  f r u i t . 
tissues is co n tra ry  to  th e  classical view.

T his w ork form s p a r t  o f th e  program m e o f th e  Food  
Investiga tion  O rganization  o f th e  D ep artm en t of 
Scientific an d  In d u s tria l R esearch.

■ L. H o u g h  
' ' J .  B. P b i d h a m *

D ep artm en t of O rganic C hem istry,
U niversity , - 

B risto l 8 .
* Present address ; The Institute o f Paper Chemistry, Appleton, 

Wisconsin, U.S.A.

^Livingstone, L. G., and Medes, G., J . Gen. Physiol., 31, 75 (1947),
' Jermyn, M. A., and Isherwood, P. A. (unpublished results). Jermyn. 

M. A;, Ph.D. thesis. University of Cambridge (1949).
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Determination of Sugars on Paper Chromatograms with 
p-Anisidine Hydrochloride
JO H N  B. PRIDHAMi

The Institute o f Paper Chemistry, Appleton, Wis,

/

A new  m ethod for th e  determ ination  o f aldopen Loses, 
aldohexoses, hexuronic acids, and 6-deoxyaldohexoses 
involves th e  paper chrom atographic resolution o f th e  
sugar m ixture, spraying o f th e  chrom atogram  w ith  p - 
anisid ine hydrochloride reagent, and heatin g  th e  paper 
in  an oven. T he resulting colored spots are cu t ou t, th e  
colors e lu ted  from  th e  paper w ith aqueous m ethanol 
contain ing stannous chloride, and th en  th e  absorbance 
is  m easured With a spectrophotom eter. T he absorb
ances o f  th e  sugar-p-anisid ine com plexes are directly  
proportional to  th e  w eights o f th e  sugars over a range o f  
5 to  50 y .  T he m ethod has been used as a rapid analyt
ical too l for th e  determ ination o f  th e  m onosaccharide  
com ponents o f wood pulps and hem icelluloses.

P a p e r  partition chromatography has proved to  be an in
valuable aid to the quantitative determination of the com
ponents of complex mixtures of sugars (1). However, the chro

matographic procedure which is normally used has the following 
disadvantages: Relatively large amounts of the sugars m ust be 
apphed to  the paper; the location of the bands by the use of 
marker strips may be inaccurate; and the complete elution of the 
sugars is time-consuming.

In  the procedure described here, the solution to be analyzed 
is apphed to the paper as small discrete spots, thus ensuring good 
chromatographic separation when only a relatively short solvent 
development time is used. After development the chromato
gram is dried, then sprayed w ith p-anisidine hydrochloride {2) 
reagent and heated. The resulting colored spots, the boundaries 
of which are clearly discernible, are then cut from the chromato
gram. The colors can be rapidly eluted and measured in a 
spectrophotometer. The intensity of color bears a linear relation
ship to  the amount of sugar over the range from 5 to 50 y.

The method has been successfully used for the determination 
of aldohexoses, aldopentoses. hexuronic acids and 6 -deoxyaldo
hexoses, and, therefore, has been particularly useful for the 
analysis of wood pulps and hemicelluloses.

REAGENTS

p-Anisidine Hydrochloride Solution. Dissolve 1.0 gram of the 
crystalline reagent in 1 0  ml. of absolute methanol and make up 
to  100 ml. with 1 -butanol. Add 0.1 gram of sodium hydrosulfite. 
Store the solution in the refrigerator.

Eluent. Dissolve 1.0 gram of stannous chloride in 5 ml. of 
water. Add 90 ml. of absolute methanol and filter the solution.

PROCEDURE

Q uantitative analysis of sugar solutions was carried out by 
spotting suitable volumes onto W hatm an No. 1  filter paper with 
an ultramicroburet. Three or four spots of standard mixed 
sugar solutions, the components of which corresponded qualita
tively to those in the unknown samples, were also applied to  the 
chromatograms. The standard solutions were spotted so th a t 
each sugar component was present in varying amounts over a 
range of 5 to 60 -y.

The chromatograms were developed with 1-butanol-pyridine- 
water solvent ( 6  to  4 to 3 v ./v .) or ethyl acetate-acetic acid- 
water (9 to 2  to  2 v ./v .) solvent for a minimum of 20 hours. The 
chrom ato^am s were air dried, then sprayed as uniformly as 
possible with the p-anisidine hydrochloride reagent. They were

then heated in an oven a t 130° C. for 10 minutes. The colored 
sugar spots, together with suitable blanks, were cut out with a 
scissors, the areas of the pieces of paper being kept constant for 
each sugar series and as small as possible.

The color was eluted from the paper by shaking mechanically 
for 5 minutes with 3 ml. of methanol-stannous chloride solution 
in rubber-stoppered test tubes, 6 X ®A inch. The blanks were 
eluted similarly.

The absorbances were then measured in 1-cm. cells in a  Beck
man Model DU spectrophotometer a t the following wave lengths:

Aldopentoses and hexuronic acids 510 m/*
Aldohexoses 400 m/x
6 -Deoxyaldohexoses 385 mp

Absorbance measurements on aldopentoses or hexuronic acids 
were carried out within a period of 30 minutes after development 
of the color.

Absorbance values were plotted against the weights of sugars 
for the standard determinations and the resulting graphs then 
used to  determine the unknowns.

RESULTS AND DISCUSSION

An examination of the absorption spectra of the colored com
pounds formed by the interaction of sugars with the p-anisidine 
hydrochloride reagent showed th a t both aldopentoses and hexu
ronic acids gave compounds which had absorption maxima a t 
510 m;». This suggests th a t the same reaction mechanism occurs 
with both types of sugar, possibly an initial degradation to fur
fural followed by a condensation of the furfural with the p-anisi- 
dine to form a compound w ith a characteristic red color. Small

0.4

XYLOSE
siomwX'0.3

0.2
RHAMNOSE 
385 nyi

< 0.5

GLUCOSE 
400 n y i70.4

0.3

0.2
■g a l a c t u r o n i c  a c id

510 m/i

20 30 40

y  OF SUGAR

50 7060

I Present address, Department of Chemistry, University of Edinburgh, 
Edinburgh 9, Scotland.

Figure 1. Increase in  absorbance w ith  increase in  
w eight o f  various sugars
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T ab le  I . Q u a n tita tiv e  A nalysis o f S pruce  P u lp  H ydrolyzed 
w ith  72% S u lfu ric  Acid

Volume of 
Hydrolyzate Determined Calcd. Sugar
Applied to Weight Concn. in

Chromatogram, of Sugar, Hydrolyzate,
Sugar Ml. y Mg./Ml.

Glucose® 5 1 2 . 2 24.4
1 0 24.9 24.9

Mannose *> 2 0 28.3 1.30
30 38.2 1.40

Xylose 6 40 39.0 0.97
60 55.0 0.92

Sum of av. of sugar in hydrolyzate, 27.0 mg. /ml.
“ Hydrolyzate diluted 10 times; calculated sugar values corrected 

or dilution.
& Hydrolyzate undiluted.

variations in the shade of this color for different sugars, however, 
indicate th a t the reaction mechanism m ay be somewhat more 
complex than this.

The absorption maxima of the brown-colored compounds 
formed w ith aldohexoses and 6 -deoxyaldohexoses were a t 400 
mp and 385 m^, respectively. The colors obtained w ith these 
sugars were relatively stable, bu t for best results, the absorbance 
should be measured shortly after color development.

The compound produced by reaction of aldopentoses or hexu
ronic acids with the p-anisidine hydrochloride reagent was rather 
unstable, bu t the addition of stannous chloride to the eluting 
solution enhanced the color stability. Nevertheless, for a  pen
tose determination, it  is advisable to  measure the absorbance of 
the solution within a period of 30 minutes after the development 
of the color on the chromatogram.

The determination of standard sugars together with the 
unknowns on the same paper chromatogram has alleviated the 
use of exactly standardized conditions, so th a t small variations in 
the procedure given will not affect the final results. Some typical 
examples of curves obtained with standard sugars are shown 
in Figure 1. The errors are within ± 4 % .

Table I  shows data obtained for the quantitative analysis of 
spruce pulp hydrolyzed w ith 72% sulfuric acid, using the pro
cedure developed by Saeman and coworkers (S). In  order to 
determine glucose, which was present in a high concentration 
in the pulp, the hydrolyzate was diluted 1 0  times before it was 
apphed to the chromatogram. Mannose and xylose determina
tions were made using undiluted hydrolyzate.

A determination of the total sugar present in the hydrolyzate 
was carried out by cautious evaporation of a known volume a t 
50° C. under reduced pressure to a constant weight sirup. This 
gave a value of 27.3 mg. per ml. On this basis the figure given 
for the total sugar concentration in Table I  represents a  99% 
recovery.
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EFFECT OF ACID CONCENTRATION AND
TEMPERATURE ON THE REVERSION OF 

l-ARABINOSE
By L. Hough and J, B. Pridham*

Department o f  Chemistry, The University, Bristol

During studies of the reaction of L-arabinose with 
hydrogen peroxide solutions, it was observed that 
concentration of the reaction mixtures over a boiling 
water bath produced oligosaccharides. The cause 
of this reversion process was traced to the slight 
acidity of the solutions during evaporation. In view 
of the importance of selective acid hydrolysis, 
followed by characterization of the resultant oligo
saccharides, in the structural analysis of poly
saccharides, the reversion of L-arabinose has been 
examined at different temperatures and acid con
centrations.

Solutions of L-arabinose (1% w/v) in O-OIn , 
O'lN, 1 ON, 2 ON, 4*5n, 9 ON, and 18n sulphuric acid 
were kept for three days at 37°. After careful 
neutralization to pH 7 0 with either Amberlite resin 
IR-4B (0 H “ form) or barium carbonate (A.R.), 
the filtered solutions were evaporated under reduced 
pressure and examined on paper chromatograms. 
With acid concentrations of 2n and below, no 
reversion products were detected, but with 4-5n, 
9 -On, and 18n acid concentrations, two oligo
saccharide spots (Rqai, 0 16 and 0*70)| were observed. 
The latter was indistinguishable from an authentic 
specimen of 3-0- p-L-arabopyranosyl-L-arabinose 
which has been detected along with the 4-0-isomer 
and O- p-L-arabopyranosyl- p-L-arabinoside in the 
reversion products of 6n hydrochloric acid on 
L-arabinose. 1 At 100° both products were relatively 
stable to 0-0In sulphuric acid, but completely hydro
lysed to arabinose with N sulphuric acid indicating 
that they were arabopyranosyl derivatives. Epimeric 
products, namely ribose and eryt/iropentulose, were 
detected in the 4-5n- and 9 ON-acid-arabinose mixtures.

The effect of concentrating solutions of L-arabinose 
(1% w/v) in very dilute sulphuric acid (5 ml.) under 
reduced pressure over a boiling water bath was 
studied. O-OlN- and 0 OOlN-Acid solutions gave at 
least six reversion products moving more slowly

* Present address: Royal Holloway College, Englefield
Green, Surrey

than L-arabinose on paper chromatograms.f Similar 
treatment of O-OOIn sulphuric acid solutions of 
D-glucose, D-galactose, D-mannose, D-xylose, D- 
ribose, and L-rhamnose gave rise to reversion pro
ducts. Evaporation of a solution of L-arabinose in 
O-OOOlN-acid produced epimers,^ but no oligosaccha
rides.

In order to examine the effect of temperature on 
the reversion of solutions of L-arabinose (3% w/v) 
in O-OlN sulphuric acid (2 ml.), evaporation under 
reduced pressure was carried out at 40°, 60°, 80° 
and 100°, the evaporation time being kept constant 
(10 min.). Each syrup was then dissolved in water 
(3 ml.), neutralized with Amberlite IR-4B (OH~) 
and equal volumes (0 02 ml.) subjected to paper 
chromatography, t  In this way it was shown that 
oligosaccharides were formed at 60°, 80°, and 100° 
and that reversion was more extensive at 60°. At 
100°, only traces of the lower molecular weight oligo
saccharides remained, whereas at 60-80° they were 
preponderant. No reversion products could be 
detected in the solution evaporated at 40°, thus 
emphasizing the point that solutions of reducing 
sugars should never be evaporated at temperatures 
>  40°. Care should also be taken to exclude all 
traces of acid when concentrating sugar solutions, 
particularly at elevated temperatures.

The preparation of oligosaccharides by reversion 
would appear to be facilitated by evaporating dilute 
acid solutions at elevated temperatures rather than 
by leaving for prolonged periods in strong acid. ̂ ’3-6

Received July 26, 1957

t  Solvent: ethyl acetate—acetic acid—water (9:2:2 v/v).
Spray reagent; p-anisidine hydrochloride. The spots are 
probably mixtures of closely related oligosaccharides.
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The Composition of Plum Gums

B y  L . h o u g h  
Chemistry Department, University o f Bristol

AND J .  B . P R ID H A M  
Chemistry Department, Royal Holloway College [U niversity o f London), 

Englefield Green, Surrey
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G ummosis, or th e  form ation  o f gum s, is a  com m on 
phenom enon in  th e  p la n t kingdom , an d  in te m 
p e ra te  clim ates fru it trees of th e  R osaceae fam ily, 
e.g. peach, p lum , alm ond, etc., are pa rticu la rly  sus
ceptible. These gum s m ay  appear as exudates on th e  
epiderm al surfaces of th e  various p la n t organs or as 
in te rn a l pockets (‘stone g u m ’) w ith in  th e  tissues. 
T hey  are  com posed p redom inan tly  o f carbohydrate  
in  th e  form  o f inorganic sa lts o f com plex acidic 
polysaccharides.

T he b iosynthetic  m echanism s involved in  th e  
fo rm ation  o f gum  polysaccharides are  n o t u n d e r
stood. I t  has been variously  suggested th a t  gum s 
a re  th e  p roducts of m icro -organism s (Grieg-Sm ith,

1904; B u tle r & Jones, 1949) an d  th a t  th e y  are  p ro 
duced from  p ec tin  (Higgins, 1919) an d  from  hem i- 
ceUulose (Sands & G ary, 1933). R ecen t histochem i- 
cal stud ies b y  C eruti & Scurti (1954) have  show n 
th a t  th e  p recursor of cherry  gum  [Frunus avium  L .) 
is p robab ly  a  galac tan . There seems little  do ub t th a t  
th e  gum s orig inating  from  F runus  species are 
m etabolic  p roducts of th e  p la n t norm ally  found in  
th e  tissues b u t produced  in  excess w hen th e  p la n t is 
s tim u la ted  b y  m echanical or m icrobiological in ju ry  
(H irst, 1949) or b y  som e physiological disorder. The 
ap p a ren t function  o f gum  fo rm ation  is to  seal off 
surface w ounds an d  to  p rev en t th e  sp read  of 
invading  m icro-organism s.
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T his pap er describes som e studies on th e  com 
position  o f p lum  gm ns in  re la tion  to  th e ir  possible 
function  in  th e  p lan t. A  prehm inary  account of tliis 
w ork  has been given b y  P rid h am  (1954).

M A TER IA LS A N D  M ETH O D S
General methods. M.p. values are un corrected. Optical 

rotations are given as equilibrium values in aqueous 
solution at 25°. Evaporations were carried out under 
reduced pressure. A Unicam SP. 500 spectrophotometer 
( 1  cm. cell) was used for aU u.v. measurements.

Purification of the gum polysaccharides. The gums, which 
were collected from trees (var. Victoria) were vigorously 
shaken with water at room temperature, the solutions were 
clarified in the centrifuge and the polysaccharides precipi
tated from the supernatant liquors by addition of excess of 
ethanol. After isolation by centrifuging, the white precipi
tates were washed with absolute ethanol followed by ether, 
and dried at 60° under reduced pressure.

Hydrolysis of the gum polysaccharides, (i) Qualitative. 
The gums were hydrolysed in N-H2SO4 in sealed glass tubes 
for 16 hr. After neutralization (BaCOg) and concentration, 
the residues were examined on paper chromatograms. 
Barium ions were removed from the hydrolysates by treat
ment with Amberlite IB-120 (H) resin and, after concentra
tion, the residues were again examined on paper chromato
grams for glucurono-y-lactone, which appeared as a 
characteristic red spot [Bgajactose 4-8 in solvent (1), see 
below] with the ̂ -anisidine hydrochloride reagent. Further 
characterization of the monosaccharide constituents of the 
fruit-surface gum was carried out as follows. The gum (5 g.) 
was hydrolysed in N-H2SO4 (160 ml.) at 95-100° for 21 hr. 
After neutralization (BaCOg) the solution was evaporated 
to a thick syrup which was dried by repeated evaporation 
in the presence of methanol. The resulting material was 
then extracted with boiling methanol ( 1 0 0  ml.; three 
portions) to separate the neutral monosaccharides (A) from 
the insoluble barium salts (B). Evaporation of the filtered 
methanol extracts gave a mixture of sugars (A; 2-54 g.) 
which was fractionated by chromatography on a column of 
ceUulose with aq. butan-l-ol (half-saturated with water) as 
the mobile phase. The barium salts (B, 4-46 g.) were dis
solved in water and then passed through a column of 
Amberlite IB -120 (H) resin, and the acidic effluent was 
concentrated to a small volume. After examination on 
paper chromatograms this solution was passed through a 
charcoal-Cehte column, which was washed with water to 
elute D-glucurono-y-lactone. Further elution of the column 
with aq. 50 % ethanol afforded a mixture of ohgosaccharides 
(C, 139 mg.). A portion (39 mg.) of this mixture [G) was 
hydrolysed (2 N-H2SO4, 1 0 0 °, 16 hr.) and the neutrahzed 
(BaCOg) hydrolysate examined on paper chromatograms. 
The remainder of this mixture (0 ,100 mg.) was heated under 
reflux with methanolic 4%  hydrogen chloride until the 
solution was non-reducing to Fehling’s solution. The 
neutralized (AggCOg) solution was concentrated, the result
ing syrup was dissolved in tetrahydrofuran and treated with 
lithium aluminium hydride (Lythgoe & Trippett, 1950). 
Excess of hydride was decomposed with ethyl acetate, the 
solution was poured into ice-water and then filtered. Con
centration gave a mixture of methyl glycosides which were 
hydrolysed (N-H2SO4, 1 0 0 °, 16 hr.) and then examined on 
paper chromatograms.

(n) Quantitative, (a) The fruit-surface and bark gums 
were hydrolysed in N-H2SO4 by heating in an autoclave 
(15 lb./in.2, 120°) for exactly 2 hr. The hydrolysates were 
neutralized with Amberlite IB-4B (OH) and the sugars 
determined by the benzidine method (Jones & Pridham, 
1954). (6 ) The analyses were repeated, as described above, 
but the period of hydrolysis was reduced to 1 hr. with 
N-H2SO4 at 15 lh./in.2 pressure.

Paper chromatography. All separations were carried out 
on Whatman no. 1 paper hy the descending method, unless 
otherwise stated, with one of the following solvent systems : 
(1) ethyl acetate-acetic acid-water (9:2:2, by vol.); (2) 
ethyl acetate-acetic acid-formic acid-water (18:3:1:4, by 
vol.); (3) butan-1 -ol-pyridine-water (10:3:3, by vol.); (4) 
butan-1 -ol-ethanol-water (40:11:19, by vol.); (5) phenol- 
water (bottom layer); (6 ) butan - 1 -ol-acetic acid-water 
(2:1:1, by vol.); (7) propan-1-ol-water (4:1, v/v); (8 ) light 
petroleum (b.p. 100-110°) saturated with water. Solvents 
(5 ) and (6 ) were used for the examination of amino acids 
which were detected by the use of ninhydrin.

Reducing sugars were located on the paper chromato
grams with the following spray reagents: (a) ammoniacal 
AgNOg (Partridge, 1948); (6 ) p-anisidine hydrochloride; 
(c) resorcinol-HCl (Hough, Jones & Wadman, 1950).

Phenols and their derivatives were separated by using 
solvents (4) and (6 ) and they were located on the paper 
chromatograms with diazotized p-nitroaniline-NagCOg 
(Swain, 1953) and diazotized sulphanihc acid (Evans, Parr 
& Evans, 1949) spray reagents. In  some cases the spots 
were also detected by their fluorescence under ultraviolet 
light with or without exposure to NHg.

Phosphates were examined on Whatman no. 542 acid- 
washed paper, irrigated with solvent (2 ) and subse
quently detected by the procedure of Hanes & Isherwood 
(1949).

Alkaline nitrobenzene oxidation products were detected 
on paper chromatograms with 2:4-dinitrophenylhydrazine 
solution (0-3% in 2n-HC1, Stone & Blundell, 1951).

The inorganic cations present in fruit-surface gum and 
stone gum of plums were studied by the qualitative paper 
chromatographic procedures described by Pollard & 
McOmie (1953).

Hexuronic acid anhydride content. The method of 
Johannson, Lindberg & Theander (1954) was used, and each 
sample of gum (approx. 0-1 g.) analysed in duplicate. The 
results were corrected for ash and water content of the 
gums.

Periodate oxidations. A known weight of the gum was dis
solved in water by vigorous agitation at room temperature; 
0-3 M-sodium metaperiodate solution (20 ml.) was added and 
the volume made to 1 0 0  ml. with water. A control solution 
containing 0-3M-sodium metaperiodate solution ( 2 0  ml.) 
and water (80 ml.) was prepared at the same time. The 
oxidation was carried out in the dark and at room tempera
ture. At varying intervals of time, two samples (5 ml. each) 
were withdraivn from each flask. To one sample ethylene 
glycol ( 2  ml.) was added; it was then diluted to about 1 2  ml. 
with water and the acidity titrated potentiometricaUy with 
0-01 N-NaOH (Anderson, Greenwood & Hiist, 1955). The 
other sample was added to a mixture of 2 0  % K I solution 
(5 ml.) and 2 N-H2SO4 (5 ml.) and the periodate content was 
determined by titration of the liberated iodine with 0 -1 N- 
sodium thiosulphate (Schwartz, 1954). Oxidations were 
carried out on crude and purified gums.
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Ekctrophoresia. The gum was dissolved in aqueous buffer 

solution by vigorous agitation at room temperature. After 
centrifuging, the solution was dialysed against buffer until 
the pH and conductivity of both buffered gum solution and 
the dialysate were approximately the same. Electrophoresis 
was carried out at 4° in a Hilger electrophoresis apparatus 
at a potential of 280-380 v and a current of 12-18 m a.

Mono- and oligosaccharides. Crude gums were finely 
powdered and extracted by shaldng with methanol at room 
temperature for 20 hr. The filtered extracts were con
centrated and examined on paper chromatograms. In one 
instance extraction was effected with methanol containing 
about 1 % of aq. NHg soln.

Lignin. Crude gum was heated with 2 N-H2SO4 at 100° 
for 16 hr., care being taken to see that the samples did not 
contain any plant tissue. The residue was then filtered off 
and subjected to alkaline nitrobenzene oxidation (Freuden- 
berg, Lautsch & Engler, 1940). The resulting products were 
examined on paper with solvent (8 ) and 2;4-dinitrophenyl- 
hydrazine as spray reagent.

Phenolic compounds. The gum was agitated with an excess 
of water a t room temperature, the solution was clarified by 
centrifuging, acidified with acetic acid and then extracted 
continuously with ether for 10 hr. After concentration, the 
ethereal extract was examined on paper chromatograms. 
Further extraction of the aqueous gum solution was then 
carried out with ethyl acetate : this extract and the residual 
aqueous solution were concentrated and the syrups 
examined on paper chromatograms.

Amino acids and protein. Several specimens of gum were 
analysed for nitrogen. Gums were examined by paper 
chromatography, before and after partial hydrolysis, for 
ninhydrin-positive compomids. Partial hydrolysis was 
effected by leaving a 1  % solution of gum in 3 n-HCI at room 
temperature for 3 weeks. The acid was neutralized (AggCOg) 
and the solution then treated with HgS and concentrated.

Peroxidase. Benzidine (Madeling, 1911) and pyrogallol 
(WUlstatter & StoU, 1918), both in the presence of traces of 
HgOg, were used as colorimetric spot tests for peroxidase.

Peroxidase activity was measured hy adding a saturated 
aqueous solution of benzidine (0-04 % ; 5 ml.) to a gum solu
tion diluted to 25 ml. Hydrogen peroxide (20 vol. ; 0 05 ml.) 
was then added and after 5 min. the resulting blue was 
measured with an EÉL colorimeter (Ilford no. 608 filter, 
peak transmission 680 mp) with diluted gum solution as a 
blank.

Determination of reducing substances in plum-fruit tissues. 
Fruits were selected in July and cylindrical pieces of tissue 
removed from gumming and non-gumming mesocarps with 
a cork borer (no. 4). The tissue was disintegrated with a 
spatula and individually extracted three times with small 
volumes (10 ml.) of boiling methanol. Each extract was 
poured through a weighed sintered-glass funnel (medium 
porosity) and, finally, the tissue residues were transferred 
quantitatively to the fuimels, washed with hot methanol 
(20 ml.) and dried to constant weights at 100°. The 
methanolic extracts were concentrated to syrups, then 
diluted with water to 1 0  ml. and small portions were 
analysed for reducing sugars by the Somogyi (1945) and 
benzidine methods (Jones & Pridham, 1954). Examination 
of these extracts on paper chromatograms showed that the 
main reducing component was glucose. The extracts were 
then separated on paper chromatograms and the glucose 
was determined with benzidine.

Respiration of plum-fruit tissues. Cylinders ( 1  cm. x 
1 cm.) of mesocarp tissue were cut from healthy plum fruit 
and from gumming fruit (tissues adjacent to the ‘lesion’) 
with a cork borer. Respiration measurements were by the 
manometric method of Dixon (1951).

Examination of plum-fruit tissues for micro-organisms. 
Gumming fruits were surface-sterilized with ethanol, the 
nodules carefully removed and pieces of tissue from beneath 
were plated on to a nutrient-agar medium [Lab Lem0 0  

(10 g.) (Oxo Ltd.), peptone (10 g.), NaCl (5 g.), agar (20 g.) 
and water (11.)]. The plates were examined after incubation 
at 25° for 48 hr.

Enzyme preparations. ‘ Carterzymes ’ ADFP 3 and C.Z. 
103 were supplied by H. W. Carter and Co. Ltd., Coleford, 
Gloucestershire, and enzyme 19 A.P. was obtained from 
Rohm and Haas, Co., Philadelphia, Pa., U.S.A.

R E SU L T S

A natom ical observations
Observation, of p lum  trees in  various orchards 
show ed th a t  nodules o f gum  were frequen tly  p resen t 
on th e  b a rk  of th e  tru n k s  an d  branches of th e  trees, 
particu la rly  if  th e  tissues h a d  been dam aged 
m echanically  or if  signs of disease w ere p resen t as, 
for exam ple, ‘d ie -back ’. G um  nodules were less 
com m on on th e  surface of th e  fru it, b u t these 
appeared  m uch  la te r  in  th e  season th a n  those on th e  
b ark . F ru i t  w ith  gum  nodules a t  th e  d is ta l end 
m ore often  contained  in te rna l pockets of gum  th a n  
those fru it w ith  gum  nodules along th e  v en tra l 
su tu re  or o ther p a rts  o f th e  epicarp.

M icroscopic exam ination  o f th e  cu t surfaces o f 
p lum s (picked in Ju ly ) free from  signs o f ex ternal 
gum m osis show ed sm all globules of gum  exuding 
from  th e  severed ends o f th e  vascu lar bundles ra th e r 
th a n  from  th e  parenchym atous tissue. In itia lly  
these globules were colourless an d  m obile, b u t on 
stand ing  th ey  rap id ly  darkened  and  becam e highly 
viscous. I n  an  atm osphere o f n itrogen  th e  globules 
rem ained  colourless, an d  th e  increase in  v iscosity  of 
o f th e  gm n w as inh ib ited  b y  a  w ate r-sa tu ra ted  
atm osphere.

Sections th ro u g h  th e  m esocarp w hich were 
sta ined  w ith  a  m ix tu re  o f Congo re d  an d  chrysoidin 
revealed  th e  presence o f gum  in  th e  cells ad jacen t to  
th e  vascu lar bundles an d  also in  th e  phloem  itself. 
G um  nodules were invariab ly  p roduced  w hen th e  
fru it ep icarp  w as p im ctu red  w ith  a  sterile  needle. 
T he tim e ta k e n  for th e  gum  to  appear a fte r th e  skin 
w as p u n c tu red  varied  from  approx im ate ly  I  h r. to
2-3  days. T he exudation  occurred w ith  fru it on th e  
tree  an d  w ith  ‘p icked f r u i t ’.

G um  in  th e  branches an d  tru n k s  of trees appeared  
to  be associated  w ith  th e  b a s t an d  ra re ly  pen e tra ted  
in to  th e  wood.

A n exam ination  o f gum m ing ‘lesions’ on plum s 
in  an  orchard  show ed th a t  various b ac te ria  and  
frmgi w ere associated w ith  th e  tissues d irectly
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ben ea th  th e  ex te rn a l gum  nodules, b u t th e  m eso
carp  tissues ad jacen t to  in te rn a l pockets o f gum  
w ere invariab ly  sterile. I t  is probable th a t  in  th e  
m a jo rity  o f cases th e  m icro-organism s found 
b en ea th  th e  nodules were sap rophy tic  ra th e r  th a n  
parasitic .

Sugars o f the fr u it

Glucose appeared  to  be th e  m ain  reducing su b 
stance  p resen t in  th e  m esocarp tissues of b o th  
gum m ing and  non-gum m ing fru it. Q uan tita tive  
analysis (Table 1) show ed th a t  in  th e  la tte r  th e  
glucose concen tration  w as approx im ate ly  40 %  
h igher th a n  in  th e  form er. T races o f d -xylose, w hich 
w ere ten ta tiv e ly  identified b y  H a y  & P ridham  
(1953) in  th e  m esocarp, have  now  been confirm ed b y  
a  com parison o f th e  X -ray  pow der pho tog raph  o f an  
au th en tic  d ibenzyhdenedim ethylacetal derivative  
o f D-xylose (B reddy & Jones, 1945) w ith  a  sim ilar 
derivative  o f th e  xylose iso lated  from  th e  fru it.

I n  ad d itio n  to  glucose an d  xylose, sucrose, fruc
tose an d  traces o f rafifinose w ere detec ted  on paper 
chrom atogram s (cf. B radfield & Flood, 1950).

M easurem ent o f resp ira tion  show ed th a t  norm al 
tissues h a d  a  significantly h igher ra te  th a n  gum m ing 
tissues (Table 2) an d  th a t  th e  b.q. values for th e  
la t te r  w ere h igher th a n  those for th e  norm al tissue.

T able 1. Reducing power and concentration o f 
glucose in  gum m ing and non-gum m ing fru it-  
mesocarp tissues

Reducing power (as % 
of glucose, based on 

di^ wt. of tissue)
Glucose (%

Tissue

Non-gumming jg  

Gumming jg

Benzidine Somogyi based on
method method wt. of tis

68-8 57-7 —

60-8 59-3 48-2

34-2 30-7 27-0
35-6 31-4 28-4

T able 2. Respiration o f gum m ing and non-gum m ing  
fruit-mesocarp tissues

Gas (p.l./g. dry wt.)

Tissue 0 0 . O2 B.Q.
1 386 188 2-1

Non-gumming 2 355 187 1-9
3 353 191 1-9

Average value 365 189 1-9

f l 306 79 3-9
Gumming 2 381 145 2-6

3 280 103 2-7
Average value 322 109 3-0

B.Q. values for both types of tissue were greater 
than unity.

Some p re lim inary  experim ents designed to  te s t 
th e  influence o f gum s on th e  g row th  o f m icro 
organism s show ed th a t  th e  crude m ateria ls  were 
bacte riosta tic . A  pu re  cu ltu re  o f an  un identified  
bacillus w as iso lated  from  th e  cotyledons o f g um 
m ing ahnonds. W hen  tliis organism  w as grow n on a 
n u trien t-ag ar p la te  w hich con ta ined  sm all nodules 
o f p lum -bark  gum  (sm’face-sterüized w ith  ethanol) 
em bedded in to  th e  m edium , zones o f grow th  in h ib i
tio n  w ere ev iden t a round  each nodule. B acilli 
grow ing on th e  botm daries o f these zones were 
pleom orphic an d  m an y  spore form s w ere presen t.

Chemical constitution o f Victoria-plum  gums

Paper-ch rom atograph ic  exam ination  o f th e  
hydro lysates o f bark , f ru it an d  stone gum s show ed 
th a t  glucuronic acid, galactose, m annose, arabinose, 
xylose an d  rham nose were p resen t in  all th e  gum s, 
an d  in  sim ilar p roportions w ith  th e  exception  o f 
m annose, w hich appeared  to  be m ore p rev e lan t in 
th e  b a rk  gum .

Hydrolysis of fruit-surface gum followed by 
separation of the  component sugars afforded crys
talline specimens of D-galactose ([%]o 4- 79°; m.p. 
and mixed m.p., 156°); L-arabinose ([«L-t-102°; 
m.p., 149°, mixed m.p. 148°) and L-rhamnose 
hydrate ([aL -|-10-5°; m.p. and  mixed m.p. 86°). 
D-Mannose ([aL-j-11-9°) and D-xylose ([«L -1-20-7°) 
were obtained as syrups and were characterized as 
th e  phenylhydrazone (m.p. and mixed m.p. 181- 
182°) and dibenzylidenedhnethylacetal derivative 
(m.p. and mixed m.p. 190°) respectively.

T he u ro n a te  frac tion  ob ta ined  from  th e  h y d ro - 
ly sa te  w as show n to  con ta in  a t  least th ree  acidic 
oligosaccharides an d  tw o  o th e r com pounds w hich 
CO-chrom atographed  w ith  glucurono-y-lactone and  
4 -0 -m ethylgluGuronic acid  respectively. T he form er 
w as ob ta ined  as a  crystalline com pound (m .p. and  
m ixed  m .p . 173°). T he m ixed  ohgosaccharides on 
ac id  hydrolysis y ielded galactose, m annose, g luc
uronic acid  an d  a  trace  o f arabinose. E xam in a tio n  of 
th e  hydrolysis p roducts o f th e  reduced  oligo
saccharides show ed th e  presence o f glucose, galac
tose, m annose, arabinose an d  4-0-m ethylglucose.

M üd acid  hydrolysis of hexuronic acid-containing 
polysaccharides w ith  1 0 0  %  recovery  o f th e  hbera ted  
m onosaccharide com ponents is ra re ly  achieved, 
ow ing to  th e  s ta b ih ty  o f th e  glycuronosidic bonds, 
an d  w ith  s trong  m ineral acids m arked  destruction  
o f th e  m onosaccharides h b e ra ted  occurs. T he con
d itions necessary for th e  op tim um  hydrolysis o f 
V ictoria-p lum  gum  to  a  m ix tu re  o f m onosaccharides 
an d  aldobiouronic acids w ith  N-H 2SO4 w ere 4-6  hr. 
a t  100° in  a  sealed tube . This w as revealed  by  
following th e  change in  op tical ro ta tio n  during
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Table 3. Relative proportions o f monosaccharides liberated on hydrolysis 
o f p lu m  gums in  an autoclawe

Hydrolysis (15 Ib./inJ, 120°) was for 1 and 2 hr. respectively, with n-HjSO^. The values for 1 hr. hydrolysis are averages 
of two determinations; those for 2  hr. hydrolysis aie averages of four determinations.

D-Galactose D-Mannose L-Arabinose D-Xylose

Gum 1 hr. 2  hr. 1 hr. 2  hr. 1 hr. 2  hr. 1 hr. 2  hr.
Bark 1 0 1 0 0  18 071 0  6 6 1 51 0 27 024
Fruit surface 1 0 1 0 0  18 O il 098 088 0 2 2 0 2 1

hydrolysis. In  order to speed the routine analysis 
of the gum polysaccharides, attem pts were made 
to  shorten the hydrolysis tim e by carrying 
out the hydrolysis in an  autoclave a t 120° with 
N-H2SO4.

The change in optical rotation of solutions of 
various monosaccharides after varying periods of 
tim e was studied. They were extensively degraded 
under these conditions; after 2 hr., 33%  of l - 
arabinose and 22 % of D-galactose were lost (assum
ing th a t the degradation products had little or no 
optical activity). The technique is therefore of little 
use in  determining absolute concentrations of 
monosaccharides liberated from polysaccharides, 
bu t it is useful when rapid qualitative com parative 
results are needed, particularly for hexuronic acid 
containing materials.

Aqueous solutions of p lum  gum s readily  undergo 
autohydro lysis because o f th e  lab ility  o f th e  L- 
arabinose residues, w hich are  p resum ably  p resen t as 
non-reducing end groups in th e  furanose form . F o r 
th is  reason, a  com parative q u an tita tiv e  analysis 
was carried  o u t w ith  th e  crude gum s to  a lleviate the  
loss o f m onosaccharides by  hydrolysis during  purifi
cation.

A nalysis for uronic acid anhydride revealed  th a t  
th e  fru it-surface gum  contained  less hexuronic acid 
(13 %) th a n  th e  b a rk  gum  (18 %) w hen corrections 
were m ade for th e  ash and  w ater con ten t in  bo th .

The relative proportions of D-mannose, L-arabi- 
nose and d -xylose to  D-galactose were determined 
after acid hydrolysis of bark  and fruit-surface gums 
under identical conditions (Table 3). After hydro
lysis for 1 hr. there was little difference in the  com
position of the hydrolysis m ixtures of the two types 
of gum except th a t a slightly higher concentration 
of D-arabinose had been liberated from the  fruit- 
surface gum. However, after hydrolysis for 2 hr. it 
was evident th a t the bark gum contained a  much 
higher concentration of L-arabinose and D-mannose 
th an  the fruit-surface gum.

W hen  th e  hydrolyses (100°, sealed tube) were 
followed b y  m easuring th e  optical ro ta tions of th e  
reaction  m ixtures, th e  resu lts were sim ilar for b o th  
ty p es of gum . As th e  hydrolyses proceeded th e  
reaction  m ix tu res were exam ined on paper chrom a-

T able 4. Periodate oxidation o f p lu m  gums

Wt. of gum con
suming 1 mole of

Wt. of gum 
liberating 1 mole 

of formic acid

Crude

Gum periodate (g.) • (g.)
( Bark 158 717
I Fruit surface 219 1225
J Bark 179 726
I Fruit surface 233 1003

tograms a t varying intervals. W ith both  gums L- 
arabinose was liberated a  few m inutes after the 
reaction had started, and after 30 min. L-arabinose, 
L-rhamnose, D-galactose, d-xylose and three acidic 
oligosaccharides were detectable, together w ith 
traces of D-mannose. The last-named sugar gradu
ally increased to  a  maximum after about 8 hr. 
After 6 hr. glucuronic acid was also detectable, its 
appearance on chromatograms coinciding w ith the 
gradual fall in intensity of the ohgosaccharide spots. 
There appeared to be less hexuronic acid liberated 
from the fruit-surface gum than  from the bark gum 
and the relative concentrations of the acidic oligo
saccharides varied for the  two gums.

A ttem p ts  to  degrade th e  polysaccharide of plum - 
b a rk  gum  to  lower m olecular-w eight fragm ents 
w ith  aqueous solutions o f com m ercial enzym e p re 
p ara tions (i.e. enzym e 19A .P., C arterzym e A D F P  3 
an d  C arterzym e C.Z. 103) failed.

P eriodate  oxidations o f crude and  purified speci
m ens o f b o th  ty p es o f gum  w ere carried  ou t, an d  th e  
u p tak e  o f periodate  an d  libera tion  of form ic acid  
w ere determ ined  a t  various in tervals o f tim e. 
A  com parison of th e  resu lts  for b o th  purified  an d  
crude gum s (Table 4) shows th a t  purifica tion  b y  
alcohohc p rec ip ita tion  h ad  h tt le  degradative  effect 
on th e  polysaccharides, differences in  results 
p robab ly  being due to  th e  vary ing  ash  co n ten t o f th e  
crude gums.

Electrophoresis
T he po ten tiah ties  o f th e  T isehus electrophoresis 

a p p ara tu s  for th e  separa tion  o f m ix tu res o f acidic 
polysaccharides were exam ined. P re lim inary  
experim ents show ed th a t  p lum  (var. C zar)-bark
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gum  could be separa ted  from  gum  acacia w ith  
0 2 M -borate-K C l buffer, p H  7-8. Sim ilarly, a  
m ix tu re  o f sugar-beet a rab an  an d  pku n -b ark  gm n 
could be resolved w ith  0 07 M -phosphate buffer, 
p H  7 0.

E lectrophoresis o f p lum -bark  gum  in  several 
buffers (0 2 M-borate—HCl, p H  7-8; 0-07M-phos
p h a te , p H  7 0; 0-1 M -acetate, p H  6  0; 0-1 M -citrate, 
p H  3 0) suggested th a t  i t  w as hom ogeneous, as 
single peaks were observed in  aU cases. The 
boundaries m igra ted  tow ards th e  positive electrode 
an d  in  th e  bo ra te  buffer th e  ra te  o f m ovem ent was 
calcu lated  as 3 08 x 10~® cm^/v/sec. H ow ever, 
a tte m p ts  to  separa te  artificial m ix tm es of fru it- 
surface gum  an d  b a rk  gum  in  bo ra te  buffer failed.

Chromatography

P aper-chrom atographic  exam ination  o f cold 
m ethanohc ex trac ts  of various p la n t gum s show ed 
th a t  in  m an y  cases traces o f m ono- an d  oligo
saccharides were p resen t (Table 5). A t least th ree  
oligosaccharides w ere p resen t in  cherry -bark  gum  
an d  sm all am ounts (5-30 mg.) o f each w ere iso lated  
on W h a tm an  no. 3 M jM pap er w ith  solvent (1). 
E ach  w as com pletely hydro lysed  to  arabinose w hen

T able  5. Free sugars detected in  p lan t gums

Gum 
Cherry bark

Arabic

Almond bark

Plum bark (var. Cose Late 
Red)
Sample I

Sample II 
Plum bark (var. Victoria)

Sugars detected
Galactose, arabinose and 
three ohgosaccharides

Galactose, arabinose, 
rhamnose and three 
oligosaccharides

Arabinose and xylose

Glucose, fructose and one 
ohgosaccharide

Sucrose, glucose and arabinose
Glucose, arabinose, xylose 

and two or three ohgo
saccharides

h ea te d  w ith  0 OlN-HgSO^ for 1-5 h r. a t  95°. T he 
-^galactose values o f th e  tln-ee sugars in  so lvent (1 ) 
w ere 1 2, 0 65 an d  0 30, an d  an  app lication  o f th e  
ru le  o f Consden, G ordon & M artin  (1944) suggested 
th a t  oligosaccharides w ere a  hom ologous series 
consisting o f arabinobiose, a rab ino triose and 
arab ino te traose  respectively . T he suspected  d i
saccharide (i?g.a,aotos6 0-30; [ a ] |f -1- 1 1 2 °) gave a 
phenylosazone in  sm all y ield (m .p. 190°).

T he thi'ee ohgosaccharides de tec ted  in  gum  arabic 
h a d  iîgaiactose values (in so lven t 1) of 0 46, 0 53 and
0 73. A  smaU am o u n t o f th e  fastest-m oving 
m ateria l, again  iso lated  b y  p a rtitio n  on th ick  
paper, w as show n to  be stab le  to  0 01 N-HgSO^ (95° ;
1  h r.) b u t w as com pletely  hydro lysed  to  arabinose 
w ith  N-H 2SO 4 un d er th e  sam e conditions. T his 
oligosaccharide also co-chrom atographed w ith  an  
au th en tic  specim en o f 3 -0 -/3 -i.-arabinopyranosyl-L- 
arabinose. Cold am m oniacal m ethano l also ex 
tra c te d  galactose, arabinose, rham nose an d  th e  
above-nam ed oligosaccharides from  gum  arabic.

E x am in a tio n  of a  n um ber o f specim ens o f p lum  
gum  an d  fru it tissues for sugar phosphates yielded 
negative  resu lts . Ino rgan ic  phospha te  only w as 
detec ted .

T he residues ob ta ined  from  gum  a fte r s trong  acid 
hydrolysis yielded on ox idation  w ith  alkaline n itro 
benzene a  com pound w hich co-chrom atogi'aphed 
w ith  van illin  an d  w as de tec ted  on p ap e r ch rom ato 
gram s -with a  2 :4 -d in itropheny lhydrazine  sp ray  
reagen t. B o th  b a rk  gum  an d  fru it-surface gum  
reac ted  sim ilarly.

Phenolic and am ino compounds

P ap e r chrom atographic  exam ination  o f th e  e ther 
an d  e th y l ace ta te  ex trac ts  o f an  aqueous solu tion  of 
p lum -bark  gum  show ed th e  presence o f four m ain  
com ponents [B, E , F  a n d  Gf) w ith  th e  p roperties 
listed  in  T able 6 . T races o f these  com pounds were 
also d e tec ted  in  th e  residual aqueous solution. T he 
p roperties o f com pound {F) w ere iden tica l w ith  
those  of phloroglucinol, b o th  com pounds giving 
sim ilar u .v . spec tra  an d  hav ing  th e  sam e ch ro m ato 
graphic behaviour. Phenolic glycosides appeared

T able 6 . Properties o f phenolic compounds present in  p lu m  gum s

Ether extract Ethyl acetate extract

Compounds ....................................... D E F 0

Rp [solvent (6 )] 0-79 0-90 0 - 6 8 0-63
Rp [solvent (4)] 0-79 0-87 0-72 0 - 6 6

Fluorescence with u.v. light-f NHg Pale blue Pale blue Blue Pale blue
Colour with diazotized p-nitroaniline— Brown Brown Red-brown Yellow
NagCOg spray reagent

Reaction with diazotized sulphanihc Orange — Orange —

acid spray reagent
U.v.-ahsorption maxima (mp.) 257 — 268 —
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to  be absen t from  th e  gum . F ru it-su rface  gum  was 
show n to  h av e  a  ehrom atographically  sim ilar 
phenolic con ten t. P lum -bark  gum  gave a  positive 
M itchell’s te s t for tann in s (Mitchell, 1923).

A nalysis of several sam ples of p lum  gum  showed 
th a t  th e y  all con tained  a  sm all am ount of n itrogen  
(0 3 -0  6  % ). No free am ino acids could be detec ted , 
b u t a fte r m ild  acid hydrolysis of th e  gum  several 
com pounds, w hich gave a  b lue w ith  n inhydrin , were 
liberated .

Enzym es

Q ualita tive  sp o t te s ts  revealed th e  presence of 
peroxidase ac tiv ity  in  b o th  bark  gum  and  fru it- 
surface gum . P re lim inary  experhnents ind icated  
th a t  th e  benzidine-H jO g spo t te s t could be ad ap ted  
as a  q u an tita tiv e  m ethod  an d  th a t  for th e  gum  
peroxidase th e re  w as a  linear relationship  betw een 
th e  b lue produced an d  th e  w eight of gum  used. 
W ith  th is  m ethod  it  was show n th a t  a  higher perox id
ase ac tiv ity  w as associated w ith  b a rk  gum  th a n  
w ith  fru it-surface gum  (Fig. 1). T he peroxidase in 
solutions of gum  ( 2  m l.; 1  % , w /v) was com pletely ' 
in ac tiv a ted  by  heating  for 1  m in. in  a  boiling-w ater 
b a th .

Phenolase ac tiv ity  in  gum s, as show n b y  th e  
reaction  w ith  benzidine in  th e  absence of HjOg or by  
th e  sp o t te s t w ith  catechol, w as very  sm all. The 
tissues o f th e  fru it and  b ast, how ever, contained  a  
re la tive ly  h igh concentration  of phenolase.

60 r

U 10

Fig. 1. Peroxidase activity in plum-bark gum (#) 
and fruit-surface gum (Q).

T able 7. Inorganic cations present in  plum -stone 
gum and fruit-surface gum

Cation
Ca
Mg
Na
K
A1
Sr, Ba, Be, Fe

Fruit-surface
gum

4- -H -  
4-4 -4 -  

4- 4- 
4- 4- 
4- 4-

Stone gum
4- 4- -f 
4-4 -4 - 

4- 4- 
4- 

4- 4

A n exam ination  o f th e  inorganic cations p resen t 
in  fru it-surface gum  an d  stone gum  o f p lum s sug
gested th a t  th e  tw o types o f gum  w ere essentially  
sim ilar in  m ineral con ten t. T he resu lts  o f th is  
analysis are  given in  T able 7.

D ISC U SSIO N

O ur observations su p p o rt th e  th eo ry  th a t  gum s 
are  norm al p lan t p roducts a lthough  m icro-organism s 
m ay  stim u la te  th e  foirmation of excess of gum . 
F req u en tly  excessive gum  fo rm ation  canno t be 
explained b y  m echanical in ju ry  or th e  presence of 
m icro -organism s.

Microscopic exam ination  o f im m atu re  p lum  
fru its  show ed th a t  sm all am oun ts o f gum  were 
p resen t in  ap p a ren tly  sterile tissues. T he harden ing  
o f th e  globules of gum  w as p robab ly  due to  d eh y d ra 
tio n  and  n o t polym erization , because in  a  w ater- 
sa tu ra te d  atm osphere th is  increase in  viscosity  w as 
preven ted . I n  th e  absence of oxygen th e  globules 
rem ained  colourless, th u s  suggesting th a t  th e  d ark  
colour o f m an y  gum s is due to  th e  ox idation  of 
phenolic com pounds.

T he soluble sugars p resen t in  th e  m esocarp tissues 
of p lum  fru it included sucrose, glucose, fructose and  
sm all am oun ts o f raffinose an d  xylose. A ll o f these 
com pounds w ere detec ted  in  b o th  gum m ing an d  
non-gum m ing fru its , b u t in  th e  la t te r  th e  concen
tra tio n  of glucose w as significantly higher th a n  in  
tissues show ing excessive gumm osis. H exoses will 
be consum ed in norm al m etabolic processes, and  
w ith  gum m ing tissues i t  is p robable th a t ,  in  
add ition  hexoses will also be u tilized  for th e  b io 
synthesis o f gum  polysaccharide. T his m ay  lead  to  
th e ir  depletion, b u t i t  seems im probable th a t  th is  
alone w ould account for th e  fall in  resp iration . I t  
seems m ore lUtely th a t  th e  differences in  resp ira tion  
an d  th e  h igher b.q. ob ta ined  w ith  th e  gum m ing 
tissues are due  to  th e  fo rm ation  of a  gum  barrie r 
w hich in terferes w ith  gaseous exchange, a lthough  
p a rtia l anaerobiosis due to  th e  th ickness o f th e  
tissues w ould account for th e  h igh b.q. values 
ob ta ined  in  all cases.

I t  has often  been s ta te d  (e.g. H irs t, 1949) th a t  th e  
function  o f th e  gum  in  th e  p la n t is to  seal m echani
cal w ounds an d  to  ‘waU-off’ pockets o f infection. 
E xperim en ts w ith  p lum  gum  show ed th a t  com 
m ercial enzym e prepara tions, w hich will hydrolyse 
pectin  and  hemicelluloses, failed to  degrade th e  gum  
polysaccharide. Such p repara tions consist o f a  
h ighly  reactive m ix tu re  of fungal carbohydrases. 
Some evidence w as ob ta ined  for th e  presence of 
active bac te rio s ta tic  m ateria ls  in  th e  gum . The 
zones o f grow th  inhib ition  w hich w ere observed 
w hen gum  nodules w ere in troduced  in to  p la te  
cu ltu res o f th e  bacillus m ay  have  been  caused by  
th e  sim ple phenolic constituen ts o f th e  gum  or by
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tan n in s. A no ther possib ility  is th a t  th e  gnm  
peroxidase has an  antim icrobio action , since 
p ro te in s can  be oxidized an d  certa in  enzym es 
in ac tiv a ted  b y  th is  enzym e in  th e  presence of 
hydrogen  peroxidase (Sizer, 1953).

T he m onosaccharide com position o f b a rk  gum s 
from  several species o f R osaceae have  been 
exam ined, e.g. cherry  (Jones, 1939), dam son (H irst 
& Jones, 1938), egg p lum  (H irst & Jones, 1947), 
peach  (Jones, 1950) an d  alm ond (Brown, H irs t & 
Jones, 1948), b u t little  has been repo rted  on th e  
com position o f fru it-surface gum s from  an y  p lan t 
fam ily. T he R osaceae b a rk  gum s have all been 
observed to  con tain  d -glucuronic acid, D-galactose, 
L-arabinose an d  d -xylose, an d  som e also con tain  
D -mannose an d  L-rham nose. T he hom ogeneity  of 
th e  gum  polysaccharides is questionable, p a rtic u 
la rly  in  view  o f th e  recen t w ork o f H eidelberger, 
A dam s & D ische (1956), who used  im m unological 
techniques to  resolve gum  arab ic  in to  tw o fractions 
w ith  d ifferent m onosaccharide com positions. W ith  
b a rk  gum  from  egg plum , th e  gum  nodules from  
d ifferent trees  an d  vary ing  locations have  been 
observed to  con ta in  a  co n stan t m onosaccharide 
com position (H irst & Jones, 1947). Stone (1890) 
com pared  th e  galactose an d  pen tose con ten ts o f th e  
fru it-surface gum  an d  b a rk  gum  of peach  an d  con
cluded th a t  th e y  w ere sim ilar, a lthough  th e  
analy tica l m ethods used  are  open to  criticism .

A nalysis o f p lum -bark  gum  an d  fru it-surface gum  
revealed  th a t  th e  m onosaccharides in  b o th  w ere 
essentially  th e  sam e (4-0-m ethylglucuronio acid 
w as n o t de tec ted  in  b a rk  gum , how ever), b u t th e  
b a rk  gum  con ta ined  a  g rea te r p roportion  of 
hexuronic acid, m annose an d  arabinose th a n  d id  th e  
fru it-surface gum  (Table 3). T he differences in  
an a ly tica l d a ta  ob ta ined  for th e  1  an d  2  h r. h y d ro 
lyses can  be explained b y  assum ing th a t  larger p ro 
portions of L-arabinose an d  D-mannose in  th e  b a rk  
gum  are  linked to  th e  glycosidic carbons of 
hexuronic acids th a n  in  th e  fru it-surface gum . 
A cid-stable aldobiouronic acids w ould be am ong 
th e  first p roduc ts o f hydrolysis and  these un its  
w ould be cleaved only b y  vigorous hydro ly tic  
conditions. S upport fo r th is  th eo ry  is given by  
th e  fac t th a t  acidic oligosaccharides were detec ted  
in  th e  p a rtia l hydrolysis p roducts o f b o th  ty p es of 
gum .

The relative proportions of the monosaccharides 
present after hydrolysis for 1 hr. suggest th a t 
some of the D-mannose and L-arabinose units 
exist in a  similar sta te  of combination in both 
gums.

P erioda te  oxidation  of th e  tw o gum s also show ed 
a  d is tin c t s tru c tu ra l difference (Table 4). T he resu lts 
ind ica te  th a t  th e  bark -gum  polysaccharide has a  
g rea te r p ropo rtion  o f pyranosy l non-reducing end 
groups th a n  th e  fru it-surface gum .

Q ualita tive analysis of th e  stone gum  show ed 
th a t  i t  h ad  a  m onosaccharide com position sim ilar 
to  th a t  of th e  fru it-surface gum . Q u an tita tiv e  
analysis was n o t possible because of th e  difficulty in  
isolating th e  gum  free from  pec tin  an d  o ther f ru it 
polysaccharides. T he stone gum  w as less soluble in 
w ate r th a n  th e  fru it-surface gum  an d  i t  w as sus
pected  th a t  th is  w as due to  a  difference in  th e  
inorganic con ten t of th e  tw o gum s. P aper- 
chrom atographic analysis, how ever, show ed th a t  
th e  sam e cations w ere p resen t in  essentially  
sim ilar proportions (Table 7). T he solub ility  differ
ence m ay  be a  pu re ly  physical phenom enon 
ra th e r  th a n  s tru c tm a l differences in  th e  m acro - 
molecules.

Colvin, Cook & A dam s (1952) an d  Isherw ood
(1949) have stud ied  th e  electrophoresis o f p o ly 
saccharides. The form er w orkers w ere able to  
separa te  an  artificial m ix tu re  of sodium  alg inate  an d  
pectin  and  Isherw ood w as able to  resolve m ix tu res 
of hemicelluloses obtained  from  p ear cell w all. O ur 
own prelim inary  experim ents ind ica ted  th a t  p la n t 
gum s could be exam ined electrophoretically , b u t th e  
length  of tim e used for separations w as lim ited  
owing to  th e  rap id  diffusion o f th e  boundaries. W ith  
a  phosphate  buffer, p H  7 0, p lum -bark  gum  w as 
read ily  separa ted  from  sugar-beet a rab an  an d  it  
could also be separa ted  from  gm n arab le  w ith  bo ra te  
buffer, p H  7-8. B ark  gum  appeared  to  be hom o
geneous in  a  varie ty  of buffers of vary ing  p H , b u t 
despite th e  obvious differences in  th e  s tru c tu res  o f 
bark  gum  and  fru it-surface gum , a n  artificial 
m ix tu re  of th e  tw o could n o t be resolved e lec tro 
phoretically . The hom ogeneity  o f p lum  gum s is 
therefore stiU doubtful.

SmaU am ounts o f m ono- an d  oligo-saccharides 
were detec ted  in a  num ber o f different gum s. F ree  
sucrose, glucose, fructose and  xylose w ere detec ted  
in  th e  p lan t tissues; hence th e  gum s could easily 
have  become con tam inated  w ith  these  sugars. 
A rabinose m ay  have arisen b y  au tohydro lysis of 
arabofuranose end groups, which are  com m on in  
m an y  p lan t polysaccharides. In  view  o f th e  m üd  
ex trac tive  conditions, how ever, arab inose an d  th e  
o ther oligosaccharides p robab ly  arose as a  re su lt of 
photochem ical degradation  of th e  gum  p o ly 
saccharides w hilst on th e  tree  and  are  n o t su b stra te s  
for gum  biosynthesis.

The lab ü ity  to  acid o f th e  arabinose oligo
saccharides ex trac ted  from  cherry  gum  suggested  
th a t  arabofuranose un its  were p resen t (H irst, 1949). 
T he disaccharide was p robab ly  3-0- or 4 -0 -l - 
arabofuranosyl-L-arabinose. A  I 5 finked d i
saccharide is im probable owing to  th e  h igh positive 
optical ro ta tion . 2:5-D i-0-m ethyl-L-arabinose has 
been iso lated  from  m ethy la ted  cherry  gum  (Jones, 
1947), an d  th is could arise from  1 -> 3 finked 
arabofuranose un its.
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T he available evidence suggests th a t  one of th e  

oligosaccharides ex trac ted  from  gum  arabic is 
3-0-j8-L-arabopyranosyl-L-arabinose, a  disaccharide 
w hich has been iso lated  from  th e  p a rtia l hydrolysis 
p roducts o f several gum s (Andrews, B all & Jones, 
1953; Char Ison, N unn  & Stephen, 1955). T he detec
tio n  o f th is  d isaccharide in gum  arabic is of in terest 
in  re la tion  to  th e  s tru c tu ra l studies of Dillon, 
O’C eallachain & O 'Colla (1953), who s ta te  th a t  one 
of th e  side chains in  th e  gum -polysaccharide m ole
cule m u s t con ta in  tw o arabinose un its, in  add ition  
to  th e  galactose end  group, in stead  of a  single 
u n it as w as originally suggested (Jones & Sm ith,
1949).

The small am ount of nitrogen present in plum 
gums is probably all proteinaceous. Phenolase 
(oxidase) and peroxidase have been observed in gum 
arabic (Laursen, 1932) and various colorhnetric tests 
have confirmed the presence of peroxidase in plum 
gums, although the phenolase activity appeared to 
be low.

T he b a rk  gum  is invariab ly  darker in  colour th a n  
th e  fru it-surface gum  an d  th is  m ay  be due to  th e  
higher peroxidase ac tiv ity  in  th e  form er, w hich 
resu lts in  an  increase in  coloured phenolic oxid
a tion  p roducts. I n  th is  connexion i t  is in teresting  
th a t  oxidized phenohc com pounds can be anti- 
m icrobic (R . J .  W . B yrde, A. H . F ield ing & A. M. 
W illiam s, unpublished  results).

P ap e r ch rom atography  showed th a t  m any  of th e  
phenolic m ateria ls  found in  th e  fruit-m esocarp 
tissues o f p lu m  were n o t p resen t in  b a rk  gum  or 
fru it-surface gum . T he fru it tissues contained a  
large n um ber of com pounds which, on paper 
chrom atogram s, reacted  w ith  th e  diazotized 
p-n itroan iline-sod ium  carbonate  sp ray  reagent and  
fluoresced u nder u .v . fight. Evidence w as also 
ob ta ined  for th e  presence of a  num ber of phenolic 
glycosides. T he gum s, how ever, contained only a 
sm all n u m b er of phenolic constituen ts and  phenolic 
glycosides w ere n o t apparen t. I t  is tem p ting  to  
suggest th a t  th e  phenolic glycosides are u tilized  for 
th e  b iosynthesis o f gum  polysaccharide, w ith  th e  
libera tion  o f th e  phenolic aglycones. There is no 
d irect evidence for th is  hypothesis, however.

W ith  regard  to  th e  b iosynthetic rou te  of gum- 
polysaccharide form ation  th e  analy tical results 
show th a t  th e  p lum -bark  gum  and  fruit-surface 
gum  have  different com positions and  m ay  th e re 
fore be  form ed b y  different processes, although 
sim ilar rep ea tin g  un its , synthesized by  th e  sam e 
pathw ays, could be p resen t in  b o th  gums.

SUMMARY

1. T he com position, function  and  form ation of 
gm n h as  been s tud ied  w ith  particu lar reference to  
th e  p lum  tree  (var. V ictoria).

2. The polysaccharide moiety of the gum exuded 
on the fru it surface was composed of D-galactose, 
D-mannose, L-arabinose, D-xylose, L-rhamnose, 
glucuronic acid and probably traces of 4 -0 -methyl- 
glucuronic acid. The bark  gum was similarly con
stitu ted  b u t contained higher proportions of 
D-mannose, L-arabinose and hexuronic acid. 
Periodate oxidation of the two types of gum sug
gested structural differences though their electro
phoretic mobilities were identical.

3. C rude b a rk  gum  an d  fru it-surface gum  con
ta in  th e  enzym e peroxidase, phenolic com pounds 
and  a  ‘ fignin-fike ’ substance an d  som e inorganic 
m ateria l. Gums from  several different species of 
p lan ts were observed to  con ta in  sm all am ounts of 
m ono- an d  oligo-saccharides.
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A?

A Prelim inary Study on the Biosynthesis of 
Hem icelluloses

B y J .  B . P r i d h a m  an d  W . Z. H a s s i d . {Department 
o f Chemistry, Royal Holloway College, U niversity of 
London, Englefield Qreen, Surrey and Department 
o f B iochem istry, U niversity o f California, Berkeley, 
California)

O bservations on th e  b iosynthesis o f h igher p lan t 
polysaccharides using nucleoside d iphosphate  
aldose derivatives as donor su b stra te s  has been 
largely  confined to  th e  hom oglycans. T hus th e  
m a jo r precursors o f s tarch , callose an d  cellulose 
app ea r to  be A DP-glucose, H D P-glucose an d  

y  G DP-glucose respectively  (see review  by  N or d in  & 
K irkw ood, 1965). D D P-glucose is rep o rted  to  be 
a  b e tte r  su b s tra te  for cellulose form ation  in  lup in  
th a n  G DP-glucose (B rum m ond & G ibbons, 1964, 
1965). I n  add ition , Villemez, L in  & H assid  (1965) 
have  recen tly  rep o rted  a  synthesis o f th e  poly- 
galac turon ic  acid  o f pectin  using U D P-galacturonic  
ac id  an d  a  cell-free enzym e p rep a ra tio n  from  
Phaseolus vulgaris.

L ittle  inform ation  is available regard ing  th e  
polym erization  m echanism s involved in  th e  fo rm a
tio n  o f com plex polysaccharides such as th e  p la n t 
gum s an d  hemicelluloses. E xperim en ts b y  F eingold. 
N eu f eld & H assid  (1959) show ed th a t  a  soluble 
enzym e p repara tion  from  asparagus ca ta lysed  
single-step tran sfe r reactions from  D D P-xylose to  
xylose oligosaccharides.

P a rticu la te  fractions (20000g’), from  3-4-day-old  
m aize [Zea mays) seedlings incorporated  up  to  16%  
[1‘̂ Cjpentose using IJD P -[i‘̂ C]pentose (a 1 :1  m ix 
tu re  o f U DP-[i^C]xylose an d  U D P  - [i^Ojarabinose 
uniform ly labelled in  th e  pen tosy l m oieties) as 

/ su b stra te . N o incorporation  w as observed using 
/  [14C]d-xylose 1 -phosphate as a  su b stra te . A ty p ic a l

incubation  m ix tu re  contained  p a rticu la te  p rep a ra 
tio n  from  3-4  g. o f shoots in 0-7 m l. o f tris-H C l 
buffer, p H 7 5, U D P-pentose (0 T 5 /ic ; 107/nc per 
jLtmole) and  A T P  (2 Sjumoles). T he m ix tu re  w as 
k e p t a t  25° for 1 h r. b y  w hich tim e th e  incorporation  
o f rad io ac tiv ity  in to  th e  p ro d u c t h a d  ceased. 
Inco rpo ra tion  w as assayed b y  filtering on m illipore 
filters, w ashing w ith  ethano l an d  counting  rad io 
ac tiv ity  in  th e  insoluble residues on th e  filters.

T he p a rticu la te  frac tion  w as h igh ly  unstab le  b u t 
could be k e p t ac tive  a t  —20° in  0 2 M-sodium 
cacodylate buffer (pH  7 5) for several days.

T he labelled  p ro d u c t form ed w as insoluble in  
organic solvents, very  soluble in  d ilu te  a lkali and  
sligh tly  soluble in  cold w ate r. C om plete acid 
hydrolysis y ielded labelled arabinose an d  xylose in 
approx im ate ly  equal p roportions. WTien U D P- 
[i^Cjxylose w as used as a  su b s tra te  th e  p ro d u c t 
again  gave b o th  arabinose an d  xylose on hydrolysis 
ind ica ting  th e  presence o f an  epim erase in  th e  
p a rticu la te  p repara tion . P a r t ia l  acid hydrolysis of 
th e  po lym er form ed from  U D P-[i^C ]pentose an d  
chrom atographic  frac tiona tion  o f th e  p roducts 
y ielded  a n  im m obile rad ioactive  residue and  
several labelled com pounds w ith  m obilities charac
teristics o f oligosaccharides w ith  degrees o f po ly 
m erization  u p  to  4 or 5. T hree o f these  w ere 
te n ta tiv e ly  identified as 4 -0  -jg-D -xylopyranosyl-D  - 
xylose, a  disaccharide o f arabinose an d  xylose and  
a  trisaccharide  o f tw o xylose an d  one arabinose 
residues.

I t  is v ery  p robable  th a t  U D P-xylose an d  U D P - 
arabinose can  function  as pen tose donors for arab i- 
oxylan  synthesis in  vivo  a lthough  th e  possible 
involvem ent o f o th e r nucleotide deriva tives of 
these  pentoses should  be borne in  m ind . I t  is 
in teresting  to  n o te  th a t  F e a th e r & “W histler (1962) 
h ave  iso lated  a  com  germ  hem icellulose com posed 
alm ost en tire ly  o f equal am ounts o f L-arabinose 
an d  D-xylose.

Dr D. S. Feingold kindly provided a specimen of UDP- 
[i^Cj-xylose. This research was supported in part by a 
research grant (A-1418) from the National Institutes of 
Health, U.S. Public Health Service, and a research grant 
from the National Science Foundation (G-23763).
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Studies with glycogens from the livers of human foetuses and young 
children
E. J, Bourne, A nne M cLean and J. B. Pridham (Department of 
Chemistry, Royal Holloway College, University of London, 
Englefield Green, Surrey, Great Britain)

There is some difference of opinion in the literature regarding the first appearance 
of glycogen in normal, human, foetal livers. Kitamura (1942), using histo- 
chemical techniques, found that the deposition began in the 17th week of the 
gestation period and Shapovalov (1961, 1962) states that the polysaccharide 
appears in liver cells as early as the 6th week. In contrast to these reports 
Lelong and his co-workers (1951) were unable to detect glycogen until a few 
weeks before term.

In this present study, with foetal livers ranging in age from 11J to 26 weeks, 
glycogen could only be extracted in detectable amounts with trichloroacetic 
acid after 13I weeks. During the 25th and 26th weeks there appeared to be a 
rapid increase in glycogen storage. This corresponds to the behaviour of other 
mammalian species where an increase in storage has been noted at a fairly late 
stage in the gestation period (e.g. Jacquot, 1959; Ducommun-Lehmann, 1951; 
Nemeth, 1954). The structures of the foetal glycogens have been examined 
using «-amylolysis and jS-amylolysis procedures. Average chain lengths (CL) 
vary from 12-5 to 14-5 D-glucose units and average exterior chain lengths (ECL) 
from 7 7 to 10 2 units. Further confirmation that these glycogens possessed 
normal structures was obtained using concanavalin A and iodine-staining 
techniques. The structures of glycogen specimens from the livers of children 
ranging in age from 6 weeks to 11 years were also shown to be normal using 
the same analytical methods.

Phosphoglucomutase (D-glucose-1,6-diphosphate : D-glucose-1-phosphate 
phosphotransferase) and phosphoglucoisomerase (D-glucose-6-phosphate ketol 
isomerase) activities in foetal livers have been measured and both appear to be 
somewhat lower than in normal adult liver. N o  glucose-6-phosjghatase 
(D-glucose-6-phosphate phosphohydrolase) could be detected.

The significance of these findings will be discussed.
We are indebted to D r Barbara E. Clayton (Hospital for Sick Children, London) 

for her interest and assistance in obtaining liver specimens. A.M. received financial 
support from the Medical Research Council.
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The Structure and Deposition of Human-Liver Glycogens

B y  E . J ,  B O U R N E , A N N E  M cLEA N * a n d  J .  B . PR ID H A M  
Department o f Chemistry, Royal Holloway College {U niversity o f London), 

Englefield Qreen, Surrey

{Received 24 A ugust 1965)

1. Glycogen w as ex trac ted  from  an d  th e  am o u n t determ ined  in  h u m an  foetal 
livers rang ing  in  age from  13 J  to  26 weeks. 2. T he detailed  s tru c tu res  o f hu m an  
foetal- an d  child-liver glycogens w ere exam ined an d  show n to  be essentially  th e  
sam e. 3. T he deposition o f glycogen in  d ifferent m am m alian  species is discussed.

M ost stud ies on glycogen deposition  in th e  foetal 
liver have  been m ade on lab o ra to ry  anim als, e.g. 
ra ts  (Jacquo t, 1959), guinea pigs (D ucom m un- 
L ehm ann, 1951; N em eth , 1954), rab b its  (Jo st & 
Jacq u o t, 1955) an d  lam bs and  m onkeys (Shelley, 
1960). I n  all cases th e  in itia l concen trations o f th e  
polysaccharide are  very  low an d  th e y  te n d  to  rise 
sharp ly  in  th e  la te r  stages o f  gestation , u n til a t  
b ir th  th e y  have  reached  or surpassed th e  norm al 
a d u lt level. Such studies as have  been m ade w ith  
h u m an  foetal m ateria l (e.g. K itam u ra , 1942; 
Shapovalov, 1961, 1962) em ployed histochem ical 
techniques an d  ind ica ted  th a t  a  sim ilar p a tte rn  
o f developm ent occurs. H istochem ical techniques 
should, how ever, be accepted  w ith  caution , as th ey  
m ay  de tec t polysaccharides o th e r th a n  glycogens, 
an d  th e re  is con troversy  ab o u t th e  first appearance 
o f glycogen in  th e  liver tissues. N o determ inations 
o f th e  detailed  struc tu res , e.g. m easurem ents of 
C L (av .)t and  E C L  (av.), o f no rm al h u m an  foetal 
glycogens have  previously  been m ade. D a ta  on 
th e  s tru c tu res  o f o ther m am m alian  foetal glycogens 
are  also lim ited . C hain leng ths o f 11 D-glucose un its  
fo r a  p ig-liver glycogen (M anners & A rchibald, 
1957), 13 u n its  for a  sheep-liver glycogen (Bell & 

y  M anners, 1952) an d  11 5  un its  for a  guinea-pig-liver 
glycogen (Illingw orth, Cori & L arner, 1952) have 
been reported , b u t no indications of th e  foetal ages 
w ere given. T he m ost com prehensive su rvey  is th a t  
by  W arren  & W h ittak e r (1959), who stud ied  th e  
s tru c tu re  o f glycogens from  foetal goat livers and  
ob ta ined  CL (av.) an d  E C L (av .) values in  th e  
norm al range, i.e. 10-14 an d  7-9  D-glucose un its  
respectively.

♦ Present address : Experimental Haematology Research 
Unit, Wright-Fleming Institute of Microbiology, St 
Mary’s Hospital Medical School, London, W. 2.

t  Abbreviations : CL (av.), average chain length;
ECL (av.), average exterior chain length; ICL (av.), average 
interior chain length, i.e. CL(av.) —ECL(av.) —1.

T he p resen t s tu d y  w as u n d ertak en  in  an  a tte m p t 
to  determ ine  th e  earliest stages a t  w hich recogniz
able glycogens m ay  be iso lated  from  th e  hum an  
foeta l liver, an d  to  exam ine th e  deta iled  s truc tu res  
o f these  polysaccharides an d  com pare th e m  w ith  
glycogens from  m ore m a tu re  liver tissues. A  p re 
h m inary  accoun t o f th is  w ork h as  been given 
(Bourne, M cLean & P ridham , 1964).

M ETH O D S A N D  M A T ER IA L S

Human liver specimens. These specimens, both foetal 
and mature, were kindly provided by Dr B. Clayton, The 
Hospital for Sick Children, Great Ormond Street, London, 
W.C. 1. These were cooled to —20° as rapidly as possible 
after removal from the body, and stored at this temperature.

^-Amylase. This was obtained from the WaUerstein Co., 
Mariners Harbor, Staten Island, N.Y., U.S.A. The units 
of activity are expressed as mg. of maltose liberated by 
1 mg. of enzyme under the conditions specified by Hobson, 
Whelan & Peat (1950) but a t a temperature of 30°.

a-Amylase. This was prepared by the method of Fischer 
& Stein (1954). The crystallization stage was omitted, and 
the enzyme freeze-dried in 0-2 M-sodium citrate buffer, 
pH7 0 (Liddle & Manners, 1957). The unit of activity is 
the quantity of enzyme that liberates Img. of apparent 
maltose from 1 ml. of starch solution (1%, w/v) in 3 min. 
at 35° (Manners & Wright, 1962).

Glycogen extraction. Homogenization with cold aq. 
1 0 % (w/v) trichloroacetic acid solution was employed as 
the general method (Bloom, Lewis, Schumpert & Shen,
1950). The glycogen was then precipitated from the extract 
with ethanol and centrifuged, and the polysaccharide was 
washed with ethanol followed by ether and finally dried 
under reduced pressure in the presence of P2 O5 .

Determination of purity of glycogens. Glycogens were 
hydrolysed with 2 N-H2SO4  a t 100° for 2 hr. After appro
priate dilution with water, portions were assayed for 
glucose by the method of Somogyi (1952).

Determination of CL {av.). Samples were analysed by 
incubation with «-amylase as described by Manners & 
Wright (1962), except that the incubation time was 15hr.; 
4 units of a-amylase/mg. of glycogen were used. Apparent
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maltose production was measured by the method of Park 
& Johnson (1949). Larger samples were assayed by per
iodate oxidation (Potter & Hassid, 1948) with the modifica
tion due to Manners & Archibald (1957).

Determination of ECL(av.). When relatively large 
amounts of glycogen were available, a 30 mg. specimen was 
incubated with jg-amylase (1800 units) and 0 2 M-sodium 
acetate buffer, pH 4 6  (5ml.), made up to 25ml. with water, 
a t 30° for 24hr. (Bell & Manners, 1952). The maltose 
liberated was determined by the method of Somogyi (1952).

For the smaller samples the digests were reduced to 
glycogen (1 mg.), jS-amylase (50-70 units) and 0-2 M-sodium 
acetate buffer, pH 4 6  (0 4ml.), in a total volume of 10ml. 
After suitable dilution, the maltose was measured by the 
method of Park & Johnson (1949).

Measurement of absorption spectra of glycogen-iodine 
complexes. Glycogen (2 5mg.) in iodine solution (5ml. of 
0 1% Ig in 1% KI) was made up to 25 ml. with water. The 
absorption spectrum was measured in the range 400- 
700 mg in a Unicam SP. 500 spectrophotometer with 1 cm. 
glass cells. The reference solution used was 0 02% Ig in 
aq. 0 2% KI.

Partial acid hydrolysis. Partial hydrolysis of glycogen 
was carried out by using the conditions of Wolfrom, 
Lassettre & O’Neill (1951). The neutralized hydrolysates 
were examined on paper chromatograms with ethyl 
acetate-acetic acid-water (9:2:2, by vol.) as solvent, and 
the sugars located with p-anisidine hydrochloride (Hough, 
Jones & Wadman, 1950). The hydrolysates, after reduction 
with NaBH4 , were also examined by paper electrophoresis 
with 0-062M-sodium molybdate solution as electrolyte 
(Bourne, Hutson & Weigel, 1961).

R E S U L T S A N D  D ISC U SSIO N

F o e ta l livers rang ing  in  age from  11^ to  26 weeks 
w ere exam ined. I n  m ost cases, liver tissues o f th e  
sam e foetal age w ere pooled to  o b ta in  sufficient 
m ate ria l fo r analysis. F o e ta l livers aged I I J  and  
1 2  weeks gave only traces  o f p rec ip ita te  w hen 
e x trac ted  w ith  trichloroacetic  acid an d  th en  tre a te d  
w ith  e thanol. P a r tia l acid hydrolysis o f these

prec ip ita tes, followed by  ch rom atography  and  
electrophoresis, revealed  no reducing sugars, 
w hereas th e  tre a tm e n t o f glycogen from  a  26-week 
h u m an  foetal liver y ielded glucose, m altose and  
isom altose, th u s  revealing  th e  presence o f th e  
expected  a -( l-^ 4 )-  an d  a - ( l - » 6 )-glucosidic linkages 
in  th e  polysaccharide. The n a tu re  o f th e  p recip i
ta te s  from  th e  early  foetal livers w as n o t established.

M illigram  q uan tities  o f glycogen w ere ob ta ined  
from  foetal livers a t  13^ weeks (T able  1) an d  a 
sharp  increase in  th e  am o u n t deposited  w as observed 
in  25-26-week livers.

T he chem ical an d  enzym ic m ethods em ployed in 
th is  s tu d y  d em onstra ted  th a t  th e  deta iled  s tru c 
tu res  o f these  glycogens an d  those  from  th e  livers 
o f children  aged from  6  weeks to  11 years (Table 2) 
were essentially  th e  sam e. M ost of th e  foetal glyco
gens (Table 1) w ere w ith in  th e  no rm al range o f 
v aria tio n  (see M anners, 1957). T he values for 
C L(av.) varied  from  12 5 to  14 5 D-glucose un its  
(average 13 7) an d  those fo r E C L (av .) from  7 7 to  
10 2 vmits (average 8 -8 ). A n absorp tion  m ax im um  
o f 470mg, for an  iodine com plex w ith  th e  26-week 
foetal glycogen fell w ith in  th e  no rm al range  420- 
490mg, (M anners, 1957), as d id  those  for th e  o ther 
glycogen sam ples exam ined in  th is  w ay  (Table 3). 
T his p rov ided  add itional evidence th a t  th e  foetal 
glycogen h ad  a  no rm al s tru c tu re .

The C L(av.) values for th e  child-liver glycogens 
fell w ith in  th e  hm its  o f 12-6 an d  15-2 D-glucose 
u n its  (average 13 3) and  th e  E C L  (av.) values ranged 
from  7-9 to  9-3 u n its  (average 8-7) (Table 2). A 
C L(av.) value o f 15-2 D-glucose un its  fo r th e  glyco
gen from  7-week liver, a lthough  high, can  be 
accounted  for by  th e  fac t th a t  th e re  is an  in trinsic  
erro r o f ±  1 D-glucose u n it in  th e  m ethod  em ployed.

K itam u ra  (1942) suggested th a t  glycogen deposi
tio n  first occurs in  h u m an  foeta l liver a t  17 weeks 
an d  th a t  th e  am oim t begins to  increase sharp ly

T able 1. Structures o f hum an foetal-liver glycogens

Fresh wt. Glycogen
of liver Purity of Wt. of recovered

Foetal age sample glycogen glycogen from liver CL(av.) by EGL(av.) by
(weeks) (mg-) (%) (mg-) (%) «-amylolysis jg-amylolysis IGL(av.)

13& 420 51-0 1-65 0-39 14-1 9-2 3-9
16 846 45-2 1-95 0-23 13-0 1 0 - 2 , 1 - 8

17 929 58-0 2-26 0-24 13-5 8-7 3-8
18& 554 58-0 2-55 0-46 12-5 7-7 3-8
2 0 870 2 2 - 0 2-57 0-30 14-6 — —

2 1 i 465 27-2 2-23 0-48 13-7 9-1 3-6
2 1 i 1567 6 8 - 0 3-13 0 - 2 0 13-6 8 - 0 4-6
23i 1944 60-0 4-68 0-24 14-1 9-0 4-1
25 246 83-5 1-75 0-71 14-0 8-7 4-3
26 180 66-3 3-05 1-70 13-5 8-4 4-1
26 28-33 g. 8 6 - 6 320 1-13 13-9* 8-9 4-0

* GL(av.) by periodate oxidation =13-4D-glucose units.
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T able 2. Structures of Uver glycogens obtained from  children

* This sample gave 45% conversion into maltose (the normal range is 40-50% conversion).
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Fresh wt. Glycogen
of liver Purity of W t.of recovered

Age of sample glycogen glycogen from liver CL(av.) by ECL(av.) by
patient (mg.) (%) (mg.) (%) «-amylolysis jS-amyloIysis ICL(av.)

6  weeks 50 45-0 1-4 2-80 — * —

7 weeks 566 62-5 4-5 0-80 15-2 9-2 5-0
8  weeks 44 57-3 2 - 0 4-55 1 2 - 6 8-9 2-7
1 2  weeks 1090 85-3 19-7 1-81 13-4 7-9 4-5
1 2  weeks 1298 69-7 15-9 1-23 12-9 8-3 3-6
14 weeks 359 67-6 4-3 1 - 2 0 13-9 9-3 3-6
2 0  months 189 45-0 1-4 0-74 13-1 9-2 2-9
28 months 235 98-6 13-2 5-62 12-7 8 - 6 3-1
1 1  years 502 76-6 8-4 1-67 12-9 8 - 2 3-7

T able 3. Wavelengths of absorption maxima of glycogen-iodine complexes
CL(av.) by CL(av.) by ECL(av.)

Source of periodate «-amylo by j3-amylo-
liver glycogen oxidation lysis lysis ICL(av.) ^max. (m^)

26-week human foetus 13-4 13-9 8-9 4-0 470
Baboon 13-3 13-3 8-3 4-0 435
Mouse 13-1 13-8 8 - 6 3-9 455
Rabbit 13-9 1 2 - 6 8 - 1 4-2 470

a t  26 weeks. Claims have  been  m ade  th a t  glyco
gen is p resen t in  th e  liver as ea rly  as 6  weeks 
(Shapovalov, 1961, 1962), b u t b o th  conclusions w ere 
based  on h istochem ical stud ies. M ackay, A dam s, 
H e rtig  & D anziger (1956) have , how ever, suggested 
th a t  a  4-week foeta l h v e r is a lm ost re a d y  to  assum e 
th e  function  o f glycogen storage. A t th is  stage  th e  
y o lk  sac still fulfils m an y  o f th e  liver’s functions, 
such  as glycogen storage, b u t  has begun  to  tran sfe r 
its  enzym e system s to  th e  liver. T hus 5-nucleo
tid a se  an d  non-specific esterase begin to  app ea r in 
th e  liver an d  decrease in  a c tiv ity  in  th e  yo lk  sac, 
an d  M ackay et al. (1956) suggest on th is  basis th a t  
th e  function  o f  glycogen storage will soon be  tak en  

/^ " ^ v e r  b y  th e  liver. I n  co n trast, Lelong, B ossier & 
L aum onier (1951) could n o t de tec t glycogen in  
h u m an  foeta l liver, b y  h istochem ical techniques, 
im til a  few weeks before b ir th .

T he m ethods em ployed in  th e  p resen t s tu d y  are, 
o f  course, too  insensitive to  reveal v ery  sm all 
am oun ts o f glycogen, an d  we believe th a t  th e  po ly 
saccharide, and  hence th e  enzym e system  necessary  
fo r its  synthesis, is p resen t in  foeta l livers younger 
th a n  13 J  weeks.

T he stage  a t  w hich glycogen storage begins to  
increase rap id ly  appears to  b ea r som e re la tion  to  
th e  class o f  m am m al. I n  ra ts , guinea pigs and  
ra b b its  (rodents) i t  occurs v e ry  la te  in  gestation ,
i.e. a fte r  90%  (Jacquo t, 1959), 80%  (D ucom m un- 
L ehm ann , 1951) an d  75%  (Jo st & Ja c q u o t, 1955)

respectively  o f th e  gesta tion  period  has elapsed. 
I n  p rim ates i t  occurs a t  a  m uch  earlier stage, for 
exam ple in  m an  a fte r  6 6 % o f gesta tion  has elapsed, 
an d  in  R hesus m onkeys (Shelley, 1960) glycogen 
deposition is a lready  h igh  a t  113 days (67%  of 
gestation). U ngu la tes v a ry  w idely, th e  rap id  in 
crease occurring a fte r 8 8 %  of gesta tion  in  pigs 
(M endel & L eavenw orth , 1907 ; A ron, 1922) an d  
61%  in  sheep (Shelley, 1960). Since th e  p itu ita ry  
an d  ad rena l horm ones an d  insulm  stim u la te  glyco
gen synthesis, i t  appears th a t  th e  horm onal system s 
o f p rim ates an d  p robab ly  ungu la tes m a tu re  earlier 
th a n  those  o f th e  roden ts. N ew born  an d  fu ll-term  
in fan ts  respond, b y  p itu ita ry  discharge o f adreno- 
cortico trophic  horm one, to  adrenaline (Jailer, W ong 
& E ngle, 1951), w hereas ra ts  an d  m ice do n o t 
respond  u n til th e  e igh th  an d  e leventh  days o f life 
respectively  (Jailer, 1950; T hom pson & B loun t, 
1954), b u t d irec t com parative  evidence o f horm onal 
ac tiv ities d m in g  th e  foetal stage is lacking.

We thank Dr B. Clayton for advice and encouragement. 
A. McL. was in receipt of a Medical Research Council Grant.
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Occurrence and Metabolism of Oligo
saccharides in the Broad Bean (Vicia faba )
P a p e r  chrom atographic analysis o f aqueous m e th 

anolic (75 per cen t v /v ) ex trac ts  o f do rm an t b road  
b ean  seeds using (A) e th y l ace ta te /acetic  acid/form ic 
ac id /w ater (9 0 : 1  5 : 0  5 : 2  0 v /v ) an d  (B) e thy l 
ace ta te  /pyridine /w ater (10 : 4 : 3 v /v) as solvents 
w ith  p -anisid ine hydrochloride as sp ray  reagent^ 
show ed th a t  b o th  th e  em bryos an d  cotyledons con
ta in ed  sm all am oun ts of raffinose, glucose and  
fructose toge ther w ith  re la tive ly  h igh concentrations 
o f sucrose an d  h igher m olecular w eight oligosacchar
ides. T races o f xylose werq also detec ted  (cf. K aw a- 
m ura, T suboi a n d  N akam ura^). T he te s ta  contained  
only  glucose an d  fructose.

A large-scale ex tra c t o f whole beans w as con
cen tra ted  to  a  sy rup  an d  frac tiona ted  on a  ca rb o n - 
‘Celite’ column®. T he oligosaccharides p resen t were 
identified a s :  sucrose [m .p. 178° 0 . (anhydrous)^ 

+  64 3 (cone. 2 -8 ), o c taace ta te  m .p . an d  m ixed 
m .p, 84-85° C.] ; raffinose [m .p. 117-120° C. (an
hydrous), +  123-5 (conc. 1-1) ] ; stachyose
[ [a]a  +  145° (conc. 1-5, anhydrous), consum ed 7-0 
m oles of periodate  per mole] an d  verbascose [infra
red  spectrum  iden tical w ith  th a t  of au th en tic  v e rb as
cose ; consum ed 8 t8  moles o f periodate  per mole]. 
The id en tity  o f th e  oligosaccharides w as fu rth e r 
p roved  b y  a  com parison o f th e ir  e lec trophoretic (0 - 2  Af 
b o ra te  buffer, p H  10) an d  chrom atographic  behaviour 
(in solvents A  an d  B ) w ith  th a t  o f au th en tic  speci
m ens, an d  also by  a  s tu d y  o f th e  hydrolysis p roducts 
o b ta ined  w ith  sulphuric ac id  (0-5 N )  an d  yeast 
invertase . E lectrophoretic  an d  chrom atographic 
evidence for th e  presence of a  tetragalactosy lsucrose. 
in  th e  e x trac t w as also ob tained.

G erm ination o f th e  beans on m oist filter paper 
(25° 0 .) resu lted  in  a  rap id  d isappearance of th e  
h igher oligosaccharides from  aU p a rts  of th e  seeds, 
leaving sucrose an d  an  increased concentration  of 
glucose a n d  fructose.

T he carbohydrase ac tiv ity  o f em bryos an d  coty le
dons from  b o th  d o rm an t an d  germ inated  (5 days) 
beans w as exam ined. T he tissues w ere m acera ted  
w ith  cold ace ta te  buffer (0-2 M  ; p H  5-6) and , a fte r 
centrifugation , th e  solutions d ialysed aga in s t buffer 
a t  5° C. T he alaility of these p repara tions to  hydrolyse 
sucrose, raffinose (producing free galactose) an d  
m altose (a t 35° C. u n d e r to luene using 5 per cent w /v
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T he low -m olecular-w eight carbohyd rates p resen t 
in  th e  saps o f various trees  have  recen tly  been  
review ed b y  S tew art (1957). R e la tive ly  few  re 
p o rts  on carbohydrases an d  transferase  ac tiv ities in  
tre e  tissues are  to  be found  in  th e  lite ra tu re , 
how ever.

T his p ap e r describes stud ies w ith  quaking  
{Populus tremuloides) an d  b ig too th  (P . grandi- 
dentata) aspens, w here, in  ad d itio n  to  glucose an d  
fructose (and a  trace  o f xylose) th e  m am  sugar 
p resen t in  b o th  xy lem  ( 1 -year-old-xylem  elem ents) 
an d  ‘so ft x y le m ’ (newly d ifferen tia ted  tissue con
sisting  o f fibres, vessels an d  som e cam bial cells) is 
sucrose. Photom icrographs and  a  full descrip tion  

;Of these  tissues have  been given b y  K rem ers 
' (1957).

Small am ounts of raffinose are also present, 
particularly in the xylem, and 0-a-D-glucopyrano- 
syl-(l -> 2)-0-j8-D-fructofuranosyl-(l -> 2)-j3-D-fruc- 
tofuranoside ( 1 jg-ffuctosyIsucrose) has been iden
tified as a  component of the ‘soft xy lem ’. Protein 
preparations from the cambial region of aspen 
show glycosidase and transferase activities.

M A T ER IA L S A ND  M ETH O D S

Healthy trees were selected in an experimental forest at 
the start of the growing season; they were in fuU leaf. 
Within 10-15 min. of felling, the tissues requhed for sugar 
analyses were collected and quickly placed in absolute

methanol. ‘Soft-xylem’ material was obtained by remov
ing the bark from the bole and then slicing off the tissue 
with a knife blade held flat against the surface of the wood. 
Xylem was subsequently removed with a spokeshave.

AU concentrations are expressed as g. of solute/100 ml. of 
solution unless otherwise stated.

Isolation and characterization of sugars. The coUected 
tissues were filtered off from the methanol and re-extracted 
with hot methanol. The two methanolic solutions were then 
combined and concentrated to syrups by distUlation under 
reduced pressure. These were examined on paper chro
matograms (Whatman no. 1 paper) with ethyl acetate- 
acetic acid-water (A; 9:2:2, by vol.), butan-l-ol-pyridine- 
water (B; 6:4:3, by vol.) and propan-1-ol-ethyl acetate- 
water (C ; 7:1:2, by vol.) solvents. p-Anisidine-HCl and 
resorcmol-HGl (Hough, Jones & Wadman, 1950) were used 
as spray reagents.

SmaU quantities of suspected sucrose and raffinose were 
isolated fiom xylem extracts (P. grandidentata) by parti
tion chromatography on Whatman no. 3 MM paper with 
solvent A. Total hydrolysis of the raffinose was effected by 
heating at 95° with x-HgSO^ for 3 hr. The acid was then 
neutralized with BaCOg and the hydrolysate examined on 
paper chromatograms (solvent A). Yeast invertase (35°; 
2 0  hr.) w-as used for a partial hydrolysis and the resulting 
products were again examined on paper chromatograms 
(solvents A and B).

l^-j3-Fructosylsucrose was obtained by passing an 
aqueous solution of the methanol extract of ‘soft xylem’ 
(P. tremuloides) through a smaU charcoal-CeUte column 
(Andrews, Hough & PoweU, 1956). The monosaccharides 
were eluted from the column with water and sucrose with 
aqueous 2 5%  (v/v) ethanol. Elution with aqueous 50%
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(v/v) ethanol removed the trisaccharide and on increasing 
the ethanol concentration in this fraction deliquescent 
crystals resulted. Recrystallization fi’om ethanol contain
ing a trace of water produced a stable white compound, 
m.p. 193°. Total acid and invertase hydrolyses were carried 
out as described for rafBnose. With the invertase the 
glucose and fructose produced were determined quanti
tatively (Pridham, 1956). A partial acid hydrolysis of the 
trisaccharide was effected by heating with aqueous acetic 
acid (20%, v/v) for 6  hr. at 45° and the hydrolysate was 
examined on paper chromatograms (solvent A). The tri- 
saccharide was also examined by high-voltage paper 
electrophoresis (0-lM-borate buffer, pH 10 0; Gross, 1954).

Aspen-enzyme preparation. A series of different tissues 
were removed from the bole of a specimen of P. grandi
dentata and, after extraction with hot methanol, were 
analysed for N (micro-Kjeldahl method).

‘Soft phloem’ (180 g.; tissue consisting of young phloem 
and cambial elements) was removed with a knife from the 
iimer bark of a young aspen (P. grandidentata) and im
mediately macerated with 0-1 M-phosphate buffer (pH 7 0; 
800 ml. ; 5°) containing sodium dithionite (0-1 %), to 
prevent browning. The extract was filtered through glass 
wool, centrifuged at 3000 rev./min. and then dialysed 
against distilled water (5°) for 3-4 days in the presence of 
toluene. The resulting precipitate was removed by centri
fuging. Ammonium sulphate was then added successively 
to the dialysed extract to 25 and 50% saturation. The 
precipitate resulting at the lower salt concentration was 
discarded but the bulk of the protein, which came down at 
the higher saturation, was filtered off, taken up in water 
and then dialysed under toluene against distilled water for
3-4 days (5°). The required amount of Na^HPO^ and 
NaHgPO^ to buffer the solution at pH 7 0 (0-1 m) was then 
added with continual stirring, the solution being kept at 5 °.

The aspen-enzyme preparation (5 ml.) was incubated in 
the presence of toluene (37°) with phenyl-a-n-glucoside, 
maltose, phenyl-j8 -D-glucoside, ceUobiose, arbutin, salichi, 
sucrose, rafiinose, 4-0-)3-D-xylopyranosyl-D-xylopyranose, 
potato starch and citrus pectin, each at a concentration of 
5%. Incubations with 1 0 % sucrose and 0 5% arbutin 
were also carried out, and aU substrates were incubated 
with boiled-enzyme preparations to serve as controls. After

3
E
o
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0
Time (hr.)

Fig. 1 . Incubation of aspen enzyme with arbutin (10%) 
at pH 6  1 . O, P-Hydroxyphenyl-jS-gentiobioside; A, free
glucose.

mcubation for 48 hr. the solutions were examined on paper 
chromatograms for sugars, -with the p-anisidine-HCl spray 
reagent (solvent A). Where arbutin was used as sub
strate the chromatograms [butan-1-ol-ethanol-water (D; 
40:11:19, by vol.) and B solvents] were also examined for 
phenolic compounds by the use of diazotized j)-nitroaniline- 
Na^COg spray reagent (Swain, 1953).

An unidentified phenolic compound (1) which was formed 
with arbutin (5%) as substrate was isolated as a brown 
syrup by partition on Whatman no. 3 MM paper (solvent D). 
Compound (1) was hydrolysed with N-HgSO  ̂ (2 hr.; 95°) 
and the hydrolysate examined on paper chromatograms 
with solvents A and D.

The rates of formation of compound (1) and glucose were 
followed by incubating aspen protein (30 mg., freeze-dried 
from aqueous solution) with arbutm (1 0 %) in 0 - 1  m- 
phosphate buffer (10 ml.; pH 61) at 37°. Samples (1  ml.) 
were withdrawn at various intervals of time, deproteinized 
by the method of Sevag, Lackman & Smollens (1938) and 
the free glucose and (1 ) were determined by quantitative 
paper-chromatographic methods (Pridham, 1956, 1957; 
Fig. 1).

The effect of D-glucose (10 %) and D-glucono-1:4-laotone 
(0 19 %) on the formation of compound (1) was studied by 
incubating these compounds with arbutin (5 0 %) and the 
aspen enzyme. Attempts were also made to synthesize 
jj-hydroxyphenyl glucosides by incubating the enzyme with 
a mixture of quinol (10% ) and (i) D-glucose (3-0%) and 
(ii) gentiobiose (3-0%).

R E S U L T S

P aper-chrom atographic  stud ies w ith  m ethanol 
ex trac ts  o f th e  x y lem  an d  ‘so ft x y le m ’ of P . 
tremuloides and  P .  grandidentata  show ed clearly 
th a t  glucose, fructose an d  sucrose (and generally a 
trace  o f xylose) w ere p resen t in  a ll cases. Sucrose 
was characterized  b y  c ry s ta lh za tio n  from  aqueous 
ethanol [m .p. 179°; [a]o-l-64-7° in  w a te r (c, 10-0)] 
and  b y  th e  p rep a ra tio n  o f  th e  octa -ace ta te  (m.p. 
85-88°, m ixed  m .p . 8 6 - 8 8 °).

A  com pound w hich cochrom atographed  with 
raffinose in  tw o so lven t system s w as also detected; 
i t  w as chiefly p resen t in  th e  xy lem  ex trac ts . This 
sugar gave a  yellow sp o t w ith  p-an isid ine-H C l and 
a  p ink  colour w ith  resorcino l-H C l, b o th  of these 
reactions being ind ica tive  o f a  ketose-containing 
com pound. T o ta l acid  hydro lysis y ielded  galactose, 
glucose an d  fructose an d  y ea s t invertase  produced 
fructose an d  a  d isaccharide w hich cochrom ato
g raphed w ith  m elibiose in  acidic a n d  basic solvent 
system s. T races o f high-m olecular-w eight sugars 
which m ay  have belonged to  th e  ‘ raffinose family ’ 
were also presen t.

In  ‘ soft-xylem  ’ e x tra c ts  fi-om b o th  aspen species 
a  sugar w as d e tec ted  w hich  w as chrom atographic- 
ally  an d  elec trophoretically  indistinguishable  from 
1^- jg-fructosylsucrose. W ith  th ese  last-nam ed  tech
niques i t  was possible to  d is tinguish  betw een H-j3- 
fructosylsucrose an d  th e  isom eric trisaccharides 6 ^- 
^-fructosylsucrose [0-a-D -glucopyranosyl-(l -> 2)-
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0  - jS -D - fructofuranosyl- (6 2) - j3 -D-fructofurano-
side] and 6®-/3-fmctosylsucrose [O-jS-D-fracto- 
furanosyl-(2 -> 6)-a-D-glucopyranosyl-(l 2)-j8-D- 
fructofuranoside]. Complete acid hydrolysis yielded 
only glucose and fructose and treatm ent w ith 
dilute aqueous acetic acid produced mainly 
sucrose, together w ith some glucose and fructose. 
Yeast invertase completely degraded the sugar to 
glucose and fructose in a  molar ratio of 1:2.

A  de term ination  o f th e  alcohol-insoluble n itro 
genous com pounds in  various tissues from  aspen 
(Table 1) suggested th a t  th e  h ighest p ro te in  concen
tra tio n  in  th e  bole o f th e  tree  occurred in  th e  
cam bial region (cf. S tew art, 1957).

O n th e  basis o f these resu lts  a  p ro te in  so lu tion  
was p repared  from  th e  ‘so ft-ph loem ’ tissues and  
te s ted  for carbohydrase an d  transferase activ ities. 
The resu lts  o f th is  s tu d y  are show n in  T able  2. 
a-Glucosidase, )3-glucosidase, a-galactosidase an d  
sucrase all appear to  be  p resen t in th e  p repara tion . 
W ith  sucrose a t  5 %  concen tration  only glucose and  
fructose w ere form ed. H ow ever, w ith  1 0 %  of 
su b s tra te  th e re  was definite evidence for th e  fo rm a
tio n  o f l^-)3-fructosylsucrose a fte r  incubation  for 
7 h r., an d  a fte r  48 h r. th e re  w as a  m arked  increase 
in  th e  am o u n t produced. T ransferase ac tiv ity  was

T able 1 . Protein nitrogen in  aspen tissues

P. grandidentata N (% )
Periderm 056
Secondary phloem 
‘Soft phloem’

P. tremuloides*

0 - 2 1
1 34

‘Soft xylem’ 1 40
1 -year-old xylem 0  28
2 -year-old xylem 008
Results obtained by Sultze (1956).

also very  ap p a ren t w hen a rb u tin  w as used  as a  su b 
s tra te . I n  add ition  to  th e  hydro ly tic  p roducts, glucose 
an d  quinol, a  slow-m oving phenohc com pound 
(I) w as also de tec ted  on chrom atogram s values : 
so lven t D , 0 25 ; so lven t B , 0 8 8 ] a t  su b s tra te  concen
tra tio n s  of 0 5 an d  5 0 % . Com pound (I) gave th e  
sam e purp le  colour as a rb u tin  w ith  th e  d iazonium  
reagen t an d  was eh rom atographically  iden tical to  
(p-hydroxyphenyl)-j8 -gentiobioside. A cid h y d ro 
lysis o f com pound (I) gave rise to  quinol an d  g lu
cose. T he fo rm ation  o f (I) an d  th e  libera tion  of 
glucose w as followed during  th e  m cubation  of 
a rb u tin  w ith  aspen p ro te in . As th e  concentration  
o f com pound (I) reached  a  m ax im um  th e re  w as a 
rap id  increase in  th e  am oun t o f free glucose in  
solu tion  (Fig. 1). T he inclusion o f d -glucono-1:4- 
lactone or D-glucose in  th e  reac tion  m ix tu res  com 
p le te ly  inh ib ited  th e  fo rm ation  o f (I) an d  ne ither 
a rb u tin  nor (I) w as form ed w hen D-glucose or 
gentiobiose an d  quinol w ere in cu b a ted  w ith  th e  
aspen protein .

D ISC U SSIO N

D-Glucose, D-fructose an d  sucrose com m only 
occur as free sugars in  all p lan ts . Raffinose, which 
has been detec ted  ehrom atographically  in  sieve- 
tu b e  ex u d a te s  from  a  num ber o f trees (Zimmer- 
m ann , 1957) frequen tly  accom panies sucrose in 
p la n t tissues (e.g. F rench , 1954; B radfield  & 
F lood, 1950; Cerbulis, 1955; P ridham , 1958) and. 
D-xylose has also been  detec ted  in  th e  free s ta te  in  
p lan ts : for exam ple, in  fru its  (H ay  & P ridham , 
1953; A sh & R eynolds, 1955) an d  in  heartw ood 
(K ritchevsky  & A nderson, 1955).

T he h te ra tu re  on th e  isom eric trisaccharides, 
1^-)S-fructosylsucrose, 6^-)3-fructosylsucrose and  
6®-)3-fructosylsucrose, is extensive. A ll these

T able  2. Carbohydrase and transferase activities of aspen-protein solution

Substrate
P b eny l-a-D -g lucoside

Maltose

Phenyl- jS-n-glucoside 
Cellobiose

Sucrose

Potato starch 
Citrus pectin 
Salicin 
Raffinose

4-0-/3-n-Xylopyranosyl-
D -x y lo p y r a n o se

Products detected by 
p-anisidine-HCl spray reagent

Glucose
Glucose and trisaccharide (Rgiacose 0 11; 
solvent A)

Glucose
Glucose and trisaccharide (iîgiucoae O 'll; 
solvent A)

Glucose, fructose and 
1 ^-jS-fructosylsucrose 

Glucose, disaccharide and trisaccharide 
Galacturonic acid, galactose, arabinose 
Glucose
Sucrose, galactose, glucose and fructose 

Xylose

l^-jS-Fructosylsucrose formed only with 
substrate concentration of 1 0  % 

Hydrolysis products present only m traces 
Present only in small amounts

Main products over 24 hr. incubation were 
galactose and sucrose

Only slight hydrolysis
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com pounds have been synthesized by  th e  action  
o f transfm ctosidases from  vai'ious organism s on 
sucrose. 1 ^- jg-Fructosylsucrose an d  6 '^-jS-fructo- 
sylsucrose were p repared  b y  Allen & B acon (1956) 
w ith  enzym es from  sugar-beet leaves and  o ther 
p lan ts  an d  b y  B acon (1954) an d  Gross, B lanchard  
& B ell (1954) w ith  yeast invertase. l^-j8 -F ructo- 
sylsucrose has also been p repared  b y  incubating  
sucrose w ith  various fim gal enzym es (Pazur, 1952 ; 
B ark er & C arrington, 1953; B arker, B om ne & 
C arrington, 1954; B acon & Bell, 1953) an d  w ith  
p repara tions from  Jerusalem -artichoke tubers 
(D edonder, 1952a) an d  Aerobacter levanicum  
(Feingold, A vigad & H estrin , 1956). W ith  A . 
levmticum  6 ^-jg-fructosylsucrose was also produced , 
as w as th e  case w ith  yeast invertase  an d  sucrose 
(Albon, Bell, B lanchard , Gross & R undell, 1953; 
B acon, 1954).

W ith  regard  to  th e  n a tu ra l occurrence of these 
com pounds in  p la n t tissues, 1 ^-j8 -fructosylsucrose 
a n d  higher homologues have  been found in  a r t i
choke tu b e rs  (Bacon & E dehnan , 1951; D edonder, 
19526), an d  tliis trisaccharide, to g e th er w ith  6 ®-j8 - 
fructosylsucrose, has recen tly  been  rep o rted  to  be 
p resen t in  onion, leek, I ta h a n  ryegrass an d  ta ll 
oatgrass. 6 ^- jg-Fructosylsucrose m ay  also occur in 
these  grasses (Bacon, 1959) an d  its  presence in 
perenn ia l ryegrass has definitely  been estabhshed  
b y  Schlubach, L ubbers & Borow ski (1955). 6 ®-j8 - 
Fructosylsucrose has ten ta tiv e ly  been identified in 
e x tra c ts  from  ripe bananas b y  H enderson, M orton 
& R aw hnson  (1959), an d  these w orkers have  show n 
th a t  b an an a  p repara tions exh ib iting  invertase  
a c tiv ity  can synthesize fructosylsucrose derivatives 
from  sucrose. F ructose-contain ing  ohgosaccharides 
h ave  also been  ten ta tiv e ly  identified b y  paper-chro
m atograph ic  m ethods in  a  num ber of o ther p lan t 
species. These have  been fisted  b y  B acon (1959).

I n  general i t  w ould appear th a t  th e  fructosy l
sucrose derivatives are  peculiar to  p lan t tissues 
w hich have  re la tive ly  h igh sucrose concentrations. 
T his is p a rticu la rly  well illu s tra ted  w ith  th e  onion, 
w here th e  only scales hav ing  th e  oligosaccharides 
are  those tow ards th e  cen tre  o f th e  bu lb , which 
hav e  h igh  sucrose concentrations (Bacon, 1959). 
Also in  th e  b an an a  th e  fo rm ation  of 6 ®- j3-fructosyl- 
sucrose occurs as th e  fru it ripens and  th e  glucose, 
fructose an d  sucrose co n ten t increases. I n  aspen 
th e  l^-j8 -fructosylsucrose w ould appear to  accum u
la te  in  th e  cam bial region, w hich again  has a h igh 
sucrose concen tration  (K rem ers, 1957). U nder 
such  conditions th e  fo rm ation  of 1 ®'-jS-fructosyl- 
sucrose b y  a  transfructosidase  w ould be favoured. 
N o trisaccharide  w as detec ted  in  th e  xylem , w here 
th e  sucrose concentration  is m uch low er; how ever, 
th is  could also be  due to  th e  absence of th e  neces
sa ry  transferase in th is  tissue. H igh sucrose concen
tra tio n s  (1 0 - 2 0 %) have also com m only been used

to  prepare  fructosylsucrose derivatives {in vitro) 
w ith  th e  various transfructosy lases th a t  have  been 
m entioned, an d  w ith  th e  aspen  enzym e a  su b 
s tra te  concen tration  o f 1 0 %  w as ap paren tly  
necessary in  o rder to  produce d e tec tab le  am oim ts of 
l ’̂ -/3 -fructosylsucrose w ith in  a  reasonable  period  of 
incubation . No deta iled  search  for o th e r fruc to 
sylsucrose derivatives w as u n d e rtak en  an d  th e  
possib ility  th a t  such com pounds w ere also p resen t 
in  ‘soft x y le m ’ or th e  aspen-p ro te in  incubation  
m ix tu res or in  b o th  should  n o t be  ignored.

A  fu rth e r general p o in t is th a t ,  in  th e  m a jo rity  of 
cases, n a tu ra lly  occurring fructosylsucrose deriva
tives have  been  iso lated  only  from  p lan t-sto rage  
tissues. W ith  aspen, how ever, th e  trisaccharide  is 
p resen t in  a  m eristem atic  tissue  w ith  a  h igh m e ta 
bolic ac tiv ity .

T he exam ina tion  o f th e  enzym ic ac tiv ity  o f th e  
‘soft-ph loem ’ pro te ins show ed th a t  m an y  o f the  
com m only occurring p la n t glycosidases (Sum ner & 
M yrback, 1950) are  p resen t in  these  aspen  tissues. 
T he resu lts  are  su ppo rted  b y  th e  observations of 
Sosa (1940) an d  Bois & C hubb (1942), who have 
detec ted  invertase , m altase , em ulsin an d  am ylase in 
species of b irch , an d  b y  K u prev ich  (1949) and 
Meeuse (1949, 1952), w ho re p o r t am ylase activ ities 
in  o ther deciduous trees. Z hnm erm ann  (1958) 
believes th a t  th e re  is an  a-galactosidase in  sieve- 
tu b e  cytoplasm . T he h n p o rtance  an d  ex ac t func
tions of these enzym es in  trees, as in  o ther p lants, 
rem ain  obscure.

T ransglucosylation  an d  ti’ansfructosy la tion  re 
actions were also ev iden t w here sucrose an d  a rb u tin  
w ere used as substra tes. I n  th e  la t te r  case th e  
m echanism  w ould appear to  be  a  jS-glucosidase- 
ca ta lysed  tran sfe r of glucose from  a rb u tin  to  a  
second arbu tin -accep to r m olecule, sim ilar reactions 
hav ing  been d em onstra ted  w ith  enzym e p rep a ra 
tions from  broad-bean  an d  a lm ond seeds (J . D. 
A nderson, L . H ough  & J .  B . P rid h am , unpublished 
results). E vidence to  su p p o rt th is  m echanism  is 
given b y  th e  fac t th a t  jS-glucosides w ere readily  
hydrolysed b y  th e  p ro te in  p rep a ra tio n  an d  this 
ac tiv ity  an d  th e  syn thesis o f (p-hydroxyphenyl)-j8 - 
gentiobioside w ere com pletely  suppressed by  n- 
glucono-1:4-lactone (Conchie & L e w y , 1955) and 
D-glucose (Jerm yn , 1955), b o th  o f w hich can  inh ib it 
jS-glucosidase. A ttem p ts  to  use quinol as a  d irect 
accep tor o f glucose failed ; th e  purifica tion  p ro 
cedure used  for th e  enzym e p rep a ra tio n  m akes it  
unlikely  th a t  u rid ine d iphosphate  glucose is 
partic ipa ting  in  th e  reaction .

SUM M ARY

1. Sucrose is th e  m ain  oligosaccharide p resen t in 
b o th  th e  cam bial region an d  yotm g-xylem  elem ents 
o f aspen.
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2 . B affinose an d  F -j8 -fructosylsucrose are  also 

present, th e  form er being m ain ly  associated w ith  
the  xy lem  an d  th e  la t te r  w ith  th e  ‘soft x y lem ’.

3. A  p ro te in  p rep a ra tio n  from  th e  ‘ soft phloem  
when incuba ted  w ith  sucrose, produced glucose, 
fructose an d  U-j3-fructosylsucrose. T he p rep ara
tion also ex h ib ited  m arked  a- and  jS-glucosidase and 
a-galactosidase activ ities.

I thank Dr R. E. Kremers for many helpful discussions 
and encouragement; Dr D. Gross for useful advice; and the 
Institute of Paper Chemistry, Appleton, Wisconsin, U.S.A., 
for the facilities provided for this work. The Rhinelander 
Paper Company, Wisconsin, U.S.A., kindly allowed plant 
materials to be collected from their experimental forest.
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I .  IN T RO D U C TIO N

The separation and identification of various types of monosaccharides by chromato
graphic procedures has been extensively developed since P artridge^̂ ” first applied 
paper partition chromatography to the resolution of mixtures of these compounds. 
Identification of monosaccharides by modem paper chromatographic methods is 
nowadays normally reliable. The determination of enantiomers, however, is still 
beyond the bounds of the technique. Paper chromatography is also used extensively 
in examining oligosaccharide mixtures, the identification of which is of considerable 
importance in elucidating polysaccharide stractures and in investigating many 
enzymic processes. In the case of oligosaccharides, however, a vast number are 
theoretically possible and chromatographic methods must, therefore, be used with 
greater caution. The aim of the present article is to describe the use of chromatog
raphy in oligosaccharide investigations and to discuss its limitations.

The review discusses firstly paper partition  chrom atography which generally 
provides a preliminary identification of the sugars in a mixture ; secondly, the related 
technique of paper electrophoresis, and thirdly, colum n chrom atography which may be 
used for the isolation of sufficient material for confirmatory chemical identification.

* Present address: P lant Chemistry Division, D.S.I.R., Palmerston North, New Zealand. 
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2 .  PA P E R  CHROM ATOGRAPHY

(a) General considerations

The paper chromatography of oligosaccharides is generally performed under similar 
conditions to those used for separating monosaccharides. A descending solvent tech
nique is normally used with, in the great majority of cases, Whatman No. i  (or an 
equivalent) filter paper. The simple apparatus required, consisting of glass troughs in 
a closed, gas-tight, glass tank, is adequately described by L e d e r e r  a n d  L e d e r e r i ^ c  

Compounds under examination are normally applied to the papers as aqueous 
or alcoholic solutions. Glass capillary tubes are commonly used for this purpose. 
For the application of large volumes, a camel-hair brush is recommended, particularly 
in the case of preparative paper chromatography where the sugars are streaked along 
the origin. .

Strong acids and bases and high concentrations of salts should always be removed 
from solutions of sugars prior to chromatographic analysis, as these inorganic mate
rials will interfere with the resolution. Desalting may be achieved by a number of 
techniques, the simplest being careful removal of water by distillation under reduced 
pressure followed by extraction of the sugars with anhydrous methanol or pyridine^^®. 
It should be remembered, however, that hot pyridine can epimerise reducing sugars.

lon.-exchange resins are also commonly used for desalting sugar solutions. This 
method is relatively safe provided the necessary precautions are taken. The solution 
should be treated first with the cation-exchange resin [e.g. Amberlite IR - 1 2 0  or 
Dowex-2 ) and then with the anion-exchanger [e.g. Amberhte IR-4 B or Dowex-5 0 ), 
or a mixed bed resin can be used. If this sequence is followed, high pH values, which 
may epimerise or in other ways affect sugars, are avoided. Sugar acids and amino- 
sugars are of course adsorbed by anion- and cation-exchangers respectively. Strong 
base resins such as Amberlite IRA - 4 0 0  (0H~ form) or Dowex- 2  (0H~ form) can de
grade and adsorb neutral sugars and should always be used in the carbonate form'̂ ^®. 
Other techniques for desalting sugar solutions include electrolytic methods^® and the 
use of carbon^". The removal of borate ions from column washings (see pp. 1 3 1 , 1 3 3 ) or 
borohydride reduction reaction mixtures can be achieved by treatment with metha
nol^ or methanolic after removal of cations with an ion-exchange resin^, or by 
treatment with carbon®**. It should be noted, however, that many sugars form borate 
complexes, particularly under alkaline conditions, and these may be adsorbed on to 
an ion-exchange resin which is used to remove borate ions.

(b) Solvents

Almost all solvent systems employed for the partition chromatography of sugars 
have water as the stationary phase and an organic solvent as the mobile phase. The 
one or two exceptions which employ either two organic solvents or a salt solution in
stead of water do not appear to be generally applicable to the chromatography of 
oligosaccharides. Careful equilibration of papers wnth the vapour phase of the solvent 
does not always appear to be as vital as some early authors claimed. The method of 
B a y l y  a n d  B o u r n e ® ^  in which a sheet of paper wetted with the developing solvent is
References p. 1 3 3 .
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hung alongside the chromatograms being developed, appears to give suitable equili
bration and was employed in the present work for evaluation of the various solvents. 
Precise temperature control is generally unnecessary; the main precaution in this 
connection is to avoid low temperatures which cause some solvent systems to separate 
into two phases. From the point of view of the solvent, the essential criteria are that 
the tank should be gas tight and of a construction which enables it to be easily cleaned.

Many of the solvents described have been developed for the resolution of mono
saccharide mixtures and are not necessarily suitable for oligosaccharide separations. 
In resolving mixtures of these higher sugars the value of a system depends on its 
ability to perform one or other, or both, of the following functions:

(a) Resolution of mixtures of oligosaccharides of the same D.P.; particularly 
those with D P. values of 2 or 3;

(b) Resolution of mixtures of oligosaccharides of different D.P, values ; partic
ularly homologous series.

Of the many solvent systems which have been reported to be suitable for paper 
chromatography of sugars, some 60 appeared to be of value for oligosaccharide 
separations. These have been tested by the authors, and classified (Table i) for this 
review, using the standard apparatus referred to above, and the following range of 
sugars: gentiobiose, isomaltose, maltose, cellobiose, laminaribiose. sophorose, a,a- 
trehalose, melibiose, lactose, isomaltotriose, maltotriose, panose, isomalto-tetraose, 
-pentaose, -hexaose, -heptaose, and-octaose, sucrose, raffinose, melezitose, stachyose, 
D-glucuronic acid, D-galacturonic acid and the di- and tri-galarturonic acids from 
pectin®®. Rather than report numerous Rp and E g values, the 46 solvents which proved 
useful have been listed in a more general manner, in Table i  according to their abihty 
to perform the tasks mentioned above. To give an indication of the time required for 
development with each solvent its speed has been classified (see footnote to Table i) 
according to the time in which D-gluco.se moves to the bottom quarter of a standard 
(22 cm X 44.5 cm) sheet of Whatman No. i paper. Likewise, in recording the ability 
of each solvent to resolve oligosaccharides in the isomaltose series of increasing D.P., 
the sugars which just move clear from the starting line when D-glucose has reached the 
bottom quarter of the paper have been noted. All of the solvents listed in Table i are 
either single-phase systems or the top layers of two-phase systems : the one exception 
is phenol-water solvent which is the bottom layer of a two-phase system. Only the 
acidic solvents were suitable for resolving the hexuronic acids and the acidic oligo
saccharides.

Inspection of Table i  shows that while many solvents are useful for separating 
sugars of different D.P. values, only a few give really good separations of closely re
lated sugars of the same D.P. Nevertheless, sufficient solvents of acidic, neutral and 
basic composition are available for most purposes. The following solvent systems 
(where all ratios are by volume) were also tested and found to be unsuitable for the 
chromatography of oligosaccharides:

«-Butanol-formic acid-water (2:1:2), ethyl acetate-acetic acid-water (3:1:3), 
isopropanol-acetic acid-water (1:5.9:3.2), «-butanol-ethanol-water (4:1:5), ethyl 
R e f e r e n c e s  p .  1 3 3 .
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TABLE I
SOLVENT SYSTEMS SUITABLE FOR RESOLVING OLIGOSACCHARIDE MIXTURES

Solvent 
No. composition 

(all v',v)
Speed*

Kesolution of 
di- and tri- 
saecharidc 
mixtures**

Separation  
of oligo

saccharides
. .
mcreastng

D.P.***

Separat ion of 
oligouronuies keferenccf

A. Acidic

n-Butanol-acetic acid-water
I. 2:1:1 F moderate 6 good Ho
2. 5 2:1 3:3 5 F poor 6 good 129
3. 4:1:2 MS poor 4 good
4. 5:1:2 MS moderate 5 good 85
5. 5:1:4 S moderate 4 moderate 76
6. 4:1:5 s moderate 4 moderate 16
7. 6.3:1:2 VS moderate 3 moderate

Ethyl acetate-acetic acid-water
8. 2:1:2 VF moderate 8 moderate 52
9. 10:5:6 VF moderate 6 good

10. 3:3:10 VF poor 4 poor 96
I I .  9:2:2 v s moderate 3 poor 6

Ethyl acetate-acetic acid-formic acid-water
12. 9 :1.5:0 5:2 M F very good 4 moderate 80

n-Propanol-acetic acid-water

13- \ 4:1:^ MF poor 6 good

Isopropanol-acetic acid-water
14. 7:1:2 MF moderate 3 poor .57

Benzyl alcohol—n-propanol-formic acid-water
15. 7.2:512:2 MS good 4 good 68

Phenol-water
16. Bottom layer MS moderate 3 — 120

B. Neiitral solvents

n-Butanol-ethanol-water

17. 4:1.1:19 MS good 4 3
18. 5:2:2 MS good 6 11
IQ. 5.711.3:3.2 MS moderate 5 76
20. 5:1:4 MS moderate 4 33
21. 10:1:2 VS moderate 4 57

Ethyl acetate-n-propanol-water
2 2 . 1:6:3 MF poor 8 43
23. 5.7:4.2:2 MF poor 4 2
24. 1:7:2 MF moderate 5 37
25. 5.7:3 2:1.3 MS very good ' 4

n-Propanol-watcr
20. 4:10 MF poor 4 88
27. 7.8:2.20 F moderate 4 114

(continued on p . i i S )

References p. 133.
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TABLE 1 [continued]

Solvent
No. composition Speed* 

(all vjvj

Resolution of 
di- atid tri- 
saccharide 
mixtures**

Separation 
of oligo

saccharides 
of

increasing
D.P.***

Separation of 
oUgouronides Reference f

1 sopropanol-water
28. 9:2 MS moderate 3 82

C. Basic solvents

n-Butanol-ethanol-water—ammonia (used for separation of reducing sugars
as N-bcnzyIglycosylamine derivatives)

29. 4:1:4.9:0.1 VF good 4 31
30. 4.5:0.5:4.9:0.1 VF very good 4 31
31. 4:1.2:2:0.1 VF moderate 7 31
n-Butanol-pyridine-water
32. 3:2:1.3 MF moderate 6 141
33. 6:4:3 MS moderate 6 93
34. 3:13:13 MS poor 6 93
33- 1 0 :3 : 3  S moderate 3 83
36 3:3:2 s very good 3 11
n-Biitanol-pyridine—benzene-water 
37. 3 :3 : i :3 MS moderate 3 3

Ethyl acetate-pyridine-water 
38. 2:1:2 VF moderate 6 96
30. 10:3:6 VF 
40. 10:4:3 F

moderate
good

6
3 8

41. 8:2:1 MS moderate- 4 83
42. 3:2:5 S poor 3 93

Ethyl acetate-pyridine-water-acetone
43. defined by S. G. VP' moderate 9 ( " 3

Ethyl acetate-pyridine-acetic acid-water
44. 5:5:1:3 VF moderate 4 77

Collidine—et hanol-water
4 3 - 4:3:2 VF poor 3 93

Coliidine-pyridine-water 
46. 2:1:18 MF poor 3 93

* VF : very fast; glucose moved to bottom quarter of a standard z z  x 44.3 cm chromatogram 
in iS h; F; fast; glucose moved to bottom quarter of a standard 22 x 44.5 cm chromatogram in 
24-30 h. MF: moderately fast; glucose moved to bottom quarter of a standard 22 - 44.5 cm
chromatogram in 36-40 h. MS: moderately slow; glucose moved to bottom quarter of a standard 
22 X 44.3 cm chromatogram in 48-60 h. S: slow; glucose moved to bottom quarter of a standard 
22 X 44.5 cm chromatogram in 72-80 h. VS: very slow; glucose moved to bottom quarter of a 
standard 22 x 44.5 cm chromatogram in over 96 h.

** Poor: all di- or tri-saccharides tend to move at the same rate. Moderate: only di- or tri
saccharides of markedly different structures separate. Good: sugars of closely similar structures 
partially separate. Very good: sugars of closely similar structures {e.g. maltose and cellobiose) 
clearly separate.

* * * Figures refer to D.P. values for the oligosaccharides, in the isomaltose series, which just mo\ e 
clear from the starting line when D-glucose has reached the bottom quarter of a 22 -x 44.3 cm 
standard chromatogram.

f References to some solvent systems could not be traced in the literature.
§ Sugar spots rather dilfusc or streaking.

References p. r j j .
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Hcetate-ethanol-water (2:1:2), ethanol-methanol-water (9:9:2), «-butanol-pyri- 
dine-water (10:1:2, 9:5:8, 1:1:1 and i : i : 1.5), n-butanol-acetone-ammonia-water 
(4:5:0.5:1.5) and w-propanol-ammonia-water (16:3:1). These solvents were either 
too slow for sugars of D.P. 3. and at the same time gave very poor resolution of di- 
and tri-saccharide mixtures, or they caused the sugar spots to streak.

The movement in the various solvents of oligosaccharides containing amino 
sugar or sugar phosphate residues was not investigated for this review, as a suitable 
range of test sugars was not available. B a r k e r  et al.^, however, have used solvent 
No. 29 (omitting the benzylamine) for the resolution of the glucosamine oligosaccha
rides obtained by the partial hydrolysis of chitin. Solvents used in the paper chro
matography of amino sugar containing disaccharides obtained from various muco
polysaccharides include w-butanol-pyridine-water (3:1:1®“ and No. 33®®) and n- 
butanol-acetic acid-water (6.3:1:2.7^^ and 4.4:1.6:4^^’). Other nitrogen-containing 
ohgosaccharides from human milk and mammary gland have been investigated 
with solvent Nos. 6'®, 38 and 43̂ ®̂.

Little work has been carried out on the paper chromatography of oligosaccharide 
phosphates. However, solvents described by H a r r a p ’®, R u n e c k le s  a n d  K r o t k o v ’®®, 
H e s tr in  a n d  A v ig a d ”  and H o r e c k e r , S m y rn io tis , an d  Seegm iller® ®  for separat- 
ting monosaccharide phosphates may be of value for sugar phosphates of higher D.P.

Thom.a an d  French^®® have investigated the effect of changing the proportions of 
a solvent mixture on its ability to separate oligosaccharides. These authors describe a 
method for deducing the most suitable composition of a particular solvent system for 
separating the members of an homologous series of oligosaccharides. The method is 
demonstrated with n-butanol-pyridine-water and ethyl acetate-acetic acid-water 
soK-ent mixtures.

Development with most systems is generally continuous for from 1-4 days. 
With the longer development times the solvent is allowed to drip off the serrated 
bottom edge of the paper. Multiple development in which the paper chromatogram is 
repeatedly developed for a short period, dried and then re-de\ eloped has been shown 
by Je.an es, W ise  .and Dimler®® to give improved separation of many mono- and 
some di-saccharides with some solvent systems. This technique may be well worth 
considering when attempting to separate closely moving oligosaccharides.

A study of the movement of an unknown oligosaccharide in a range of solvents 
can often provide useful information regarding its homogeneity, D.P. and in some 
cases, by comparison with authentic specimens, its exact identity.

The movement of a sugar as a single component in at least three different solvents 
including acidic, basic and neutral systems, is a useful indication of hornogeneity. 
While this often holds good for disaccharides it may not always hold for tri- and higher 
saccharides and exceptions have been reported. Thus Bacon^® found that two of the 
fructosylsucrose trisaccharides commonly produced in invertase-sucrose digests 
tended to move as a single discrete spot on paper chromatograms and were only 
separable on charcoal-celite columns. H atan ak .a”  has also reported that two galac- 
tosylsucrose tetrasaccharides could not be separated on paper chromatograms or
RcJi'vi’jiccs p. rj.j.
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charcoal columns ; the presence of two sugars was only deduced by chemical means.
In general, disaccharides move at slower rates than their constituent mono

saccharides. Exceptions to this rule are rhodymenabiose (3-0-/?-D-xylanopyranosyl- 
D-xylose) which, in some solvents, moves in front of xylose®® and sucrose which 
moves at the same rate as an aldohexose in many solvents. Whilst disaccharides 
rarely move at the same chromatographic rate as pentose and hexose mono
saccharides, confusion can arise in the case of the heptoses which have small Rp 
values. This can often be avoided by the use of the appropriate spray reagents. 
Comparison of the movement of an unknown oligosaccharide w th  known oligosac
charides will generally give an indication of D.P. which must, however, be checked 
by other methods. In the case of the members of an homologous series, F r e n c h  a n d  
WiLD®̂  have established that the relationship between the number of monosaccharide 
units per molecule and the logarithm of the partition function, Rf!{i —Rp), is linear. 
The use of this empirical relationship will indicate whether the sugars present in a 
mixture are in fact the members of an homologous series.

It is often possible to establish the identity of an oligosaccharide, particu
larly a disaccharide, by comparing its movement with that of known sugars in a 
selection of solvents. Although this can be achieved by using published Rp or Re
values, it is preferable and safer wherever possible to compare the movement of the 
unknown sugar with authentic specimens on the same paper chromatograms. In 
general, however, the identification of an ohgosaccharide should never be considenxl 
complete until a specimen of the sugar has been isolated and examined by chemical 
methods.

(c) S pra y  reagents

In conjunction with the rates of movement of sugars in various sob ents, reactions 
with spray reagents can generally provide a reliable identification of most mono
saccharides. With oligosaccharides, the sprays can contribute useful, and sometimes 
in the case of disaccharides conclusive evidence of structure.

The spray reagents are required to elucidate, if possible, the following points:
1. Location of the oligosaccharide on the paper chromatogram.
2. Presence or absence of a reducing unit.
3 . Identity of the monosaccharide reducing unit.
4. The point of attachment of the 0 -glycosidic linkage to the reducing unit.
5. Position of other 0 -glycosidic linkages.
6. Identity of non-reducing monosaccharide units.
A large number of spray reagents which react with sugars arc available. H oi'GH®® 

has reviewed in detail their reactions with monosaccharides. In Table 2 an attempt 
has been made to classify these reagents according to their ability to react with oli
gosaccharides and to provide evidence concerning the points listed above. Sensiti\ ity 
has also been indicated on the basis of the amount of sugar on a chromatographic 
spot which will just allow the colour reaction in question to be observed clearly.

The most widely used technique for applying reagents is by spraying their 
R e f e r e n c e s  p .  1 3 3 .
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TABLE 2

SPRAY REAGENTS

No. Reagenl Sensitivity * Reaction** Reference

.4. Locating redticing and non-reducing oligosaccharides* * *

I . Silver nitrate-acetone/ 
Na(.)H-ethanol

A'HS R and NR differentiated 
(not specific for carbo
hydrates)

142

z. Periodate/p-anisidine
hydrochloride

HS R and NR give same 
reaction

40

3 Periodate/potassium per
manganate

HS R and NR give same 
reaction

loS

4 - Periodate/potassium per
manganate/benzidine

MS R and NR give same 
reaction

151

5- Periodate/Schiff’s reagent MS R and NR give same 
reaction

44

6. Borate-phenol red MS R and NR give same 
reaction

8r

7- Vanillin-perchloric acid HS Reacts with most R and NR 
giving various colours 
(also reacts with phenols)

106

B. Reacting with specific sugar groufis i)i oligosaccharides]

8. />-Anisidine hydrochloride VHS-HS TR; With hydrochloride 9 , 47. 8b
(or phosphate) aldohexoses and 0- 

deoxyhexoses brown, 
ketohexoses yellow, aldo- 
and keto-pentoscs pink, 
hexuronic acids pink

9 3,5-Dinitrosalicvlic acid- HS TR; brown 93
NaOII

lo. Triphenyltetrazolium chlo
ride (see No. 3b)

HS TR; red 3 -:. 57 . 143
I I . Aniline and diphenylamine- MS-LS TR; various colours 1 9 . 45. 13 .5

H3PO4 (see No. 37)
12. PhloroglucinoI-HCl (or MS-LS ' 35CCI3CO2H)
T3 - /i-Naphthvlamine- MS 119

Fog(SOj,-HCl TR; various colours
14. a-Naph th\Tamine- 

CCI3CÜ2H
HS 86

15- m-Phenylenediamine-HCl HS 48
lb. Aniline hydrogen phthalate VHS-HS \ TR; various colours; weak 9, 121

861 7 . Aniline hydrogen oxalate VHS-HS reaction with ketoses
18. Aniline hydrogen phosphate VHS-HS J 63, 86
19. Benzidine-acetic acid HS TR; brown 16, 84

(or CCI3CO2H)
20. Ninhydrin (for N-benzyl HS TR; aldoses only, blue 3 1glycosylamine deriva

tives)
21. 2,5-Diphenyl-3-^-styryl- HS TR; ketoses only, purple

phenyltetrazolium chlo
ride

22. Urea-H3POj(or HCl) VHS-HS M ; ketoses only, blue with 86, 150
H3PO4 ; black with HCl.
Heptoses pink 70

(conUn-ueU OH p. i z j j
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TABLE 2

J. B. PRIDHAM

[ c o n t in u e d ]

.Vo. Reagent Sensitivity* Reaction** Reference

a-Naphthol-HgPO^ HS M; ketoses blue 324. ()rcinol-HCl(or CClgCOgH) MS M ; ketoses only, red 86, 103
5̂-. Resorcinol-HCl (or 

.CCI3CO2H)
MS ' M ; ketoses red 59 , 86

26. Naphthoresorcinol-HCl (or 
CCI3CO2H)

MS-LS M ; ketoses red, pentoses 
and hexuronic acids 
violet

59 , 120

- 7- Anthrone-H3P04 and 
acetic acid

MS M; ketoses only, purple- 
yellow

97

28. Bromophenol blue HS-MS M ; uronic acids 52
^ 9 - Periodate/sodium nitro- 

pru.sside/piperazine
MS Deoxy-sugars blue 56

3 0 - Peri odate//)-nitroanili ne- 
HCl

MS Deoxy-sugars deep yellow 
(not 6-deoxy deriva
tives)

56

31- Quinine snlphate HS Sugar phosphates U.V. fluo
rescence

131

3 2- Molybdate-perchloric acid/ 
HgS

MS-LS M; sugar phosphates blue 7 2

33 Ninhydrin HS M; amino sugars blue 29 , 122,124,137
3 4 - .•\cetylacetone-NaOH/

/>-dimethylaminobenz-
aldehyde-HCl

HS Amino sugars red, N-acetyl- 
hexosamine purple-violet

5 b *34

35 Periodate -glycol-thiobarbi- 
turate

VHS M ( ? ) ; sialic acid and deoxy- 
sugars

*44

C. T n d i c a t i n g  s p e c i f i c  0 - g l y c o s i d i c  l i n k a g e s

36 - Triphenyltetrazolium chlo
ride

HS I 2 ; no reaction if Cj of 
reducing unit substituted

3 2 .  ;17, *43 ,

37 - .Aniline and diphenylamine- 
H3PO4

MS-LS J -> 4; deep blue if C4 of re
ducing unit substituted 
(colours given by other 
reducing hexose di sac
charides depend to some 
extent on linkage to re
ducing unit)

19, 4 5 .  13 5

3 8 . Diazouracil MS “Sucrose linkage”; blue. 
Generally no reaction if 
fructose moiety is substi
tuted

4 b *30

* Approximate sensitivity: VHS <  5 /rg; HS, 5-10 fug: MS, 10-20 /.<g; I.S >  20 //g.
** R, reducing sugar; NR, non-reducing sugar; TR, terminal reducing unit; M, sugar present at 

any position in a chain.
*** These reagents will not function with highly substituted mono- and oligo-saccharides.

f Specificities may be determined in some cases by the strength of the associated acid and tlie 
degree of heating to which the chromatograms are subjected after spraying

solutions on to the dried chromatogram. Spraying with certain compounds, e.g. 
benzidine, may be hazardous and therefore dipping the paper in the reagent may be 
a safer procedure. In this case the reagent must be dissolved in a solvent (e.g. acetone 
in the case of oligosaccharides) in which sugars are insoluble. A number of special 
R e f e re n c e s  p .  I J J .
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dipping reagents have been developed by (iORDon, T h o r n b u r g  a n d  Werum'*®.
Silver nitrate is probably the best locating spray. Although it suffers from the 

disadvantage that it is \ ery unspecific and reacts with a number of other groups of 
compounds, e.g. phenols, it is highly sensitive and the sprayed papers, if washed 
with ammonia*̂ ^®, are permanent records. The reagent, as published, also distinguishes 
between reducing and non-reducing sugars by the rate at which the coloured spots 
develop, the non-reducing sugars reacting more slowly. Provided sufficient non
reducing sugar is on the paper (5-ro /tg or more) this difference may be accentuated 
bv using half-strength silver nitrate solution. In this case non-reducing substances 
take 15-20 min to appear as compared with 1-2 min for reducing substances. Perio
date sprays (reagent Nos. 2-5) are also useful for locating non-reducing substances, 
the initial periodate reaction depending on the presence of adjacent hydroxyl groups 
in the sugar molecule.

Reducing oligosaccharides can be located on paper by the use of a number of 
reagents, for example ^-anisidine hydrochloride (No. 8), aniline hydrogen phthalate 
(No. 16) or benzylamine-ninhydrin (No. 20). In some instances (e.g. No. 8) an indi
cation of the type of monosaccharide at the reducing end of an oligosaccharide cluun 
may also be obtained. It should be noted, however, that strongly acidic reagents 
such as ^-anisidine hydrochloride, will give positive reactions with non-reducing oli
gosaccharides which are acid labile, e.g. sucrose. Monosubstitution at C-2 or C-4 of tiie 
terminal reducing unit can often be detected using the triphenyltetrazolium chloride 
(No. 36) and aniline/diphenylamine (No. 37) reagents, respectively, and the so- 
called “sucrose linkage” can be identified with diazouracil (No. 38). In addition, 
reagents Nos. 8®, 11, 16-18 give varying colour reactions, which to some extent a]>- 
pear to be related to the type of substitution at the reducing terminal unit. With this 
latter case, provided care is used in interpreting such results, and the colours so ob
tained are compared with those given by authentic specimens, much useful informa
tion can often be obtained. '

The presence of ketose residues at any position in short oligosaccharide chains can 
be fairly easily demonstrated, e.g. with sprays Nos. 22-27. These reagents are strongly 
acidic and the colour reactions in all cases are almost certainly dependent on the 
prior conversion of the ketose, to a furfural derivative which then gives a coloured 
complex with the reagent. The acid may also have to hydrolyse glycosidic linkages 
before reaction can occur. When the acid used in the reagent is relatively weak, e.g. 
trichloroacetic acid, a positive reaction may only be obtained when the ketose unit is 
held in combination by an acid-labile linkage, such as in raffinose. When this linkage 
is not of the furanoside type, then the reagent should be made more acidic in order 
to detect the ketose. Thus leucrose (5-O-a-D-glucopyrano.syl-D-fructopyranose) gi\ es 
a positive reaction with sprays Nos. 25 and 26 in the presence of HCl, but not when 
trichloroacetic acid is used. The urea reagent (No. 22) only gives a typical ketose 
colour reaction with leucrose after prolonged heating^®. Tests for combined ketose 
should, therefore, always include a spray reagent sufficiently acidic to react with these 
more stably linked oligosaccharides.
References />. 133.
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Uronic acid units in any position in a chain can often be detected by the use of a 
suitable acid-base indicator such as bromophenol blue (No. 28). Oligosaccharides 
containing amino sugars may be located with ninhydrin (No. 33) and phosphates 
with the molybdate-perchloric acid reagent (No. 32). The existence of other non
reducing monosaccharide units with less reactive functional groups is almost im
possible to prove unless the oligosaccharide is first hydrolysed. Similarly, it is very 
difficult to obtain information regarding the nature of the ‘‘internal” glycosidic 
bonds with spray reagents without resorting to partial hydrolysis of the oligosac
charides.

[d) Q uantitative paper chromatography

Most of the methods available for the quantitative determination of the components 
of monosaccharide mixtures can conveniently be used for oligosaccharides. They 
may be divided into two main groups;

(i) where mixtures are resolved on chromatograms and the components eluted 
from the paper and then determined and

(ii) where the analytical reactions are actually carried out on the paper.
With the first group of methods the solution of the sugar mixture is normally

streaked along the origin of the chromatogram which is then developed with a suit
able solvent and dried. The positions of the bands of the separated components are 
then located by spraying marker strips which have been cut from both edges and 
from the centre of the chromatograms. The latter strip is important as the sugar 
bands may not be linear. The bands are then cut out, the sugars eluted, and portions 
of the eluates usi d for analysis. Elution may be achieved by a number of techniques 
including shaking the strips in tubes with water̂ ®®, extracting them in a reflux appa
ratus®®, or by elution in a chromatography tank. Using this quantitative method ab
solute values may be obtained by either (a) applying accurately measured volumes of 
sugar solutions to the paper (excluding the marker strips^’®) or (b) by adding a known 
weiglit of a "foreign” sugar to the solution under examination and determining this 
together with the other components®. In this latter instance, the volume of solution 
applied to the paper need not be measured accurately.

Numerous micro-methods, both volumetric and colorimetric, are available for 
the determination of the sugars in the eluates from the chromatographic strips. 
These include the use of the Som ogyi reagent *̂®®, sodium metaperiodate'®, phenol-  
H2SÜ4 reagent®'*, benzidine®®, and anthrone*’̂-®®’®®'’®’®®-®*.

With the second group of methods, which are colorimetric, the reactions are 
carried out on the paper chromatogram. Solutions to be analysed can be applied as 
spots to the paper and the developed chromatogram is sprayed with a suitable 
reagent which produces coloured or fluorescent derivatives with the sugars. The spots 
are then cut out of the chromatogram and the colours eluted and measured in a 
spectrophotometer. The reagents used for monosaccharides include /)-anisidine 
hydrochloride*®®, aniline hydrogen phthalate*®- *̂®, and o-aminobiphenyl*®®, and some 
of these could, no doubt, be adapted for use with oligosaccharides. This general 
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technique is superior to those using marker strips in that there is never any doubt 
regarding the exact positions of the sugars on the chromatograms, and only very 
small volumes of a sugar solution are required for analysis. The main disadvantage of 
the technique is that standard compounds, in measured amounts, often have to be 
run on the same chromatogram as the sugar solutions which are being analysed. The 
application of an accurately measured volume of solution to the paper or the addition 
of a "foreign” sugar is also necessary with this technique.

Related to this latter group of methods are less common procedures, such as 
spraying the chromatogram with a suitable reagent, then photographing the chroma
togram and measuring, photometrically, the intensity of the sugar spots on the nega
tive, or measuring the spot intensity directly on the chromatogram®^- ***> **®.

3. PAPER ELECTROPHORESIS

In addition to paper chromatography, the related technique of paper electrophoresis 
can provide useful confirmatory evidence regarding the structure of an oligosaccharide. 
Wherever possible, electrophoresis should be used in conjunction with paper chroma
tography and the identity of an oligosaccharide checked by comparing its electropho
retic rate of movement with that of an authentic specimen.

The literature up to 1958 on this subject includes reviews by Foster®® and 
Michl**® and a description of a simple paper electrophoresis apparatus by Foster®*’. 
Most observations on the electrophoretic behaviour of oligosaccharides have been 
carried out using an alkaline borate buffer. For example, Foster®* has recorded the 
rates of movement, relative to D-glucose [Mq values), of various glucopyranosyl 
disaccharides and Pridham*®® has examined the mobilities of the raffinose family of 
oligosaccharides and a series of i -> 4 )S-linked D-maimose oligosaccharides (D.P. 2-5). 
In the case of the raffinose series the behaviour is highly characteristic of the group, 
the mobilities increasing in the order: raffinose <  stacliyose <  verbascose <  tetra- 
galactosylsucrose. With the mannose oligosaccharides, however, the more usual 
behaviour of decreasing rate of movement with increasing molecular weight was ob
served.

Paper electrophoresis, using a borate buffer, has also been useful for the charac
terisation of the various fructosylsucrose derivatives which can be obtained from 
sucrose by enzymic transglycosylation reactions*-13,71,127 ^^d for trisaccharides of d- 
glucose, resulting from the partial hydrolysis of an Aspergillus niger polyglucan®' 
and glycogen*®®-*®®-*®®. Mg values for some oligosaccharides are given in Table 3.

Other electrolyte systems which have been used for this technique include 
sodium arsenite, basic lead acetate, sodium hydroxide®®, sodium tungstate, sodium 
metavanadate and ammonium or sodium molybdate®’-®®. With the exception of 
ammonium molybdate, however, these systems have mainly been used with mono
saccharides and their derivatives and the behaviour of oligosaccharides has been 
largely ignored. A sodium molybdate-sulphuric acid mixture (pH 5) has been used 
by B ourne, H utson and Weigel®", to distinguish between disaccharide alcohols
References p. i j j .
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TABLE 3

M g  VALUES FOR SOME OLIGOSACCHARIDES IN BORATE BUFFER

Oligosaccharide Slruclure* - M e Reference

a,a-Trehalose oc-G I - I  oc-G 0.19 63
a,/3-Trchalose a-G i-i p-Gr 0.23 63
/I,)3-Trehalose P~G I - I  /J-G 0.19-0.20 63
Sophorose p - G  1-2 G 0.24 38
Nigerosc a-G 1-3 G 0.69 61
Laminaribiose p - G  1-3 G 0.69 61
Maltose a-G I -4 G 0.32 61
Cellobiose P~G  1-4 G 0.28 61
lsomalto.se a-G 1-6 G 0.69 61
Gentiobiose P - G  1-6 G 0.75 61
Maltotriose a-G 1 -4  a-G 1-4 G 0.33 153
Isomaltotriose a-G 1-6 a-G 1-6 G 0.57 9 1
Panose a-G 1-6 a-G 1-4 G 0.33 *53

— a-G I - 4  oc-G I -3 G 0.62 22
— a-G I-3 a-G 1-4 G 0.32 22
Lactose P~Gq\ 1-4 g 0.38 61
Melibiose a-Gal 1-6 G 0.80 61
— p - G  I-1 Fru 0.74 38
Sucrose a-G 1-2 P - F r u 0.10, 0.17 38, 63
Turanose a-G 1-3 Fru 0.69 38
Malta lose a-G 1-4 Fru 0.63 38
Leucrose a-G 1-5 Fru 0.36 38
Isomaltulose a-G 1-6 Fru 0.60 38
Maltotriulose a-G 1-4 a-G 1-4 Fru 0 35 11
Glucosylleucrosc a-G 1-6 a-G 1-5 Fru 0 .4 4 91
Isomaltotriulose a-G 1-6 a-G 1-6 Fru 0 -3 1 11
Melezitose a-G 1-2 p - F r u  3-1 a-G 0.22 3*3
Mannobiose /1-Man 1-4 Man 0.69 128
Mannotriose /5-Man 1-4 /Î-Man 1-4 Man 0.67 128
Mannoti’traose /5-Man i-'4/1-Man ilg-4 Man 0.63 128
Mannopentao.se /5-Mau i-:4 /5-Man 1 3-4 Man 0 . 3 9 128
Ha Hi nose a-Gal 1-6 a-G 1-2 /5-Fru 0.31 128
Stachyose a-Gal 1-6 a-Gal 1-6 a-G 1-2 /I-Fru 0 35 128
Verbascose a-Gal I -'6  oc-Gal i  g -6  a-(j 1-2  p - V r u 0 43 128
Tetragalactosylsucrose a-Gal i-*0 a-Gal i  ,3-6 a-G 1-2 p - F i u 0 . 3 0 128

* Fru =  D-fructosc; G = u -g lu c o s e ;  Gai =  D -g a la c to s c ;  Man = D -m annosc.

possessing various glycosidic linkages. The mobilities were in the following'order: 
1 - ^ 3  < i - > 4 <  1 - ^ 6  and I -> 2; the corresponding reducing disaccharides had very 
low mobilities. (Reducing disaccharides can, ol course, be readily reduced to the corres
ponding alcohols with potassium borohydride.®®) The same workers®® have also studied 
the mobilities of glucopyranosyl-fructoscs in molybdate and other buffer systems.

An estimate of the D.P. value for an oligosaccharide may be achieved by paper 
electrophoresis using sodium bisulphite solution as the electrolyte®*. The mobilities of 
oligosaccharides under these conditions are dependent on the molecular weight and 
in the main are not influenced by the stereochemistry or the types of glycosidic 
linkages present in the molecule. Similar estimates may also be made by preparing 
the N-benzylglycosylamine derivatives of reducing oligosaccharides and examinmy 
their electrophoretic mobilities under strongly acidic conditions-*.

Silver nitrate (spray No! i ;  Table 2) is suitable for locating sugars and sugar.
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alcohols on paper electrophoretograms. The electrolytes on the paper may slow down 
its rate of reaction to some extent. F r a h n  a n d  Mills®® discuss the effect of ions on 
spray reagents and describe suitable modifications. B o u r n e , F o s t e r  a n d  Grant®® 
claim that fibre glass sheet supports are superior to Whatman No. 3 paper in that 
non-reducing sugars can be detected more readily, absorption processes are reduced 
and the separation of sugars with similar absolute mobilities is facilitated.

4 . co lu m n  c h r o m a to g r a p h y

After tentative identification of an oligosaccharide by paper chromatography it is 
desirable to isolate sufficient of the pure compound for absolute identification by 
chemical and physical methods. Prior to the application of preparative chromatog
raphy to the carbohydrate field it was virtually impossible to isolate oligosaccharides 
from complex mixtures unless they were present as major components and, in the 
past, such sugars were only regarded as pure and adequately characterised when they 
had been prepared in crystalline form. However, during recent years many oligo
saccharides have been isolated only as chromatographically homogeneous, freeze- 
dried, ash-free powders or syrups. Such preparations are now generally regarded as 
sufficiently pure for structural investigations.

The separation of oligosaccharides on columns can be effected by three main 
methods : these are : (i) partition chromatography on cellulose or celite, (2) adsorption 
chromatography on charcoal and (3) ion-exchange resin chromatography. In addition, 
it should be mentioned here that small amounts of oligosaccharides can generally be 
obtained by preparative paper chromatography. This is achieved by streaking the 
sugar solution along the starting line of the paper, vdth appropriate marker spots 
and processing as described in the analytical section (p. 124). By using a thick paper, 
e.g. Whatman No. 3 MM, workable amounts of sugar can readily be separated. A 
second processing is often required to obtain a chromatographically pure compound.

[a) Partition on cellulose

This method was first used by H o u g h , J o n e s  a n d  Wadman®® for the resolution of 
monosaccharide mixtures. It is, however, readily applicable to the separation of 
mixtures of oligosaccharides, although in this case the procedure is somewhat slower. 
In theory a particular solvent system should, for a given mixture of sugars, give the 
same pattern of separation on a paper partition chromatogram as on a cellulose 
column. However, it is probably more difficult to achieve the same degree of separa
tion on the cellulose column as on paper.

The apparatus required for cellulose column chromatography has been described 
by L e d e r e r  a n d  Lederer*®^. The important practical points are concerned with the 
selection of a solvent system, packing and loading of the column and collection and 
analysis of the eluted fractions.

Solvent systems. The system used should be selected by paper chromatographic 
studies with the sugar mixture which is to be resolved, using various solvent systems. 
R e f e r e n c e s  p .  1 3 3 .
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For the separation of monosaccharides alcohol (e.g. «-butanol or isopropanol)-water 
mixtures have been used and in general simple binary svstems are preferable to the 
more complex mixtures often used for paper chromatography.

Packing and loading the column. This is most important, particularly if undue 
tailing of sugars with consequent poor resolution of closely moving components in a 
mixture is to be avoided. Columns may be packed dry or wet. Dry packing is de
scribed by Hough, J ones and Wadman®®. Wet packing is probably easier. A simple 
technique is to prepare the cellulose, by thorough mixing in a blendor, as a slurry in a 
solvent such as aqueous acetone (50 %). The slurry is poured into the glass column 
(empty or partially filled with aqueous acetone) and the powder allowed to settle 
under gravity and the solvent to drain to within approximately one inch of the surface 
of the cellulose. It is then washed successively with mixtures of acetone-water, 
acetone-resolving solvent and finally resolving solvent. A much slower packing 
technique which, however, produces columns with high powers of resolution, is to 
transfer the slurry to the column, filled with solvent, using a bulb pipette with a 
fine tip. In this way the formation of small lumps of cellulose powder is avoided and a 
\ ery evenly packed column is obtained®*. The packing can be checked by allowing 
suitable dyes to pass down the column with the resolving solvent®®. If the dye does not 
move in a reasonably compact band, the column should be repacked. The dyes ma\" 
also be used as markers, so that unnecessary fractions need not be collected and 
examined before the sugars start to come off the column. ;

Collection and analysis of eluted fractions. Suitable fraction collectors are avail
able from many manufacturers and need not be described here. The composition of 
the eluted fractions may be determined qualitatively by paper chromatography 
or (|uantitativel\' by various analytical procedures. Anthrone is one of the most 
useful reagents for quantitative measurements of the total sugars in the fractions. 
This reagent has been used for the determination of free and combined hexoses®®-“*'**“ 
and amino sugars®®, and for free pentoses*', uronic acids”* and sugar phosphates*'. 
There is little doubt that the method could also be ado]>ted for oligosaccharides 
containing the latter three sugars.

There is little danger of losing monosaccharides or oligosaccharides of low 
D.P. by adsorption on to the cellulose. The main disadvantages of these columns are:
(i) large numbers of small fractions must be collected and analysed for component 

■sugars [cf. charcoal), (2) oligosaccharides may take a long time to mo\e through the 
column and (3) the resolution of higher oligosaccharides may be poor. Cellulose 
columns will, however, often resob e mixtures which are not resolved easily by other 
methods of column chromatography. The poor resolution of the higher oligosac
charides may be overcome by developing the cellulose column until di- or tri-sac
charides have been eluted. The column can then be extracted, sectioned and the 
sugars finally extracted  from each section. D Ia lp ress a n d  H y t te .n ” * describe the 
use of this technique for the fractionation of the sugar mixture obtained from human 
milk. Thom a, W r ig h t  a n d  Fkexcii*®® have operated cellulose columns at elevated 
temperatures, and ha\ e been able to fractionate maltodextrins uj) to D.P. 18. 
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A commercial improvement of the cellulose column is the wound paper column 
(made by L. K. B. Producta, Sweden). Packing problems are avoided and relatively 
large amounts of sugars can be resolved with precision comparable to that obtained 
by ordinary paper chromatography. Sugar mixtures should first be treated with a 
small part of cellulose to remove any substances that are likely to be irreversibly ab
sorbed on to the paper coil. Full details of the operation of this column are available 
from the manufacturers.

(ft) P artition  on celite

Lemieux, B ishop and Pelletier*®® replaced cellulose with celite for the partition 
chromatography of monosaccharides and their derivatives. They claim that columns 
are superior from the point of view of speed, ease of packing, and of operation and 
product purity. Bacon** in an investigation of closely related plant trisaccharides has 
used small celite columns for purifying the fractions isolated from a charcoal column. 
The relative merits of celite and cellulose columns should be carefully considered 
before attempting the fractionation of an oligosaccharide mixture by partition chrom
atography.

(c) A dsorp tion  on charcoal

The separation of oligosaccharides on columns of charcoal was first described by 
Whistler .and D urso**’. The method depends on their differential adsorption on to 
the charcoal followed by fractional elution with aqueous solvents.

A dsorbent. Generally the charcoal is mixed with one to two volumes of celite to 
aid flow. Jermyn®* recommends cellulose instead of celite; this gives faster flow rates 
and also avoids contamination of the eluates with colloidal silica. For most work ordi
nary grades of charcoal "suitable for decolourising” are satisfactory. The charcoal- 
celite mixture may be cleaned by washing firstly with HCl then absolute ethanol®®' 
or with citrate buffer**®, and finally with distilled water. The washed charcoal is then 
dried at 80°. Columns of the mixture are best packed as a wet sluny ; details of the 
packing of columns are given by Whelan, Bailey and Roberts**®, Barker, Bourne 
AND Theander®®, and Lindberg and Wickberg**®.

Approximately 25 g of charcoal should be used per g of sugar placed on the 
column. Although some workers have applied suction or pressure to the column to aid 
flow rates, elaborate arrangements seem to be unnecessary. With most grades of 
charcoal satisfactory flow rates can be obtained by having the eluent reservoir from 
6-8 ft. above the column.

S im ple  solvent fractionation. With this technique the sugars are adsorbed on to 
the top of the column and, after removal of monosaccharides with water, oligosac
charides are eluted with water containing an alcohol, normally ethanol. Disaccharides 
are generally desorbed from the charcoal with 4-6 % aqueous ethanol, trisaccharides 
with 8-10 % and so on up to heptaoses with approximately 28-30 % aqueous ethanol. 
This method is ideal for fractionating an homologous series of oligosaccharides. With 
the higher members of such series there tends to be some overlap of the sugars in the 
References p. i j j .
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fractions. This can be avoided if after removal of a major fraction, the column is well 
washed with an ethanol-water mixture of a slightly higher ethanol concentration 
which will remove any traces of the already eluted compound, but will not elute the 
next higher oligosaccharide. It is not necessary to collect large numbers of samples, 
and, provided the column has been carefully packed, high flow rates (up to several 
drops per second) may be used. The technique is thus suitable for large scale fractiona
tions. The method, for example, has been used for the preparation of members of the 
following homologous series; maltodextrins**®, isomaltodextrins®® and xylan ohgo
saccharides**®.

Normally oligosaccharides up to a D.P. value of 6-7 can be eluted from the char
coal column ; the hexaoses and heptaoses normally come off with 30 % aqueous 
ethanol but with higher alcohol concentrations elution ceases. Using a charcoal of 
low adsorptive capacity, B ailey and Clarke®® were able to extend the fractionation 
of the isomaltodextrins up to the octaose and isomaltose was eluted from the column 
with only 1-2 % aqueous ethanol.

Charcoal fractionation can often be speeded up by using the modification de
scribed by Andrews, Hough and Powell'̂ , in which the charcoal is packed as a short, 
wide column in a sintered glass Buchner funnel. This method is particularly useful for 
purifying individual oligosaccharides or for removing a very high concentration of a 
mono- or a disaccharide from a solution containing trace amounts of other sugars. 
We  have found the method to be particularly useful for freeing commercial maltose 
from traces of glucose and maltotriose. Quite large quantities of maltose (10-15 g on a 
column 8 X  13 cm of charcoal) can be dealt with if half the column is packed and then 
the remainder of the charcoal stirred (1-2 h) with an aqueous solution of the maltose 
and this slurry finally poured on to the top of the packed charcoal.

Gradient elution. I t is evident that the simple fractionation technique is unsuit
able for the resolution of a mixture containing, for example, se\eral di- or tri
saccharides. In this case modifications of the method are necessary. The simplest still 
uses aqueous ethanol but employs gradient elution as described by B.acon and Bell** 
and by B ark er et a/.®*'®®. Briefly, instead of attempting complete elution of, for 
example, a disaccharide in a single aqueous ethanol fraction, the column is washed with 
solvent of gradually increasing ethanol concentration over the range 0-8 % ethanol. 
Many small fractions must be collected and analysed for their constituent sugars. 
The method depends on the fact that aU oligosaccharides of the same D.P. are not 
eluted by identical alcohol concentrations and thus some degree of separation may be 
achieved. In addition to the results reported by the above authors, Jermyn®* gi\ cs a 
detailed study of the method and describes the use of a number of other aqueous 
solvents as eluents. Bacon** describes the use of the technique for the resolution of 
closely related trisaccharides isolated from plant material. Apart from complete 
separations the method is often of value for the partial purification of sugars prior ie . 

partition chromatography on cellulose or celite. 1 he technique has been used to 
resolye mixtures of sugars which moved as a single spot on paper chromatograms'®.

Fractionation on horalc- and molybdaie-treated charcoal columns. The abihty of
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som e sugars to form borate complexes was used by B a r k e r ,  B o u r n e  a n d  Theander®®, 
in another modification of charcoal chromatography in which sodium borate was 
added to the column and eluent. Disaccharides which are capable of forming borate 
complexes are eluted at much lower ethanol concentrations than the normal 4-6  % 
aqueous ethanol which desorbs the free disaccharides. Thus these authors found that, 
using gradient elution, i  -> 3 and i  6 linked glucose disaccharides were eluted with
0 .8- 1.2 % aqueous ethanol but the corresponding i  -> 4 and i  2 linked compounds 
required 4-6  % aqueous ethanol to remove them from the borate-carbon column. 
(Details of the removal of borate ions from the eluates are given on p. 115). W ith com 
plex m ixtures of oligosaccharides the m ethod is generally suitable only for the iso
lation of small amounts of the pure compounds. In certain cases, however, e.g. with a 
mixture of isom altose and maltose, the method is suitable for isolations on a larger 
scale.

B a r k e r  et a/.®* have also shown th a t  a  m o lybda te -trea ted  charcoal-celite colum n 
w ith  aqueous e thano l contain ing m olybdate as eluent gives useful separations. In  
general, th e  sugars which are elu ted  m ost read ily  as m olybdate com plexes are those 
{e.g. m altose) which do no t form  fa s t runn ing  borate  complexes.

Separation of sugars as furanosides on charcoal columns. A further modification of 
charcoal chromatography developed by B a r k e r ,  B o u rn e  a n d  O’Mant®® utilises the 
fact that treatment of disaccharides with methanolic HCl at room temperature 
converts some, but not all, to their m ethyl furanosides. After adsorption of the sugars 
on a standard charcoal-celite column unreacted disaccharides are eluted with 4-6  
aqueous ethanol, whereas the furanosides require 10-20 % aqueous ethanol for elution. 
Thus m altose can easily be separated from nigerose and cellobiose from laminaribiose. 
The furanosides m ay readily be reconverted to the disaccharides by treatment with 
dilute acid. The m ethod has wide application and could be applied on a large scale.

Most of the m ethods described above have been developed wâth a view to the 
complete separation of all of the sugars in a complex oligosaccharide mixture. How
ever, it is should be remembered that where only one component of a mixture is 
required, enzym ic destruction of the other constituents may sim plify the separation. 
Thus treatm ent of a m altose-isom altose m ixture with maltase or glucamylase 
preparations converts it into a more easily resolvable mixture of isom altose 
and glucose.

[d] Ion-exchange chromatography

Ion-exchange resins m ay be used either for the fractionation of neutral sugars (as 
ionised complexes) or, more commonly, for the separation of sugars possessing ionised 
groups {e.g. sugar phosphates, sugar carboxylic acids and amino sugars), from one 
another and from neutral components. The technique for preparing and using ion- 
exchange resins together with descriptions of the main type of resins have been ade
quately described elsewhere*®» ®®.

Fractionation of neutral sugars. The principle of this method is the formation by  
sugars, of charged complexes with ions such as borate. The complexes m ay be ad- 
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sorbed on to a resin, e.g. D ow ex-i (borate form) and then selectively eluted with 
borate buffers.

The m ethod has been applied to the resolution of monosaccharides (e.g. Khym, 
ZiLL AND Cohn*®®) but does not appear to have been used extensivelv for resolving 
oligosaccharides. It is probable that in future other forms, such as molybdate, of 
anion exchange resins, will be used effectively for the separation of sugars.

Jo n e s , W a l l  a n d  Pittet*®® have reported a good, rapid separation of D-glucose, 
sucrose and raffinose on a column of Dowex-50 W (Li+ form, using water as the eluent) ; 
resin size appeared to be important. Extensions of this method may prove to be of 
value particularly for the fractionation of ohgosaccharides with D.P. values greater 
than 2-3 as elution proceeds in order of decreasing molecular size. Ion-exchange 
resins are also of value for the separation of neutral sugars from those possessing 
ionizable functions such as carboxyl, phosphate, or amino groups. The method is 
comparatively simple; the sugar solution is passed down a column of a suitable ion- 
exchange resin (cation, anion or mixed resin exchanger, depending on the components 
in the sugar mixture). Neutral sugars may be washed from the column with water 
leaving the other compounds adsorbed on the resin. The latter may then either be 
completely or fractionally eluted with an appropriate eluent. Machell**®, points out 
that resins used to adsorb sugar acids should be in the carbonate form, otherwise 
neutral sugars may be destroyed.

F ractionation of acidic and basic sugars. In a number of separations of acidic or 
basic oligosaccharides ion-exchange chromatograjfiiy has proved advantageous and a 
few examples are given below ;

(i) Stigar carboxylic acids. Fractionations of these sugars arc generally carried out 
on columns of an anion exchange resin in the formate or acetate form using aqueous 
formic or acetic acids as eluents. D e ru x g s  a n d  Deuel*®, for example, using Dowex-3 
(formate form) fractionated the oligogalacturonate series obtained by the hydrolvsis 
of pectic acid. W eissm ann  a/.*** (using D ow ex-i, formate form) have also resolved 
the oligoglucuronates produced by the enzymic hydrolysis of hyaluronic acid.

Oligosaccharides containing one hexuronic acid residue are often obtained by 
the hydrolvsis of plant gums and hemicelluloses. In the past a mixture of such sugars 
has generally been seperated by fractional precipitation of their salts or by cellulose 
chromatography. Resolution on an ion-exchange column may in many instances 
offer a better method for separating these compounds. A sp ina i.l, H ih s t a n d  M.vrHi:- 
so n ‘®, for example, have recently fractionated a mixture of acidic oligosaccharides ob
tained by the partial hydrolysis of K haya grandifolia  gum, on a column of Amberlite 
IR A -400 (acetate form ; aqueous acetic acid eluent). Similarly Adams* has used 
D ow ex-i (acetate form; aqueous formic acid eluent) to fractionate hexuronic acid- 
containing oligosaccharides obtained from Spruce hemicellulose.

(ii) Sugar phosphates. Separations in th is  field have been concerned m ainly w ith 
the  resolution  of m onosaccharide and, occasionally, disaccharide phosphates. A 
review of early  work on the  fractionation  of these com pounds on resins is gi\ en by 
Densgn®®. Khym, Z i l l  a n d  Cohn*®*-*"® found th a t good separations of sugar phos
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phates, adsorbed on D ow ex-i (Cl~ form), required the presence of small amounts of 
borate in the eluent (NH4O H -N H 4CI solution). Several workers®®.®®»*®* have also 
fractionated sugar phosphates on D ow ex-i (CL or formate form), by gradient elution 
with formic acid or HCl solutions. The methods used by these authors should prove 
satisfactory for phosphorylated ohgosaccharides.

(iii) Amino sugars. The fractionation of amino sugars can be effected on a cation 
exchange resin of the Dowex-50 or Zeo-Karb 225 type. An example of such a frac
tionation is given by H o ro w itz , R osem an  a n d  B lum enthal® ®  who resolved the 
homologous series of D-glucosamine oligosaccharides obtained by the partial hydrol
ysis of chitin on a column of Dowex-50 (H+ form) by gradient elution with dilute HCl.

Apart from the collection of large numbers of fractions the main problem with  
ion-exchange resin chromatography lies in removing the eluting agent from the su
gars. Procedures for the removal of HCl, formic acid and borate ions are described in a 
previous section (p. 115). In preliminary paper chromatographic analysis of the 
eluates the relatively low concentrations of acidic ions present in m any eluting s\ s- 
tem s are not likely to cause gross interference. Cations should, how^ever, be remo\'cd 
from borate eluates with a strong cation exchange resin. Spots of the acidic solutions 
should not be dried on the papers at high temperatures in order to avoid possible 
reversion®'* or destruction of labile sugars. Formic acid present in column effluents 
does not interfere with anthrone®® in the measurement of sugar concentrations. 
With this reagent a correction m ay be made for interference by HCl®® or the acid 
first removed®®.

The preceding review has illustrated the great value of the m any varied chroma
tographic techniques which are available for the study of the chemistry and bio
chem istry of oligosaccharides. Much work has been done on these special analytical and 
preparative procedures but there is, of course, still room for improvements. For 
example, column chromatography, which is at present tedious, would benefit from 
more "automation” , perhaps on similar lines to that wFich has been applied to tlie 
fractionation of amino acid mixtures. More spray reagents with highly specific 
reactions for the various molecular groups and linkages found in these sugars are 
desirable and the possible use of cellulose ion-exchangers for fractionation, on a wide 
scale, should be borne in mind.
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A 14-

The Biosynthesis of Galactosylsucrose 
Derivatives
B y E . J .  B o u k n e , J .  B. P r id h a m  an d  M aby  W . 
WAiiTBR. {Chemistry Department, Royal Holloioay 
College, University of London, Englefield Green, 
Surrey)

G alactosylsucrose derivatives are  w idely d is tr i
b u ted  in  th e  p la n t k ingdom  (French, 1954 ; Courtois, 
1959) a lthough  little  is know n ab o u t th e  b iosyn
thesis or m etabolism  o f these oligosaccharides. 
M em bers of th e  ‘ rafifinose fam ily ’ of oligosaccharides 
are  form ed in  som e seeds as th e  tissues m a tu re  an d  
th ey  a re  th en  rap id ly  m etabohzed  w hen th e  seeds 
germ m ate (e.g. P ridham , 1958).

In cu b a tio n  o f a-D-galactose 1-phosphate  w ith  
[^^C] sucrose in  th e  presence o f A T P , U T P  an d  an  
enzym e p rep a ra tio n  from  Vicia faba  seeds yielded 
an  oligosaccharide w hich w as indistinguishable 
from  raffinose on paper chrom atogram s an d  elec- 
trophore togram s. T his sugar w as fu rth e r charac
terized  b y  hydrolysis w ith  N-HgSO^ w hich y ielded

labelled glucose and  fructose a n d  inactive galactose, 
an d  b y  tre a tm e n t w ith  y ea s t invertase  w hich p ro 
duced m elibiose an d  fructose b o th  labelled. T he 
m elibiose w as identified b y  p ap e r ch rom atography  
an d  electrophoresis an d  b y  red u c tio n  to  m ehbi-ito l 
w ith  po tassium  borohydride. L abelled  g lucitol w as 
p roduced  b y  acidic hydrolysis o f th e  m elibi-itol.

P re lim inary  stud ies also suggest th a t  V. faha 
a-galactosidase can  tran sfe r a-galactopyranosy l 
residues to  sucrose acceptor m olecules (cf. A nagno- 
stopoulos. C ourtois & P e tek , 1955). T he b iosyn
thesis o f galactosylsucrose derivatives in  vivo w as 
discussed w ith  reference to  th e  p a th w ay s described.

One of ns (M. W.W.) is indebted to the Agricultural. 
Research Council for a studentship.

Anagnostopolous, G., Courtois, J . E. & Petek, E. (1955).
Arch. Soi. biol., St Pétersb., 39, 631.

Courtois, J . E. (1959). In  Proc. IVth int. Congr. Biochem. 
vol. I, p. 140. Ed. by WoLErom, M. L. London: Pergamon 
Press.

French, D. (1954). Advanc. Carbohyd. Chem. 9, 149. 
Pridham, J. B. (1958). Nature, Bond., 182, 1687.
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I .  I n t r o d u c t i o n

Since the last review in this Series on the subject of oligosaccharides as 
such/ a vast amount of literature on its various aspects has been pub
lished, and many new compounds have been isolated. The aim of the 
present article is to consider one aspect of oligosaccharide chemistry, the 
determination of structure, and to provide up-to-date Tables of the oligo
saccharides which have been isolated and characterized. As a comprehen
sive account of all of the methods used for structural analysis is obviously 
impossible in the space available, the authors have concentrated on those 
methods, developed in the past ten years, which require only small amounts 
of oligosaccharide.

Following the introduction of paper-chromatographic techniques, some 
fifteen years ago, there has been a steady change in the methods used for 
determining oligosaccharide structure. M any compounds are now only

(1 ) W. L. Evans, D . D. Reynolds, and E. A. Talley, Advances in Carbohydrate Chem., 
6 , 27 (1951); see also J. Stanëk, M. Ôernÿ, and J. Pacak, “ Oligosacharidy,” Ôesko- 
slovenské Academic Ved, Prague, 1962.

121
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isolated as chrom atographically pure, freeze-dried powders or sirups, and 
probably more reliance is placed on such indirect m ethods as periodate 
oxidation. M any of the techniques now  available have been largely m ade 
possible b y  paper chrom atography. In  sp ite of this, the desirability of 
crystalhzing new oligosaccharides should not be overlooked, and the prep
aration of crystalline derivatives should always be undertaken.

In defining the structure of an oligosaccharide, the following points 
m ust be established, preferably b y  more than one m ethod: ( 1) degree of 
polymerization; (2) whether reducing or nonreducing; (3) id en tity  and 
sequence of constituent m onosaccharides ; (4) position and sequence of 
the glycosidic links; (5) configuration of the glycosidic links ; and (6) 
size of the monosaccharide rings. T he m ethods described in the following  
Sections should enable all of these features to  be ascertained.

II. D eterm in a tio n  o f  O ligosacch arid e S tr u c tu r e

1. P a p e r  C hrom atography an d  lon oph oresis

An extensive description of the use of these invaluable procedures need  
n ot be given here, as detailed accounts m ay be found elsewhere.^ T he fol
lowing is a sum m ary of the m ain uses of paper chrom atography and iono- 
phoresis in  structural studies.

R ate of m ovem ent on chromatograms is generally a good indication of 
degree of polym erization. There is, however, at least one disaccharide, 
B-O-jS-D-xylopyranosyl-D-xylose,® which has been reported to  m ove faster 
than its  constituent monosaccharide, suggesting caution in  determining  
degree of polym erization (D .P .) from rate of m ovem ent. M any spray- 
reagents w ill indicate whether an oligosaccharide is reducing or not, and 
will enable the reducing glycose residue to be defined at least as an aldose 
or a ketose. For a detailed description of the use of these spray reagents 
w ith oligosaccharides, see B ailey  and Pridham.® Tw o spray-reagents can 
som etim es indicate the position of the glycosidic link on the reducing 
glycose residue. F irst, failure of a reducing ohgosaccharide to  react w ith  
triphenyltetrazolium  chloride indicates a glycosidic link on C-2 of a reduc
ing aldose or C-1 of a reducing ketose.^ Second, reducing aldohexoses hav
ing a glycosidic link at C-4 of the reducing unit give a characteristic blue 
color w ith diphenylamine-aniline.®

(2) L. Hough, Methods of Biochem. Anal., 1, 205 (1954); A. B. Foster, Advances in  
Carbohydrate Chem., 12, 81 (1957); E. Lederer and M. Lederer, “ Chromatography,” 
Elsevier Publishing Co., Amsterdam, 2nd Edition, 1957; R. W. Bailey and J. B. Pridham, 
Chromatog. Revs., 4, 114 (1962).

(3) B. H. Howard, Biochem. J ., 67, 643 (1957).
(4) K . Wallenfels, Naturwissenschaften, 37, 491 (1950) ; G. Avigad, R. Zehkson, and

S. Hestrin, Biochem. J .,  80, 57 (1961).
(5) S. Schwimmer and A. Revenue, Science, 123, 543 (1956).
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T he position of the glycosidic link at the reducing end of an oligosac
charide m ay also be determ ined b y  paper ionophoresis. If a reducing oligo
saccharide is converted to its alditol (e.g., by reduction w ith potassium  
borohydride®) m igration in m olybdate buffer is determ ined b y  th e position  
of the glycosidic link on the alcohol residue.^ A  distinction can, therefore, be 
m ade between aldohexose oligosaccharides having glycosidic links on C-3, 
C-4, and C-2 or C-6 of th e reducing unit. Comparison of the m igration of 
reducing, fructosyl oligosaccharides on ionophoretogram s run in  m olyb
date, borate, arsenite, and sodium  hydroxide, respectively, differentiates 
com pounds having glycosidic links on any of the carbon atom s of the  
fructosyl unit.® The m obility of oligosaccharides under these conditions is 
dependent on structure rather than on molecular size, and the results ob
tained are probably more reliable than those from  paper chrom atography.

If an isolated oligosaccharide is believed to  be of known structure, and 
authentic specimens of the known com pound, and its  isomers, are avail
able, detailed comparison on paper chromatograms and ionophoretograms 
will often suffice to identify it. T he identification should, if possible, be 
confirmed b y  comparison of the properties of crystalline derivatives. If 
the compound is of unknown structure, or authentic specim ens are lack
ing, definite id entity  should never be assigned solely on the basis of the  
chromatographic properties of the compound.

2. A c id  H yd ro lys is

T he particular value of acid hydrolysis is that, used in conjunction w ith  
paper chrom atography, m uch evidence m ay be obtained from very sm all 
am ounts of compound. As the identification of monosaccharides b y  paper 
chrom atography is well established, the use of th is technique in  conjunc
tion  w ith  total, acid hydrolysis provides a ready m eans for identifying, 
both  qualitatively and quantitatively, the m onosaccharide com ponents of 
an oligosaccharide. Acid stability  of different glycosidic links differs, and 
tota l hydrolysis m ay require from one to  four hours at 100° in  N  acid; 
even more vigorous conditions m ay be required when amino sugar or 
uronic acid residues are present. Very rapid hydrolysis in  dilute acid, 
0 .1- 0.2 N ,  generally indicates the presence of a nonreducing, furanosyl 
unit.

W ith tri- and oligo-saccharides, partial acid hydrolysis offers a useful 
m eans of determ ining the nature of at least some of the links. M uch  
milder hydrolytic conditions are required and these m ust be determined  
experim entally for each com pound studied. T he disaccharide fragm ents of

(6 ) M. L. Wolfrom and H. B. Wood, J . Am . Chem. Soc., 73, 2933 (1951); P. D. 
Bragg and L. Hough, J . Chem. Soc., 4347 (1957).

(7) E . J . Bourne, D. H. Hutson, and H. Weigel, Chem. t& Ind. (London), 1047 (1959).
(8 ) E. J . Bourne, D. H. Hutson, and H. Weigel, Chem. & Ind. (London), 1111 (1960).
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an oligosaccharide are often known com pounds, authentic specim ens of 
which are available; and m any of the fragm ents m ay, therefore, be reason
ably well identified b y paper techniques. In  th is way, the identity, but 
n ot necessarily the position, of the links can often be established. Because 
of the differing acid-stability of glycosidic links, it  is often n ot possible to  
obtain a disaccharide fragm ent containing an acid-labile link from an 
oligosaccharide containing several links m uch more stable to  acid. The  
rapid hydrolysis of sucrose under m ild conditions (0 .1- 0.2 N  acid, 15-20  
m in. a t 100°) perm its the preferential cleavage of the sucrose residues 
present in  m any tri- and oligo-saccharides (see T able l l l c ) , thus provid
ing m ore-easily identifiable fragm ents. T o avoid acid reversion, w ith the  
consequent production of artefactual oligosaccharides, partial hydrolyses 
should be conducted in dilute solutions containing less than 1% of sugar.

H ydrolyses of oligosaccharide alditols (produced b y  borohydride or 
R aney nickel-hydrogen reduction®) provide further structural information. 
Identification of the surviving, reducing m onosaccharide in  the tota l h y- 
drolyzate of a reduced, heterogeneous disaccharide w ill establish which of 
the tw o monosaccharides w as the original reducing residue. Partial hy
drolysis of a reduced trisaccharide, followed b y  paper ionophoresis, in 
m olybdate buffer, of the disaccharide alditol fragm ent w ill often provide 
evidence identifying the link attached to  the original, reducmg glycose 
residue. Identification of the other reducing disaccharide fragm ent will 
then  provide a good indication of to ta l structure.®® Tw o disaccharide 
alditols in  the partial hydrolyzate of a tri- or oligo-saccharide alditol is 
evidence for th e presence of a “branched’' structure involving the reduc
ing monosaccharide residue.® Partial, acid hydrolysis of the oligosaccha
ride and its alditol has also been extended to  tetra- and oligo-saccharides. 
Thus, the use of these m ethods was of considerable value in the identifica
tion of tw o unknown D-glucose tetrasaccharides, each of which contained  
one (1—>3) and tw o (1—>6) links, when only 30 mg. of the m ixed com
pounds was available.^® In  general, results obtained from partial acid h y
drolyses should be regarded as only confirmatory evidence of structure.

A  useful m ethod for measuring the D .P . of a reducing oligosaccharide 
involves a comparison of the reducing power of to ta l hydrolyzates of the  
oligosaccharide and its  alditol.^^ As originally developed, the m ethod is 
only suitable for hom ogeneous oligosaccharides; b y  the use of a different

(8 a) M. L. Wolfrom, A. Thompson, and T. T. Galkowski, J . Am. Chem. Soc., 73, 
4093 (1951).

(9) R. W. Bailey, S. A. Barker, E . J. Bourne, P . M. G rant, and M. Stacey, J . Chem. 
Soc., 1895 (1958).

(10) R. W. Bailey, D . H . Huston, and H. Weigel, Biochem. J ., 80, 514 (1961).
(11) S. Peat, W. J. Whelan, and J. G. Roberts, J . Chem. Soc., 2258 (1956).



OLIGOSACCHARIDES 125

m eans of measuring to ta l reducing power, Timelh® has extended the  
m ethod to heterogeneous compounds.

Acid hydrolysis, as described, gives a largely uncontrolled degradation. 
Stepw ise degradation of oligosaccharides can often be achieved b y  the  
selective hydrolysis of their osazones on an acid-type ion-exchange resin.^® 
This procedure w as used b y  Howard® to  confirm the structure proposed  
for a D-xylose trisaccharide.

3. P erioda te O xidation

a. G eneral P r in c ip le s .— Periodate oxidation is now  probably the m ost 
w idely used technique for investigating oligosaccharide structure. I t  has.

Table I
Oxidation of R '—CH(OH)—R ” with the Periodate Ion

R '
Periodate consumption, 

moles/mole Products

—CEO 1 HCO2H, R ”CHO

—CH 2OH 1 ECHO, R ”CHO

R
1

—CH(OH) 1 R ”CHO, RCHO

R
1
1
CH(OH)

—CH(OH) 2 HCO2H, R ”CHO, RCHO

to  some extent, replaced m éthylation analysis, for, although both m ethods 
give essentially the sam e inform ation regarding ring sizes and substitution  
patterns, periodate oxidation is advantageous in  v iew  of its sim plicity and 
the sm all am ounts of oligosaccharides required. T he quantitative cleavage 
of 1 , 2-glycols b y  periodic acid was discovered in  1928,^^ and Bobbitt^® has 
reviewed the developm ent of the m ethod, including m ost of the theoreti
cal and practical aspects of the subject up to  1955.

T he m ost im portant oxidations which can be achieved w ith  periodate 
are summarized in  Table I. In  addition, a-hydroxy ketones, a-am ino alde-

(12) T. E. Timell, Svensk Papperstidn., 63, 6 6 8  (1960).
(13) P. A. Finan and P. S. O 'Colla, Chem. & Ind. (London), 1387 (1955).
(14) L. Malaprade, Bull. soc. chim. France, 43, 683 (1928) ; Compt. rend., 186, 382 

(1928).
(15) J . M. Bobbitt, Advances in  Carbohydrate Chem., 11, 1 (1956).
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hydes, 2-aniino alcohols, 1 , 2-diketones, and groups (such as m alonalde- 
hyde) which possess active hydrogen atom s are oxidized. T he last reaction  
is responsible for "overoxidation'' ; it  w ill be discussed later.

Full experim ental details for the m easurem ent of periodate uptake and 
the production of formic acid, form aldehyde, and carbon dioxide are given  
in m any of the pubhcations referred to  in  th is Section. A  spectrophoto- 
m etric m ethod for periodate determination,^® m odified for oligosaccha
rides,^^ is suitable for sm all-scale oxidations; it  m ay replace the classical 
arsenite-iodom etric m ethod. Good m icrom ethods for m easurem ent of 
form aldehyde are also now available.^®

6. O xidation  o f H exose- and  P en tose-con tain ing O ligosaccharides.— As 
m ost oligosaccharides contain simple hexose or pentose residues, the per
iodate oxidation of these com pounds has been the m ost w idely studied. 
Provided th a t "overoxidation" is avoided, such oxidation of an oligosac
charide, in term s of Table I, m eans th e consum ption of 1 m ole of perio
date per molar proportion of 1 , 2-diol, and the hberation of 1 m ole of 
formic acid per molar proportion of 1 , 2 , 3-triol and of 1 m ole of form alde
hyde per m ole of 1 ,2-diol carrying a primary alcohol group. If the constit
uent monosaccharide residues of the oligosaccharide are known, the  
molar ratio of the above three factors can be used to  test the possible 
structures and ehm inate m any of them . Often, w ith the help of other 
evidence, conclusive identification m ay be obtained of the structure, in-

PH OHHO'

OH

OH

HO
OH

OH

(1 )

(16) J . S. Dixon and D. Lipkin, Anal. Chem., 26, 1092 (1954).
(17) G. 0 . Aspinall and R. J. Ferrier, Chem. & Ind. (London), 1216 (1957).
(18) J . F. O’Dea and R. A. Gibbons, Biochem. J ., 55, 580 (1953); L. Hough, D. B.

Powell, and B. M. Woods, J . Chem. Soc., 4799 (1956); M. W. Rees, Biochem. J ., 68 ,
118 (1958).



OLIGOSACCHARIDES 127

sofar as ring size and the position and sequence of glycosidic links is 
concerned. For example, branched trisaccharide® (1 ) ,  on treatm ent with  
unbuffered sodium  m etaperiodate, consumed 3.9 m oles of periodate per 
mole and produced 1.75 m oles of formic acid. I ts  alditol, obtained b y  
borohydride reduction,® consumed 5.02  m oles of periodate and produced  
1.92 and 0 .85  m oles of formic acid and form aldehyde, respectively, per 
m ole. These results are readily correlated w ith  the structure proposed, 
using the facts given  in Table I. W ith trisaccharide (1 ) no cleavage of the  
reducing D-glucose residue, and hence no "overoxidation," can occur. To  
avoid such "overoxidation" w ith  linear oligosaccharides, it  is probably  
better to  work w ith  the oligosaccharide alditoP® or m ethyl glycoside.^®

W ith  som e oligosaccharides, periodate studies m ay be com phcated by  
different rates of oxidation of the constituent m onosaccharides, b y  h y
drolysis, and b y  "overoxidation." In  such cases, th e periodate consump
tion  and yields of products are strongly influenced b y  the reaction condi
tions, and the interpretation of results obtained should, therefore, be 
undertaken w ith great care.

(i) Steric factors.— T h e p eriod ate ox id ation  o f s ta ch y o se  [0 -a -D -g a la c -  
to p y ra n o sy l-(1—> 6)-0 -a -D -ga lactop yran osy l-(1^ 6)-o:-D -g lu copyranosyl /3-d- 
fru cto fu ran osid e] can  a lso  b e  effected  w ith o u t com p lication s an d  w as  
u sed  for sh ow in g th a t th e  D -galactose-D -glucose lin k  is  n o t  (1—>4) as  
orig inally  b elieved , b u t (1—>6).^® W ith  th is  sugar, how ever, th e  differ
en t m onosaccharide residues p resen t are ox id ized  a t  d ifferent rates , a l
th ou gh  th is  does n o t  a ffect th e  final resu lts (p eriod a te  con su m p tion , 7 
m oles per m ole; form ic acid  p rod uction , 3 m oles per m o le ) , prov id ed  th a t  
sufficient reaction  tim e  is  a llow ed.

In  this connection, it has long been known th a t 1 ,2-glycols having their 
hydroxyl groups locked in the true (antiparallel) trans position are resis- 
ant to periodate o x id a tio n .T h e  difference in oxidation rates of the cis 
and trans isomers is particularly well illustrated by studies with 1,4- 
anhydro-L-erythritol and 1 ,4-anhydro-L-threitol, the former (cfs) being oxi
dized more rapidly than  the latter.^^ In the presence of a limited propor
tion of periodate, the D-glucosyl unit of sucrose is attacked more readily 
than  the n-fructosyl unit, because the trans-1,2-glycol group in the latter

(19) M. L. Wolfrom, A. Thompson, A. N. O’Neil, and T. T, Galkowski, J . Am . Chem. 
Soc., 74, 1062 (1952); R. W. Bailey, S. A. Barker, E. J. Bourne, and M. Stacey, J . Chem. 
Soc., 3536 (1957).

(20) H. Herrissey, A. Wickstr^m, and J. E . Courtois, Bull. soc. chim. biol., 34, 856 
(1952).

(21) C. C. Price and M. Knell, J . Am . Chem. Soc., 64, 552 (1942); F. Smith, J . Chem. 
Soc., 633 (1944) ; R. J. Dimler, H. A. Davis, and G. E. Hilbert, J . Am . Chem. Soc., 6 8 , 
1377 (1946); B. H. Alexander, R. J. Dimler, and C. L. M ehltretter, ibid., 73, 4658 (1951).

(22) H. Klosterman and F. Smith, J . Am. Chem. Soc., 74, 5336 (1952).
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is less favorably oriented.^® The fact th a t D-galactopyrancsyl rings, con
taining a s -1 , 2-glycol groups, are more readily oxidized than either d -  

glucopyranosyl or n-fructofuranosyl rings was used for obtaining sucrose 
from stachyose and raffinose by purely chemical means.^^ The oligosac
charides (1 mole) were treated with 3 and 2 moles of periodate, respec
tively, in ethanolic solution,^® and sucrose was obtained from the resulting 
polyaldehyde by hydrolysis with sodium carbonate. The rate of the perio
date oxidation of a-n-glucopyranosyl a-D-galactofuranoside has also been 
studied.^® Long oxidation (800 min.) in 0.015 m  sodium metaperiodate 
resulted in the consumption of only 3.7 moles of periodate per mole, with 
the production per mole of 1.45 moles and 0.83 mole of formic acid and 
formaldehyde, respectively. One mole of periodate per mole was consumed 
immediately, and the remainder during 260 min., presumably giving the 
intermediate trialdehyde (2). The authors suggested^® th a t the subsequent 
decrease in the oxidation rate was attributable to the relative stability, to 
oxidation, of the trans-1, 2-glycol grouping in (2).

HOH,C

.OH
CH

OH

(2)

W ith hexoses, except for their derived alditols, formaldehyde is pro
duced from a glycosidically bound, nonreducing, furanosyl residue, but 
not from a similar pyranosyl residue. In  the periodate oxidation of oligo
saccharides composed of monosaccharide residues commonly occurring in 
the pyranoid form, the possibility of liberation of formaldehyde should 
always be checked. Thus, with a-D-glucopyranosyl a-D-galactofuranoside,^® 
the detection of nearly one mole of formaldehyde per mole, liberated early 
in the oxidation, was im portant evidence th a t the D-galactose residue oc
curs in the (unexpected) furanoid form.

The ra te of production of formic acid by periodate from triol groups has 
been used in determining the structure of the glycosidically bound trisac
charide solanose.2̂  Oxidation and other evidence suggested th a t the sugar 
moiety is either trisaccharide (3) or (4).

(23) A. K. Mitra and A. S. Perlin, Can. J. Chem., 37, 2047 (1959).
(24) A, K. Mitra and A. S. Perlin, Can. J. Chem., 35, 1079 (1957).
(25) P. F. Fleury, J. E. Courtois, and A. Bieder, Bull. soc. chim. France, 19, 118 

(1952).
(26) E . J. Bourne, J. Hartigan, and H. Weigel, J. Chem. Soc., 1088 (1961).
(27) L. H. Briggs and L. C. Vining, J. Chem. Soc., 2809 (1953).
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HOHgC
-Q J-----O

O —

OH OH

CHj

HO, O HÔCH,
OH

OH OH OH

CHoOH

O—
o OH

OH

(4 )

One mole of the glycoside consumed 5 moles of periodate and produced 
1 mole of formic acid rapidly, followed by the slow release of a second 
mole of formic acid. This suggested th a t formula (3), with a cis~trans and 
a trans-irans triol group, is the correct structure, the former being oxidized 
more readily than the latter. Trisaccharide (4) has two cis-trans triol 
groups, which would be oxidized a t similar rates. The same authors^^ 
showed th a t one mole of amygdalin consumes 4 moles of periodate and 
produces 2 moles of formic acid, with no rapid, initial production of acid; 
this is consistent with the presence of two trans-trans triol groups in this 
gentiobioside.

Large substituent groups also affect the oxidation of mono-^® and oligo
saccharides. W ith disaccharides, the large reducing end-group appears to 
hinder, sterically, the oxidation of the nonreducing unit. This is particu
larly noticeable when very dilute (0.4 m M ) solutions of periodate are
used; the disaccharides, and their alditols and aldobionic acids, behave in
the same way.^® Clancy,®® for example, has shown that, in 7 hours, one 
mole of sophoritol (2-0 -j8-D-glucopyranosyl-D-glucitol) consumes 2.8 moles 
of periodate (corresponding to oxidation of the glucitol end-group) when 
treated with 0.4 m M  periodate, bu t 5 moles when treated with 40 m M  
periodate. In  each case, 1 mole of formaldehyde per mole is produced. 
This selective-oxidation technique has been employed to identify the gly-

(28) E. F. Garner, I. T. Goldstein, R. Montgomery, and F. Smith, J .  A m . Chem. 
Soc,, 80, 1206 (1958).

(29) M. J. Clancy and W. J. Whelan, Chem. & Ind. (London), 673 (1959).
(30) M. J. Clancy, J . Chem. Soc., 4213 (1960).
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cosidic link on the reducing glycose residue of oligosaccharides.^® I t  m ay  
be used w ith reducing oligosaccharides; or, th ey  can be first converted to  
aldobionic acids or alditols, preferably the latter. Oxidation of the (1—>4)-, 
(1—>5)-, or (1 -^ 6 )-linked acids under these conditions produces glyoxylic  
acid, which is stable to  periodate oxidation and can be readily detected  
colorim etrically w ith phenylhydrazine and hydrogen peroxide. As (1—>2)- 
and (1—>3)-linked acids do not produce glyoxylic acid, the procedure is  
particularly useful for distinguishing between (1—̂ 3) and (1—>4) links. 
W ith lam inaribiitol, and cellobiitol, y ield  of periodate and consum ption of 
product are the sam e, b ut the oxidation rates differ; cellobiitol reacts 
m uch more rapidly than  lam inaribiitol. Isom altitol is oxidized faster than  
either cellobiitol or lam inaribiitol, w ith a higher consum ption of periodate. 
Comparison of the rates of oxidation of alditols in  0.4 m M  periodate gives, 
therefore, a useful distm ction between (1—>3)-, (1 -^ 4 )-, and (1—>6)-linked  
disaccharides.®®

(ii) “ O veroxidation .”— A t high tem peratures or periodate concentra
tions, the oxidative specificity of the reagent is lost, and “overoxidation” 
can occur. W ith som e oligosaccharides, overoxidation can take place under 
m ild conditions of reaction, particularly in  alkaline solutions. Thus, 
(1 -^ 2 )-, (1 -^ 3)-, and ( 1 ^ 4 ) -linked aldohexopyranose saccharides can 
be com pletely oxidized to  form aldehyde, formic acid, and carbon dioxide 
under m ild conditions, whereas the corresponding (1—>5)- and (1—>6)- 
linked com pounds are relatively resistant to  overoxidation.

Overoxidation occurs m ainly when oxidation of the 1 ,2-glycol groupings 
in  the reducing end-group produces a m alonaldehyde derivative [for ex
ample, (7 )3  possessing an activated  hydrogen atom . T he m ain path is 
then  b y  w ay of a substituted  hydroxym alonaldehyd e [for exam ple, (8) ]  
which is oxidized to  a g lyoxylyl ester [for exam ple, (9) ] ,  whose hydroly
sis exposes the nonreducing unit to  com plete oxidation. T his sequence is 
explained w ith  reference to  cellobiose (5 ) , whose oxidation has been  
studied b y  H ead and Hughes.®^ W hen treated w ith unbuffered sodium  
m etaperiodate at 20° in  th e dark, one m ole of th is sugar consum es 11 
m oles of periodate and produces 9, 2, and 1 m oles of form ic acid, form al
dehyde, and carbon dioxide, respectively. The periodate consum ption is in 
tw o stages, the first being a rapid (1 hour) uptake of 4 m oles per mole, 
w ith  th e production of 2 m oles of formic acid and a formyl ester deriva
tiv e  (6 ). After hydrolysis of th is ester, the rem aining periodate (7 moles

(31) F . S. H . Head and G. Hughes, J . Chem. Soc., 603 (1954); C. F . Huebner, S. R. 
Ames, and E. C. Buhl, J . Am, Chem. Soc., 6 8 , 1621 (1946); L. Hough and M. B. Perry, 
Chem. & Ind. (London), 768 (1956); F . S. H . Head and G. Hughes, J . Chem. Soc., 2046 
(1952); F. S. H . Head, J . Textile Inst., Trans., 44, 209 (1953).

(32) J . C. P . Schwarz and M. MacDougall, J . Chem. Soc., 3065 (1956).
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per mole) is consumed slowly (40 days) in the second stage; a very slow 
oxidation of the liberated formic acid and formaldehyde constitutes a 
third stage of the reaction requiring several months for completion. As 
well as temperature and concentration of periodate, pH  strongly influ
ences overoxidation. In  weakly acid solutions (pH 3.5- 5.0), the periodate 
consumption may be diminished, as the intermediary formyl and gly
oxylyl esters are not readily hydrolyzed under these conditions.®® At 
higher or lower pH  values, however, these esters are hydrolyzed, and 
further oxidation can occur.

The sequence (5- 9) is probably not the entire explanation of the mecha
nism of overoxidation. Thus, when cellobiitol was oxidized a t 20° in 
0.015 M  periodate buffered to pH  3.6, there was a rapid production of 
0.4 mole of carbon dioxide.®  ̂ A suggested explanation®® ®̂ of this result is 
the dissociation of the hydroxyinalonaldehyde derivative to form mesoxal- 
aldehyde (10) and an alcohol, the former then being rapidly oxidized to

HC—C—CH

0 0 0

(10)

carbon dioxide and formic acid. Whereas overoxidation proceeds to com
pletion a t pH  1 or 7.5, its rate a t pH  3.5 may become extremely low. 
Cyclization of the hydroxyaldehyde intermediates is apparently responsi
ble for this slowing down of the oxidation.®^

Hough®® has pointed out th a t some of the classical methods used for 
measuring periodate result in large changes in pH  which can lead to erro
neous results because of the hydrolysis of the intermediate esters. I t  is 
clear th a t the results obtained from periodate oxidation should always be 
interpreted with caution, attention being paid to the conditions of oxida
tion, particularly in unbuffered solutions.

Although overoxidation can lead to erroneous results, it  can also be 
used for linkage analysis. Thus, Hough and Perry®  ̂ showed th a t overoxi
dation, a t pH  8, of dihexosaccharides containing a (1^ 2), (1-43), or 
(1—»4) link yielded approximately 2 moles of formaldehyde per mole, but 
the corresponding disaccharides having other links yielded no formalde
hyde. One mole of panose [ 0 -a-D-glucopyranosyl- ( 1—46) -O-a-D-glucopy- 
ranosyl- ( l —»4) -D-glucose] gave 1 mole of formaldehyde, the (1—46) link 
blocking complete overoxidation. A similar technique was developed, in-

(33) L. Hough, T. J. Taylor, G. H. S. Thomas, and B. M. Woods, J . Chem. Soc., 1212
(1958).

(34) M. Cantley, L. Hough, and A. O. Pittet, Chem. & Ind. (London), 1126, 1253
(1959).
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Table I I
Theoretical Yields of Carbon Dioxide and Formaldehyde Obtainable from Di- and Tri- 

{aldohexo)saccharides by Periodate Oxidation Under Controlled Conditions

Compound Reducing oligosaccharide Reduced oligosaccharide

Glycosidic links Example

CO2 
{moles/mole 

at 50°, 
pH  6.0)

ECHO  
{moles/mole 
at 18-50°, 
pH  8.0)

ECHO  
{moles/mole)

pH  3.6 pH  8.0

(1 —>1 ) a,a-trehalose _ 0 0

(1 —>2 ) sophorose 1 2 1 1

(1—>3) laminaribiose 1 2 2 3
(1—>4) maltose 1 2 2 3
(1 ^ 5 ) — 0 0 1 1

(1 —»6 ) isomaltose 0 0 1 1

(1—>4 ) - ( 1 - 4 4 ) cehotriose 2 3 2 4
(l-^ 6 )-(1 ^ 4 )  panose 1 1 2 2

dependently, for examining the structures of dextrins.®® Further structural 
information may be obtained by oxidizing the oligosaccharide alcohol 
(formed by borohydride reduction) with periodate a t pH  8.0 and measur
ing the formaldehyde produced.®® W ith this particular method, the alditol 
does not need to be isolated.

The carbon dioxide produced by stepwise overoxidation of reducing oli
gosaccharides with periodate (pH 5.0) a t 50° has also been determined.®'^ 
The method, although time-consuming, only requires 1 mg. of sugar. The 
rate of evolution of carbon dioxide may be increased by carrying out the 
oxidation a t pH  1.0, but this acidity could cause hydrolysis of the oligo
saccharides. The theoretical yields of carbon dioxide and formaldehyde 
resulting from overoxidation of a number of di- and tri-aldohexosaccha- 
rides are hsted in Table II.

Overoxidation a t pH  1.9 (a t 50°) has also been used for measuring the 
D .P. of maltodextrins®®; as measured by production of formaldehyde, 
equimolar amounts of the dextrins were oxidized a t the same rate. Only 
1-2 mg, of sugar is required and D .P .’s up to 100 can probably be meas
ured.

(iii) Miscellaneous Techniques.—An examination of the fragments re
sulting from periodate oxidation (other than formic acid, formaldehyde,

(35) B. J . Bines and W. J. Whelan, Biochem. J ., 76, 253 (1960).
(36) L. Hough, B. M. Woods, and M. B. Perry, Chem. & Ind. (London), 1100 (1957)
(37) L. Hough and B. M. Woods, Chem. & Ind. (London), 1421 (1957).
(38) F. W. Parrish and W, J. Whelan, Nature, 183, 991 (1959).
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and carbon dioxide) is helpful. In  some oligosaccharides, the positions of 
glycosidic links may render individual monosaccharide residues stable to 
periodate oxidation, permitting them  to be liberated intact after oxida
tion. Thus, the reducing, D-glucose residue of trisaccharide® (1) was un
oxidized and recovered, by acid hydrolysis, after oxidation. A C-3-substi- 
tu ted  D-glucopyranosyl residue in an oligosaccharide is also stable to 
periodate oxidation, and the D-glucose may be obtained by acid hydrolysis 
after oxidation. This method, combined with quantitative measurement 
of the liberated D-glucose, was used for demonstrating the presence of one 
(1 ^ 3 )  link, in the presence of two (1—̂6) hnks, in a D-glucose tetrasac- 
charide.^® When periodate oxidation of a substituted monosaccharide resi
due is limited, hydrolysis of the oxidized residue may produce a lower 
monosaccharide. Thus, reduction of trisaccharide (1) to its alcohol, fol
lowed by periodate oxidation and hydrolysis, produces L-xylose from the 
original, reducing D-glucose residue.® In  the case of a-D-glucopyranosyl 
a-D-galactofuranoside,®® oxidation of one mole with only one mole of perio
date, followed by borohydride reduction and acid hydrolysis, yielded d -  

glucose and L-arabinose, confirming the proposed structure and indicating 
th a t the D-galactosyl moiety of the original disaccharide is in the furano- 
side form.

T he Barry degradation,®® originally developed for studying polysaccha
rides, m ay be applied to  oligosaccharides. B y  this m ethod, the polyalde
hyde resulting from periodate oxidation is treated with phenylhydrazine 
and acetic acid in  order to split off the oxidized residues as phenylosa- 
zones. M onosaccharide residues stable to  periodate are then  recovered. 
The m ethod has been used for investigating the structure of O-a-D-manno- 
p y ra n o sy l-(l-4 3 ) -0-a-D -galactopyranosyl-(l—>2) -glycerol.^®

Treatm ent of periodate-oxidized oligosaccharides with bromine, to form 
the corresponding polycarboxylic acids, followed by hydrolysis and identi
fication of the resulting acids of low molecular weight has also been used 
as a tool for structural studies.®®-®̂ -̂ ^

F. Smith and associates have used the polyhydric alcohols produced by 
periodate-oxidized, reducing carbohydrates in structural studies of poly
saccharides; for a summary of this work, see Whelan.^® With polysaccha
rides, two main procedures are used. First, examination of the alcohols of 
low molecular weight obtained by acid hydrolysis of the polyhydric alco
hol; and second, méthylation of the polyhydric alcohol, followed by hy
drolysis and examination of the methylated alcohols. The molar ratios of

(39) V. C. Barry, Nature, 152, 537 (1943).
(40) B. Lindberg, Acta Chem. Scand., 9, 1093 (1955).
(41) J. E. Courtois and A. Wickstrpim, Bull. soc. chim. biol., 32, 759 (1950).
(42) W. J. Whelan, Ann. Rev. Biochem., 29, 107 (1960).
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glycerol to erythritol produced in the first method have also been used in 
order to give a measure of the ratio of intra-chain glycosyl residues to 
nonreducing terminal residues in polysaccharides/® So far, few oligosac
charides have been examined in this way,^^ bu t the method is likely to 
become im portant, particularly with saccharides of high molecular weight.

Periodate oxidation of oligosaccharide phenylosazones can also yield 
useful structural information. D-Glucose phenylosazone is thus oxidized to 
mesoxalaldehyde 1 ,2-bis(phenylhydrazone)^® (11). The phenylosazones of

H C = N —N H —CeHs
I
C = N —N H —CfiHe

1
H C = 0

(11)

laminaribiose and turanose, having (1-^ 3) hnks, and of maltose and 
cellobiose, having (1—44) Hnks, do not produce aldehyde osazone (11), 
bu t it is precipitated from solution when (1—46)- or (1^ 5) -finked disac
charides are oxidized. These facts were used in establishing the structure 
of leucrose as S-O-a-D-glucopyranosyl-D-fructopyranose.^® The oxidation of 
other oligosaccharide osazones has been examined^^ and oligosaccharide 
phenylosatriazoles have also been used in similar, structural studies.^® A 
quantitative micromethod for the oxidation of phenylosazones has been 
developed.^®

Reducing oligosaccharides that are unsubstituted on C-2 or C-3 of the 
reducing glycose residue form 1-phenylflavazole derivatives, and the perio
date oxidation of these derivatives m ay be used for indicating the pres
ence of a ( 1—46) fink^® at the reducing end. In  th is case, oxidation of the  
phenylflavazole yields an insoluble 3-form yl-l-phenylfiavazole; if, however, 
the fink to the reducing end is  ( 1 ^ 4 ) ,  no aldehyde is obtained. The  
m ethod was used to  show th a t the fink a t the reducing end of m anninotri- 
ose is ( 1-^ 6) .**®

(43) J. K. Hamilton and F . Smith, J . Am . Chem. Soc., 78, 5907 (1956); I. J. Gold
stein, J. K. Hamilton, R. Montgomery, and F. Smith, ibid., 79, 6469 (1957) ; M. Abdel- 
Akher and F. Smith, Arch. Biochem. Biophys., 78, 451 (1958).

(44) J . K. Hamilton, G. W. Huffman, and F. Smith, J . Am . Chem. Soc., 81, 2176
(1959); A. K. Mukherjee, D. Chaudhury, and P. Bagchi, Can. J . Chem., 39, 1408 (1961).

(45) E . Chargaff and B. Magasanik, J . Am . Chem. Soc., 69, 1459 (1947).
(46) F. H. Stodola, E. S. Sharpe, and H. J. Koepsell, J . A m . Chem. Soc., 78, 2514

(1956).
(47) G. Avigad, Biochem. J ., 73, 587 (1959).
(48) D. French, G. M. Wild, and W. J. James, J . Am . Chem. Soc., 76, 3664 (1953).
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C. O xidation  o f A d d ic  and  B a sic  O ligosaccharides.

(i) U ronic A cid -con ta in in g  Oligosaccharides.—Periodate oxidation of 
these compounds has generally not been used, because of the difficulties 
introduced by overoxidation. These difficulties are, to some extent, over
come if the methyl esters are employed. Three procedures have been ap
plied to aldobiouronic acids. First, oxidation of the methyl ester methyl 
glycoside^®; second, conversion of this derivative, using lithium aluminum 
hydride®® or potassium borohydride,^® to the corresponding neutral disac
charides before oxidation; and, third, oxidation of the methyl glycoside of 
the aldobiouronamide.®^

(ii) A m in o  Sugar-con tain ing Oligosaccharides.—A comparatively small 
number of these oligosaccharides have been reported, and, consequently, 
not a great deal is known about their oxidation with periodate. In  acid 
solution, oxidation of compounds containing a free amino group may be 
hindered because of protonation of the amino group.®® The glycoside and 
alditol derivatives of the iV-acetylated amino sugars undergo stoichiomet
ric oxidation; for example, one mole of methyl 2-acetamido-2-deoxy-a-D- 
glucopyranoside consumes one mole of oxidant, and one mole of 2-acet- 
amido-2-deoxy-D-glucitol consumes 3 moles, with the production of 2 
moles and 1 mole of formaldehyde and formic acid, respectively.®® 2-Acet- 
amido-2-deoxyhexoses can be overoxidized, probably by way of acet- 
amidomalonaldehyde.®® Thus W,A’'-diacetylchitobiose [ 2-acetamido-4-0 - 
(2-acetamido-2-deoxy-/?-D-glucopyranosyl)-2-deoxy-D-glucose] undergoes 
initial cleavage of the C-3 to C-4 glycol group of the nonreducing residue, 
followed by subsequent further oxidation a t the reducing unit.®* Amino 
sugar-containing oligosaccharide alditols containing a terminal 2-acet- 
amido-2-deoxyalditol residue undergo normal oxidation without overoxida
tion,®®-®* and are the most reliable derivatives for structure determination. 
Borohydride reduction, followed by acid hydrolysis of the periodate- 
oxidized alditol yields a 3-, 4-, or 5-carbon 2-amino-2-deoxyalditol, accord
ing to the position of linkage to the alditol residue, and identification of 
this fragment affords a valuable direct confirmation of the linkage assign-

(49) G. O. Aspinall and I. M. Cairncross, J . Chem. Soc., 3998 (1960).
(50) S. A. Barker, A. B. Foster, I. R. Siddiqui, and M. Stacey, J . Chem. Soc., 2358

(1958).
(51) M . Abdel-Akher, F. Smith, and D. Spriestersbach, J . Chem. Soc., 3637 (1952).
(52) M. Cantley and L. Hough, Biochem. J ., 77, 6p  (1960); G. E. McCasland and

D. A. Smith, J . Am . Chem. Soc., 73, 5164 (1951).
(53) A. B. Foster and D. Horton, J . Chem. Soc., 1890 (1958).
(54) S. A. Barker, A. B. Foster, M. Stacey, and J. M. Webber, J . Chem. Soc., 2218

(1958).
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ment based on the oxidation data.®®-®® When the terminal residue is not an 
amino sugar, overoxidation of the derived alditol may occur; thus 3-0- 
(2-acetamido-2-deoxy-/3-D-glucosyl)-D-galactitol, which initially gives a 
malonaldehyde derivative from the alditol residue, undergoes overoxida
tion.®®®

4 . Lead Tetraacetate and Other Oxidation Methods

Lead tetraacetate performs the same oxidative cleavage of 1 ,2-glycol 
groups as periodate, and its action is closely related to th a t of periodate. 
The oxidation of carbohydrates by lead tetraacetate has been reviewed in 
considerable detail by Perhn,®® and only brief mention of it need be made 
here. As with periodate oxidation, much useful structural information 
about an oligosaccharide is obtained by measuring tetraacetate consump
tion, production of formic acid and formaldehyde, and oxidation rates. In  
addition, under carefully controlled conditions, tetraacetate oxidation has 
been used for determining the a or jS configuration of the glycosidic links 
in (1-42)-, (1-43)-, and (1^ 4) -linked disaccharides. In  this method, the 
sugars are converted to glycerol glycosides which can be compared with 
authentic specimens.®® This useful degradation has also been extended to 
higher oligosaccharides.®®

Cuprimetric reagents®’̂ are normally too unspecific in their action to be of 
much value for investigating oligosaccharide structures. However, if the 
link on the reducing monosaccharide residue of an oligosaccharide is 
(1—>2), the sugar is virtually nonreducing to the Shaffer-Hartmann cop
per reagent,®^ although carbon atom 1 can be oxidized by the theoretical 
amount of such reagents as alkaline hypoiodite.® These two oxidants can, 
therefore, provide a useful indication of the presence of a (1—»2) link at 
the reducing end of a molecule.® Comparison of the copper-reducing value 
of an oligosaccharide with th a t of its reducing monosaccharide unit can 
give an indication of D.P., provided th a t the fink on the reducing unit is 
(1—44), (1—>5), or (1-^ 6) and th a t the correct heating time is used with, 
the appropriate copper reagent.®® ®® Alkaline hypoiodite oxidizes only the 
reducing carbon atom of a sugar; hence, its action is unaffected by the

(55) A. B. Foster, D. Horton, N . Salim, M. Stacey, and J. M. Webber, J . Chem. Soc., 
2587 (1960).

(55a) S. A. Barker, M. Heidelberger, M. Stacey, and D. J. Tipper, J . Chem. Soc., 
3468 (1958).

(56) A. S. Perlin, Advances in  Carbohydrate Chem., 14, 9 (1959).
(57) P . A. Shaffer and A. F. Hartm ann, J . Biol. Chem., 124, 425 (1921); M. Somogyi, 

ibid., 160, 61 (1945).
(58) J . R . Turvey and W. J. Whelan, Biochem. J ., 67, 49 (1957).
(59) R. W. Bailey and R. T . J. Clarke, Biochem. J ., 72, 49 (1959).
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glycosidic link on the reducing monosaccharide residue of an oligosaccha
ride, and it can, therefore, be used® to measure D.P.

5. Méthylation Analysis

M éthylation continues to be a standard method for structural investi
gations. In  brief, complete méthylation of an oligosaccharide converts all 
unsubstituted hydroxyl groups to methoxyl groups, and each free hy
droxyl group present in the methylated monosaccharides th a t are hber- 
ated by hydrolysis corresponds to  a substituted hydroxyl group of the 
original oligosaccharide. The method, therefore, defines (not necessarily 
unambiguously) the position of the glycosidic links and the ring sizes of 
the individual glycose residues.

The ideal methylating agent is one which can rapidly introduce the the
oretical number of methyl groups and, a t the same time, cause no degra
dation of the sugar. Unfortunately, it is difficult to  find reagents with 
these properties and, generally, several méthylations with two different 
reagents are necessary to obtain full méthylation. Several classical tech
niques are available for méthylation. These include refiuxing with methyl 
iodide and silver oxide®® (Purdie’s m ethod), treatm ent with dimethyl 
sulfate and aqueous sodium hydroxide®* (Haworth’s method), conversion 
of the sugar to a thallium derivative followed by treatm ent with methyl 
iodide,®® and reaction with an alkah metal and methyl iodide in liquid 
ammonia.®®

Haworth’s method is probably the most widely used in the oligosaccha
ride field, and is commonly employed in conjunction with Purdie’s method. 
Partially methylated sucrose obtained by the Haworth procedure has also 
been fully methylated by forming the sodium derivative in ether followed 
by reaction with methyl iodide,®* and the liquid ammonia procedure has 
been used in conjunction with Haworth’s method in the case of raffinose 
hendecaacetate.®® Diazomethane can methylate hydroxyl groups under 
very mild conditions, but, even with simple compounds, the reaction is 
incomplete.®® I t  has, however, been used for methylating the carboxyl 
group of an aldobiouronic acid following méthylation of the hydroxyl 
groups with dimethyl sulfate.®^ The main disadvantage of all of these

(60) T. Pur die and J. C. Irvine, J . Chem. Soc., 83, 1021 (1903).
(61) W. N. Haworth, J . Chem. Soc., 107, 8 (1916).
(62) C. M. Fear and R. C. Menzies, J . Chem. Soc., 937 (1926).
(63) I. E . M uskat, J . Am. Chem. Soc., 56, 695 (1934).
(64) E . Pacsu and S. M. Trister, J . Am. Chem. Soc., 61, 2442 (1939).
(65) K. Hess and K .-H. Lung, Ber., 71, 827 (1938).
(66) L. Hough and J. K. N. Jones, Chem. & Ind. (London), 380 (1952).
(67) P. A. Levene, G. M. Meyer, and M. Kuna, J . Biol. Chem., 125, 703 (1938).



140 • R. w . BAILEY AND J. B. PRIDHAM

méthylation methods is th a t they are not suitable for microscale work 
with 1-2 mg. of sugar.

An im portant contribution to méthylation technique has been made by 
Kuhn and associates,®® who have methylated sucrose in high yield by 
using methyl iodide and silver oxide in Æ ,W-dimethylformamide. The 
tem perature is not allowed to rise above 30° and reducing ohgosaccharides 
appear to be unaffected by the silver oxide. Perila and Bishop,®® using this 
procedure with cellobiose, could find no acidic products which might have 
resulted from oxidation with silver oxide; in Purdie’s method, oxidation of 
reducing sugars can occur.’® Recently, in the méthylation of acetamido 
sugars, silver oxide has been replaced by barium oxide, as the latter does 
not degrade W-acetyl groups.’* M any oligosaccharides are soluble in iVjiV- 
dimethylformamide, so this méthylation procedure should prove useful, 
although, up to now, it has not been widely applied.

Column and paper-chromatographic methods for the separation, identi
fication, and estimation of m ethylated monosaccharides have been devel
oped,® and are satisfactory, provided th a t the appropriate reference com
pounds are available. Recent developments in this field are the ready 
déméthylation of methylated sugars with boron trichloride’®-’® and the use 
of gas-liquid partition chromatography for the analysis of mixtures of 
methylated sugars.’*

Some idea of the future trend of méthylation analysis can, perhaps, be 
gained from the work of Perila and Bishop,®® who have used the method 
to study oligosaccharides obtained by the enzymic hydrolysis of jack-pine 
mannan. The oligosaccharides (0.5-2.0 mg.) were methylated by the 
Kuhn procedure,®® refluxed with methanolic hydrogen chloride, and the 
resulting methyl 0-methylglycosides analyzed qualitatively and quantita
tively by gas-liquid chromatography.

6. Enzymic Methods
The widespread use of enzymes in Chemistry is apparent on inspection 

of a recently pubhshed fist’® entitled “Enzymes Commonly Used as Lab-

(68) R . Kuhn, H . Trischmann, and I. Low, Angew. Chem., 67, 32 (1955).
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Elliot, W. H. Elliot, and K. M. Jones, eds., Oxford University Press, Oxford, Engl., 
1959, p. 178.
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oratory Reagents.” With oligosaccharides, the hydrolases are the most 
im portant group of enzymes used in structural and preparative work. 
Future development of enzymic techniques would most certainly be as
sisted by adequate commercial sources of many of the enzymes; most of 
them, particularly in highly purified forms, are neither cheap nor easy to 
obtain.

The particular value of enzymic methods is the high degree of specific
ity  often obtainable as regards hydrolysis of the anomeric configuration 
of the glycosidic link. Also, the reactions proceed rapidly a t low tem pera
tures (25-35°) and a t pH  values not far removed from neutrality. There 
is evidence th a t a t least some hydrolases also function in the presence of 
relatively high concentrations of polar organic solvents.’® Used in conjunc
tion with paper chromatography, small-scale enzymic digests can provide 
useful information from very small amounts of sugar. The digest may be 
examined, by paper chromatography, during the reaction; or, on comple
tion of the reaction, enzyme protein may normally be readily removed 
and the products isolated. The main dangers which arise in interpreting 
the results of enzymic studies can be avoided by a careful characterization 
of the enzyme. In  particular, its specificity should always be checked with 
control digests of a suitable range of disaccharides. The possibility of oli
gosaccharide synthesis by transglycosylation should also be checked; this 
latter possibihty is generally obviated by the use of a very low concentra
tion of sugar.

Few, if any, simple glycosidases have been crystallized, and, indeed, for 
m any hydrolyses, extremely complex mixtures of enzymes, for example, 
almond emulsin, are often used. The specificity of such complex mixtures 
may be increased not only by fractionation, bu t by the addition of appro
priate inhibitors. Thus, commercial hemicellulase normally hydrolyzes 
both the L-arabinose-D-xylose and the D-xylose-D-xylose link in arabi- 
noxylans. Addition of L-arabinono-1,4-lactone to the enzyme digest, how
ever, inhibits hydrolysis of the former links (see Conchie and L ew y ” ) and 
0-L-arabinofuranosyl-( 1—»3) -O-jS-D-xylopyranosyl-( 1-44) -D-xylose can be 
obtained.’® The lability of the furanoid residue does not allow oligosaccha
rides containing such residues to be obtained by partial acid hydrolysis. 
This enzymic method should prove of value in structural studies on ohgo
saccharides; thus, the hydrolysis of a-D-glucopyranosyl a-D-galactofurano
side by a mixture of a-glucosidase and a-galactosidase was shown to be 
due to the a-glucosidase, because, on inhibition of this enzyme with d-

(76) E . T. Reese and M. Mandels, J.  Am. Chem. Soc., 80, 4625 (1958); A. I. Tiffen, 
unpublished results.

(77) J. Conchie and G. A. L ew y, Biochem. J., 65, 389 (1957).
(78) G. O. Aspinall, I. M. Cairncross, R . J . Sturgeon, and K. C. B. Wilkie, J.  Chem. 

Soc., 3881 (1960).
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glucurono-6,3-lactone, there was no hydrolysis.®® W ith all enzyme studies 
of this type, it would be advisable to include control digests containing 
specific inhibitors, if available, as a further check on the specificity of 
hydrolysis.

A detailed description of all the carbohydrases used in oligosaccharide 
studies is not possible in the present review; further information concern
ing sources, specificities, and properties of these enzymes may be found 
elsewhere.’® Examples of the use of the two general classes of hydrolases, 
glycosidases, and polysaccharidases are given below.

a. Glycosidases.—Glycosidases (a- and i8 - d - )  , from both plant and ani
mal sources, th a t have various degrees of hydrolytic specificity with re
gard to the position of glycosidic links, are commonly used to provide 
evidence concerning the configuration of these links. Thus, almond emul
sin, which will not hydrolyze a-D-glucosides, has been used to show the 
presence or absence of jS-D-hnks in many D-glucose-containing oligosaccha
rides; for example, di- and tri-saccharides,®®a partially methylated di- 
D-glucosaccharide,®* an 0-D-glucosyl-D-xylose,®® and a disaccharide glyco
side.®® Failure of emulsin to hydrolyze an oligosaccharide does not neces
sarily mean th a t /5-D-links are absent. The jg-D-glucosidase liberates d -  

glucose from the substrate in a stepwise manner, from the nonreducing 
end; thus, 3-0-j8-isomaltosyl-D-giucose is unattacked because of the a-D- 
link a t the nonreducing end.®* Shielding of the ^-D-link can also occur, as 
with the branched trisaccharide (1), which is only slowly hydrolyzed by 
jS-D-glucosidase.® Reduction of (1) to the alditol, however, permits hy
drolysis to proceed a t a normal rate.® Substitution of the hydroxyl groups 
of a jg-D-glucopyranosyl residue affects the rate of hydrolysis, inhibition 
being particularly marked’® with substituents on C-2 and C-3. Almond 
jg-D-glucosidase is also used for partial-hydrolysis studies. The isomeric 
trisaccharides 3-0-/?-cellobiosyl-D-glucose and 4-0-|8-laminaribiosyl-D-glu- 
cose were readily identified by this means. When treated with the enzyme,

(79) C. Neuberg, I. Mandel, A. Gottschalk, S. Viebel, and W. Fishman, in “ The 
Enzymes; Chemistry and Mechanism of Action,” J. B. Sumner and K. Myrback, 
eds.. Academic Press Inc., New York, N . Y., 1950, Vol. 1, F t. 1; A. Gottschalk, in 
“ Encyclopedia of P lant Physiology,” W. Ruhland, ed., Springer-Verlag, Berhn, Ger., 
1958, Vol. 6, p. 87; W. J. Whelan, ibid., p. 190; “ The Enzymes,” P. D . Boyer, H. Lardy, 
and K. Myrback, eds.. Academic Press Inc., New York, N. Y., 1960, Vol. 4.

(80) F. B. Anderson and D. J . Manners, Biochem. J ., 71, 407 (1959).
(81) S. A. Barker, E . J . Bourne, P. M. Grant, and M. Stacey, J . Chem. Soc., 601
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(82) W. A. M. Duncan, D . J. Manners, and J. L. Thompson, Biochem. J ., 73, 295

(1959).
(83) J. D. Anderson, L. Hough, and J. B. Pridham, Biochem. J ., 77, 564 (I960).
(84) S. Peat, W. J. Whelan, and H. G. Lawley, J . Chem. Soc., 724, 729 (1958).
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both gave D-glucose, bu t each gave a different disaccharide—laminaribi
ose and cellobiose, respectively/® 3-0 -/3-Gentiobiosyl-D-glucose can also be 
identified by partial hydrolysis with acid and emulsin; whereas treatm ent 
with acid yields D-glucose, laminaribiose, and gentiobiose, the specific 
action of emulsin produces only one disaccharide, laminaribiose/*

Almond emulsin also contains an a-n-galactosidase component®®®- which 
has been used for structural studies with stachyose*®-®® and planteose/’ 
Both oligosaccharides give D-galactose and the expected, partial-hydroly
sis products resulting from the stepwise cleavage of a-D-galactopyranosyl 
links. A better source of a-D-galactosidase is the coffee bean. This prepa
ration, like almond emulsin, possesses little or no jS-D-fructofuranosidase 
activity and only a very weak jS-n-galactosidase activity. I t  has been used 
extensively by Courtois and his coworkers in studies on naturally occur
ring 0-D-galactosylsucrose derivatives.®®

A third enzyme useful for ohgosaccharide hydrolysis is a-D-glucosidase, 
the chief source of which is yeast.’® This enzyme has also been used for 
checking the configuration of anomeric carbon atoms.®®-®® Avigad*’ has 
prepared /3-D-fructofuranosidase-free enzyme from dried yeast-cells and 
used it to detect a-n-hnks in a number of mono- and di-O-D-glucosyl- 
fructose oligosaccharides. Intestinal a-D-glucosidase,®’ and honey invert
ase®® are also useful agents for the hydrolysis of a-D-hnks.

Yeast is also a source of invertase, the much-used jS-n-fructofuranosi- 
dase which hydrolyzes sucrose and which is specific only for the D-fructose 
moiety of this disaccharide. Sucrose derivatives having n-fructofuranoside 
end-groups are also hydrolyzed by the enzyme. In  conjunction with paper 
chromatography, hydrolysis with invertase is a useful aid to the identifi
cation of small amounts of these sugars.®*-®® W ith increasing D .P. of 
0-D-galactosylsucrose derivatives, the rate of hydrolysis of the D-fructose 
residue decreases; thus, raffinose is hydrolyzed faster than  stachyose.®®
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When the D-fructose unit of sucrose is substituted, as in planteose,®’-®* 
lychnose,®® or melezitose,®* hydrolysis does not occur.

The foregoing discussion has been principally concerned with the use of 
glycosidases to  demonstrate the anomeric configuration of glycosidic hnks. 
M any enzymes are specific for a particular glycosidic link (for example, 
maltase, cellobiase) and, when available, can be used to identify these 
sugars. Several glycosidases seem to have been largely ignored by carbo
hydrate chemists. /?-D-Glucuronidase,®*“ for example, which occurs widely 
in animal tissues’® could possibly be a useful hydrolyst for aldobiouronic 
acids. Several so-called disaccharidases have been reported which hydro
lyze a disaccharide glycoside to disaccharide and aglycon,®®~®’ possibly 
because of different configurations of the two glycosidic carbon atoms. 
These enzymes seem worth investigating further.

h. Polysaccharidases.—Enzymes associated with degradation of polysac
charides can generally hydrolyze related oligosaccharides; their use with 
ohgosaccharides is illustrated here by reference to the amylolytic enzymes. 
«-Amylase, which randomly cleaves the a - D - ( l —^4) hnks of starch poly
mers, hydrolyzes maltodextrins of D.P. 4 (or higher) to mixtures of m alt
ose and maltotriose. As the ratio of these two products is determined by 
the D.P. of the maltodextrin, «-amylase action can be used to determine 
the D.P. of a maltodextrin.®® (8-Amylase, which cleaves alternate « - D -  

(1—»4) hnks (from the nonreducing end of the molecule) to hberate malt
ose, can also be used to check the D.P. of a maltodextrin.®® Glucamylase 
(amyloglucosidase) catalyzes the cleavage of single D-glucose residues 
from the nonreducing end of the starch molecule.*®® The presence of an 
a-D-(l—>3)-, a-D-(l—>6)-, or (8-D-hnk in an « - D -  ( 1—>4) -linked ohgo-D- 
glucoside stops its action; thus, whereas 0-«-D-glucopyranosyl-(1^3)-0- 
a-D-glucopyranosyl-(l—>4)-D-glucose is not attacked by glucamylase, 
0-a-D-glucopyranosyl- ( 1—>4) -0-a-D-glucopyranosyl- ( 1—>3) -D-glucose is 
hydrolyzed to nigerose and D-glucose.*®® R-Enzyme hydrolyzes many of
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the o!-d-(1-^6) branch links of starch polysaccharides, its action being 
specific for an o:-d-(1—>6) link present with a certain association of «-D- 
(1—>4) links. I t  has been used in investigating a pentasaccharidic limit- 
dextrin containing one q!-d-(1—>6) and three a-D-(l—̂4) links.®®

As with the amylases, such other enzymes as dextranases,®® cellulases,^® 
and hemicellulases'^® can be used to study oligosaccharides whose structure 
is closely related to the relevant polysaccharide. The particular value of 
these enzymes is th a t their specificity depends on the position of substitu
tion of the glycosidic links as well as on their configuration.

7 . Miscellaneous Methods
Measurement of optical activity enables the configuration of a glyco

sidic fink to  be deduced from the specific optical activity of the oligosac
charide®®; or, by the use of Hudson’s isorotation rules,^®̂  by comparison 
with the specific optical rotation^®® of known isomers, and by the change 
in optical activity^®®’̂®̂ on hydrolysis. The marked effect of borate on the 
optical rotation of di- and tri-saccharides^®® may also be of value in ascer
taining the configuration or position of the glycosidic link. In  a homolo
gous series of oligosaccharides, such properties as specific optical rota
tion,®®-̂ ®® reducing power,®® and- movement on paper chromatograms^®^ 
show a finear relationship with D .P., a relationship which may be used to 
test whether a compound is a member of such a series.

Infrared spectra have been mainly used in structural studies on poly
saccharides; they are, however, of some value in similar studies on oligo
saccharides, particularly if D-glucopyranosyl residues are present. The 
infrared spectra of a number of D-glucosyl ohgosaccharides, over the fre
quency range of 730-960 cm.~^ have been reported,^®® and Barker, Bourne, 
and Theander ®̂2 were able to show th a t the infrared spectrum of 0 -a-D- 
glucopyranosyl- ( 1—>6)-a-D-glycopyranosyl jS-D-fructofuranoside is almost 
a summation of the spectra of isomaltose and sucrose. Infrared spectra of 
D-glucose-containing oligosaccharides also exhibit absorption bands 
a t 840 ±  8 cm.~^ and 894 ±  7 cm.“  ̂ which are said to be characteristic 
of a- and /3-D-links, respectively. The presence or absence of these bands

(101) C. S. Hudson, J . Am. Chem. Soc., 31, 66 (1909); 38, 1566 (1916).
(102) S. A. Barker, E. J. Bourne, and O. Theander, J . Chem. Soc., 2064 (1957).
(103) S. A. Barker, M. Stacey, and D. B. E . Stroud, Nature, 189, 138 (1961).
(104) E. W. Putm an, C. Fitting-L itt, and W. Z. Hassid, J . Am. Chem. Soc., 77, 4351

(1955).
(105) R . C. Hughes and W. J. Whelan, Chem. & Ind. (London), 50 (1959).
(106) M. L. Wolfrom and J. C. Dacons, J . Am. Chem. Soc., 74, 5331 (1952).
(107) D. French and G. M. Wild, J . Am. Chem. Soc., 76, 2612 (1953).
(108) S. A. Barker, E . J. Bourne, M. Stacey, and D . H . Whiff en, J .  Chem. Soc., 171 

(1954).
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has been used to confirm the presence of a- and /5-D-links in certain tri- 
saccharides®-^®® and of a-D-links in D-glucose-/®® and 0-D-glucosyl-D- 
xjdose disaccharides.^®® This procedure is of most value when used 
with disaccharide alditols, since otherwise the absorption bands associ
ated with the reducing group will be superimposed on those associated 
with the configuration a t C-1 of the nonreducing group.®®-®̂

The effect of alkali on oligosaccharides has been reviewed by Whistler 
and BeMillerd^® In  addition to  epimerization reactions, alkah degrades 
some oligosaccharides in a stepwise manner from the reducing end of the 
molecule. Oligosaccharides which have substituted hydroxyl groups on 
C-3, C-4 , or C-6 of the reducing end-group are degraded to metasaccha- 
rinic, isosaccharinic, and (mainly) lactic acids, respectively, whereas 
similar substitution on C-2 inhibits degradation. The procedure has not 
been used widely as an analytical method, bu t it can be used to detect 
(1 ^ 2 )  links and for a stepwise “peeling off” of the monosaccharide resi
dues. Thus 0 -L-galactopyranosyl- ( 1^ 4) -0 -D-xylopyranosyl- ( 1—>2) - l -

arabinose is stable^^^ to  lime-water a t 25°, and alkaline degradation of 0-a- 
L-fucopyranosyl-(l—>2)-0 -i8-D-galactopyranosyl-(l-^4) -D-glucose yields 2- 
O-a-L-fucopyranosyl-D-galactose.^^® Stepwise degradation of xylotriose^^® 
and cellotetraose^^^ by hme-water has been described.

The catalytic oxidation of primary hydroxyl groups to carboxyl groups 
has been used for stabilizing acid-labile links in polysaccharides.^® In  this 
way, an L-arabinofuranosyl residue is converted to an L-arabinofuranosyl- 
uronic acid residue, and an acid-stable aldobiouronic acid may be isolated. 
This technique might be applicable to oligosaccharides having acid-labile 
finks. The reduction of a methyl ester methyl glycoside to a neutral disac
charide prior to periodate oxidation̂ ®-®® can be used for converting a 
uronic acid oligosaccharide to a neutral oligosaccharide^^® which may be a 
known compound,^^® or which can be used in partial, acid-hydrolysis 
studies. A method for the measurement of uronic acid residues in uronic 
acid oligosaccharides has been described by Barker, Foster, Siddiqui, and 
Stacey

Oligosaccharides, particularly in the D-glucose series, may often be

(109) S. H aq and W. J. W helan, Nature, 178, 1222 (1956).
(110) R. L. Whistler and J. N. BeMiller, Advances in Carbohydrate Chem., 13, 289 

(1958).
(111) R. L. Whistler and W. M. Corbett, J .  Am. Chem. Soc., 77, 6328 (1955).
(112) R. Kuhn, H. H . Baer, and A. Gauhe, Ann., 611, 242 (1958).
(113) R . L. Whistler and W. M. Corbett, J . Am. Chem. Soc., 78, 1003 (1956).
(114) W. M. Corbett and J. Kenner, J . Chem. Soc., 1431 (1955).
(115) S. A. Barker, A. Gômez-Sânchez, and M. Stacey, J .  Chem. Soc., 3264 (1959).
(116) S. A. Barker, A. B. Foster, I. A. Siddiqui, and M. Stacey, Talanta, 1, 216 

(1958).
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readily identified as their acetates. Wolfrom and his colleagues have de
veloped methods for separating mixtures of these compounds and have 
used the procedure for identifying partial-hydrolysis products from poly- 
saccharides.^®®'^^^

Acetates of oligosaccharides composed of (1—>6)-linked D-glucopyrano
syl residues give a characteristic change in optical rotation when treated 
with hydrogen bromide in acetic acid and acetyl b r o m i d e . T h e  conver
sion of two disaccharides to the same osazone means th a t the glycosidic 
links are the same; thus, nigerose and turanose give the same osazone."® 
Production of a monosaccharide osazone from an oligosaccharide indicates 
a (1—̂2) hnk a t the reducing end of the molecule,® although other links 
[for example, (1-^ 4) ]  can be hydrolyzed to some extent̂ ®® by this means. 
Aldohexopyranosyl oligosaccharides having a (1—>4) hnk a t the reducing 
end of the molecule cannot form methyl furanosides when treated with 
methanolic hydrochloric acid, whereas (1—>3) -finked compounds of this 
type can. This fact has been used for the separation of two closely related 
trisaccharides"^ and for showing th a t an 0 -D-glucosyl-D-xylose disaccha
ride was (1—>3)-  and not (1—>4) -finked."®

The M organ-Elson reaction for the determination"® of 2-acetamido 
sugars can be used for obtaining an indication of the position of the gly
cosidic finks in 2-acetamido-2-deoxy-n-glucose oligosaccharides."^ I t  has 
been used in this way to show the presence of (1—>6) links®®-"® and (1—»4) 
links®̂ -"®=- Hyalobiouronic acid was ultimately converted to a neutral 
0 -D-glucosyl-L-arabinose disaccharide by oxidative degradation with nin- 
hydrin,"® and this technique may be of value with other amino sugar 
oligosaccharides. The studies of K abat and others"^ suggest that, in the

(117) M. L. Wolfrom and A. Thompson, J . Am . Chem. Soc., 79, 4212 (1957); 80, 
6618 (1958).

(118) A. Jeanes, C. A. Wilham, R. W. Jones, H. M. Tsuchiya, and C. E. Rist, J . Am . 
Chem. Soc., 75, 5911 (1953).

(119) S. H aq and W. J. Whelan, J . Chem. Soc., 1342 (1958).
(120) E . J . Bourne, J. Hartigan, and H. Weigel, J . Chem. Soc., 2332 (1959).
(121) S. A. Barker, E . J . Bourne, D . M. O’M ant, and M. Stacey, J . Chem. Soc., 2448 

(1957).
(122) S. A. Barker, E . J . Bourne, G. C. Hewitt, and M. Stacey, J . Chem. Soc., 3541 

(1957).
(123) W. T. J. Morgan and L. A. Elson, Biochem. J., 28, 988 (1934).
(124) R. W. Jeanloz and M. Trémège, Federation Proc., 15, 282 (1956); see also. 

Ref. 128.
(125) I. Danishefsky, H . B. Eiber, and E. Langholtz, Biochem. Biophys. Research 

Communs., 3, 571 (1960).
(125a) M. L. Wolfrom, J. R. Vercellotti, and D. Horton, J . Org. Chem., 27, 705 (1962).
(126) B. Weissmann and K. Meyer, J . Am . Chem. Soc., 76, 1753 (1954).
(127) P. Z. Allen and E. A. K abat, J . Am. Chem. Soc., 81, 4382 (1959), and other 

hterature cited therein.
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not-too-distant future, i t  may be possible to identify some oligosaccha
rides by simple precipitin reactions with antisera.

Examples of methods cited in the present article have been chosen from 
a limited number of publications; m any more examples may be found in 
the post-1945 References listed in Tables III-V . Chemical synthesis of 
oligosaccharides^ may often be used to  give a final proof of structure as, 
for example, with nigerose."® Prediction of structure from the known 
transferring properties of an enzyme should be used with caution; thus, 
dextransucrase preparations, which normally transfer D-glucose [to  form 
a-D -(l—>6) links], have now been shown to transfer D-glucose to  C-2 of a 
jS-D-linked D-glucopyranosyl residue,® C-5 of D-fructopyranose,^® and C-1 
of D-galactofuranose.®®

III. T a b les  o f  O ligosacch arid es  

1 . C om pounds Included

T he Tables list oligosaccharide polym ers of sim ple monosaccharides 
and of the following naturally occurring derivatives: amino sugars, 2- 
acetam ido sugars, uronic acids, and m ono-O-methyluronic acids. A lthough  
it  was considered desirable to  include only com pounds whose structures 
had been established beyond doubt, such a rule would have excluded  
m any im portant com pounds. Exceptions to  this rule were, therefore, made 
for com pounds of incom pletely established structure, provided th a t there 
was sufficient evidence to  show th a t th ey  were unlikely to  be com pounds 
already known.

2 . C lassification

The ohgosaccharides are classified in  three Tables according to  the fol
lowing scheme.

Table III . Oligosaccharides C ontain ing S im p le  M onosaccharides O nly

a. H om ogeneous with respect to the glycosyl units
b. Heterogeneous w ith  respect to  the glycosyl units

(1) Reducing
(2) Nonreducing

Table IV . O ligosaccharides C ontain ing an  A m in o  Sugar

a. Containing an amino sugar and simple monosaccharides
b. Containing an amino sugar and uronic acids

T able V. Oligosaccharides C onta in ing  a  U ronic A d d

a. Containing a uronic acid and simple monosaccharides
b. N aturally  occurring m ono-O-m ethyl derivatives of these oligosaccha-

charides
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Where possible, compounds are listed in alphabetical order, starting 
from the nonreducing end of the molecule. Compounds in Table III,b , (2), 
and, to  some extent, in Tables IV  and V, are, however, divided into struc
tural groups. Within each isomeric series, the sugars are listed in numeri
cal order with respect to the glycosidic links. For each homologous series, 
two entries are made where justified—one for the initial member and one 
for all the higher members. The latter are indicated by the following 
bracketing scheme : 0 -o;-D-Gp(l-^[4-0 -a-D-Gp-l]„—>4)-n-G. Branched oh
gosaccharides are indicated by the bracketing scheme: 0 -a-n-Gp( 1^ 4)- 
0 -[-a-n-Gp- ( 1-^ 3) ]-D -G .

3. Source
The source is recorded according to the following code : A, occurring free 

in Nature; B, obtained from the chemical or enzymic hydrolyzate of a 
higher polymer; C, synthesized chemically (including acid reversion) ; 
D, synthesized enzymically in  vitro (including bacterial cultures).

One reference is given, if known, for each type of source recorded. 
Where many references are available, a reference has been selected which 
either gives the full details of the sugar or reviews all of the earher htera
ture. References not given in the preceding text are hsted a t the end of 
the Tables.

Table I I I
Oligosaccharides Composed of Simple Monosaccharides 

a. Homogenous Compounds

Oligosaccharide Source References

D-Arabinose

a-D-Arabinopyranosyl a-D-arabinopyranoside C 129

L-Arabinose

3-0-L-Arabinofuranosyl-L-arabinose
5-0-L-Arabmofuranosyl-L-arabinofuranose 
/3-L-Arabinopyranosyl /S-L-arabinopyranoside
3-0-/3-L-Arabinopyrano8yI-L-arabino8e
4-0-/3-L-Arabinopyranosyl-L-arabinose
5-0-a-L-Arabinopyranosyl-L-arabmose

B
B
C
B, C
C
B

130
130
131
131, 132
131
133

D-Fructose

l-0-/8-D-Fructofuranosyl-D-fructose (Inulobiose) A, B, D 134r-136
0-j8-D-Fru/-(2—♦[l-0-/3-D-Fru/-2]n—♦1)-D-Fru, n  =  2-4

(Inulodextrins) B 135
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T a b l e  III— Continued

Oligosaccharide Source References

6-0-/3-D-Fructofuranosy 1-D-fructose (Levanbiose) 
0-^-D-Fru/-(2—>[6-0-;8-D-Fru/-2]n—>6)-D-Fru, n = 1—8 
0-j8-D-Fru/- (2—> [6-0-)3-D-Fru/-2]„-^6)-0-|3-D-Fru/- (2—» 1 ) - 

D-Fru, n =  1-8

L-Fucose (6-deoxy-L-galactose)

2-0-o!-L-FucopyTanosyl-L-fucose
3-0-a-L-Fucopyranosyl-L-fucose
4-0-o:-L-Fucopyranosyl-L-fucose

D-Galactose

5-0-o:-D-Galactosyl-D-galactose
5-0-/3-D-Galactofuranosyl-D-galactose 
0-j8-D-Gal/(l—>[5-0-j3-D-Gal/-l]n—>5)-D-Gal, n = 1—3 
a-D-Galactopyranosyl a-D-galactopyranoside 
a-D-Galactopyranosyl /S-D-galactopyranoside 
/3-D-Galactopyranosyl /S-D-galactopyranoside
3-0-a-D-Galactopyranosyl-D-gaIactose 
0-tt-D-GaIp-(l—>3)-0-ûî-D-Galp-(l—̂ 3)-D-Gal
3-0-/3-D-GaIactopyranosyl-D-galactose 
0-|8-D-GaIp- ( 1 —>3 ) -0-/3-D-Galp- ( 1 —̂3 ) -d-G al 
0-/S-D -Galp- ( 1 —>3 ) -0-/3-D-Galp- ( 1 —>6) -o-Gal
4-0-a-D-Galactopyranosyl-D-galactopyTanose
4-0-/3-D-Galactopyranosyl-D-galactose 
0-/3-D-Galp(l—>[4-0-/3-DGalp-l]„^4)-D-Gal, n =  1-7
6-0-a-D-Galaetopyranosyl-D-galactopyranose (Galac- 

tobiose)
0-a-D-Galp-(l—>6)-0-o!-D-Galp-(l—>6)-D-Galp 
6-0-j8-D-Galactopyranosyl-D-galactopyranose 
0-/3-D-Galp-(l—̂ [6-0-j8-D-Galp-l]n—>6)-D-Galp, n — 1 or 2

D-Glucose

a-D-Glucopyranosyl a-D-glucopyranoside (a,a-Trehalose) 
a-D-Glucopyranosyl /S-D-glucopyranoside (a,jS-Trehalose) 
/3-D-Glucopyranosyl /S-D-glucopyranoside (/S,/S-Trehalose)
2-0-a-D-Glucopyranosyl-D-glucose (Kojibiose)
0-a-D-Gp- ( 1—>2)-0-[/S-D-Gp-(l—>4)]-D-Gp
2-0-/S-D-Glucopyranosyl-D-glucose (Sophorose) 
0-/S-D-Gp-(l—̂ [2-0-/S-D-Gp-l]n—>2)-D-G; n =  1—4

(Sophorodextrins)
0-/S-D-Gp-(l—>2)-0-[/3-D-Gp-(l—>3)]-d-G
3-0-a-D-Glucopyranosyl-D-glucosa (Nigerose)

O-a-D-Gp- ( 1 —>3 ) -O-a-D-Gp- ( 1 —>4) -d-G

B, D 136, 137
B 138

B 138

B 139
B 139
B 139

D 140
B 141
B 141
C 142
C 143
C 142
B, D 140, 144
B 144
B, C ,D 145-147
B 145
B 145
B, D 140, 148
B, C 149,150
B 151
A, B, C, D 107, 140, 152,

153
C 107
B, C ,D 154-156
B 154

A, C ,D 157-159
C 143
C, D 160, 161
A, C ,D 109, 162, 163
D 9
B, C ,D 30, 161
B 164

C
A, B, C, D  

B

165
119, 121, 166, 

167 
121
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Table I I I — Continued

Oligosaccharide Source References

3-0-/3-D-Glucopyranosyl-D-glucose (Laminaribiose) A, B, C, D 109, 168-170
0-|8-D-Gp-(l—>[3-0-/3-D-Gp-l]n—>3)-d-G, n  =  1—4 B, 0 84, 171

(Laminaridextrins)
0-/3-D- Gp- ( 1 —>3 ) -O-jS-D-Gp- ( 1 —>4) -d-G B 85
0-/3-D-Gp- ( 1 —̂3 ) -0-/3-D-Gp- (1 —>4) -0-/3-D-Gp- ( 1 —>4) -d-G B 172
0-|8-D-Gp- ( 1 —>3 ) -0-/3-D-Gp- ( 1 —>6) -d-G B, C 171, 173
0-/3-D-Gp- (1 —>3) -0-[j8-D-Gp- (1 —>6) ]-D-Gp C 174
4-0-a-D-GlucopyranosyI-D-glucopyranose (Maltose) A, B ,D 98, 166, 175
0-a-D-Gp-(l—>[4-0-a-D-Gp-l]n—>4)-D-Gp, n  = 1—4 A, B, D 98, 176, 177

(Maltodextrins)
0  - a  - D - Gp-(1 —>[4-0-a-D-Gp-l]a—>4)-0 B 178

(4<—1)-G p “D -o:-0“(4<—1)-Gp-D-£K, 71 =  3, 4, or 5 
(Schardinger dextrins)

O-a-D-Gp- (1 —>4) -0-o!-D-Grp ( 1 —>3 ) -d-G 
0-a-D-Gp-(1 —»4)-0-a-D-Gp- ( 1 —»6)-D-G (Isopanose) 
0-o!-D-Gp- ( 1 —̂ 4) -O-cK-D-Gp- (1 —>6)-0-o!-D-Gp- (1 —>4) -d-G 
0-a-D -G p- ( 1 —>4) -O-a-D-Gp- ( 1 —>6) -O-a-D-Gp- ( 1 —>4) - 0-  

o!-D-Gp-(l—>4)-d-G  
0-a-D -G p- ( 1 —>4) -0-[/3-D-Gp- ( 1 —>6)-]-D-Gp
4-0-j3-D-Glucopyranosyl-D-glucopyranose (CeUobiose) 
0-j3-D-Gp-(l—»[4-0-/3-D-Gp-l]n—>4)-d-G, n  =  1-5

(Cellodextrins)
0-/3-D-Gp- ( 1 —>4) -0-/3-D-Gp- ( 1 —>3 ) -d-G 
O-jS-D-Gp - ( 1 —>4) -0-/3-D-Gp- ( 1 —74)-0-j3-D-Gp- ( 1 —>3 ) -d-G 
0-/3-D-Gp- ( 1 —>4) -0-jS-D-Gp-( 1 —>3 ) -0-jS-D-Gp- ( 1 —>4)-d-G 
0-/3-D-Gp- ( 1 —>4) -0-|8-D-Gp- ( 1 —>6) -d-G
5-0-/3-D-GlucopyTanosyl-D-glucofuranose
6-0-a-D-GlucopyranosyI-D-gIucose (Isomaltose)

0-a-D-Gp-( 1—>[6-0-o!-D-Gp-l]n—̂ 6)-d-G, n  =  1—5 
(Isomaltodextrins)

0-a-D -G p- ( 1 —>6) -0-a-D -G p- (1 —>3 ) -D-G 
0-a-D -G p- (1—>6)-0-)3-D-Gp-(l—>3)-D-G 
0-a-D -G p- ( 1 —>6) -0-a-D -G p- ( 1 —>4) -D-G (P anose) 
0-a-D -G p- ( 1 —>6) -0-a-D -G p- ( 1 —>4) -0-a-D -G p- (1 —>4) -d-G 
0 -a -D -G p -(l —> [6-0-a-D -G p-lln—>6)-0-a-D-Gp- (1 —>4)-D-G, 

n  =  1 or 2
0-a-D-Gp ( 1 —>6 ) -0-a-D-Gp- (1 —>4) -0-a-D-Gp- ( 1 —>6) -D-G 
6-0-/3-D-GlucopyranosyI-D-glucopyranose (Gentiobiose) 
0-/3-D-Gp-(l—>[6-0-|3-D-Gp-l]n—>6)-D-G, n  =  1~6 

(Gentiodextrins)
0-/3-D-Gp-(l—̂6) -0-/3-D-Gp- (1—73)-d-G
0-/3-D-Gp-(1 ~*6)-0-/3-D”Gp-(1 - >4)-D-G

B 121
D 179
D 179
B 35

C 180
B, C, D 181-183
B, D 106, 184

B 85
B 172
B 172
0 185
C 186
A, B, C, D 118, 166, 187,

188
B, D 19, 58

D 167
B 84
B, D 189, 190
D 191
D 19

D 179
B, C, D 161, 192, 193
B, C, D 80, 192, 193

B, C 171, 173
D 80
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Table I I I —Continued

Oligosaccharide Source References

D-Mannose

a-D-Mannopyranosyl a-o-mannopyranoside C 194
a-D-Mannopyranosyl /9-D-mannopyranoside C 194
2-0-a-D-Mannopyranosyl-D-mannose B, C 195, 196
0-a-D-Manp-(l ̂ 2)-0-a-D-Manp-(l —>2)-ü-Man B 197
3-0-a-D-Mannopyranosyl-D-mannose C 131
4-0-a-D-Mannopyranosyl-D-inannopyranose B 198
0-a-D-Manp-(l—>[4-0-^-D-Manp-l]„—»4)-D-Manp, n  = 1-4 B 198
4-0-j8-D-Mannopyranosyl-D-mannopyranose B 198
0-/3-D-Manp-(l—7[4-0 -/3-D-Manp-l]„—>4)-D-Manp, n  = 1-3 B 198
6-0-a-D-Mannopyranosjd-D-mannose B, C 131
6-0-/3-D-Mannopyranosyl-D-mannose C 131

D-Xylose

a-D-Xylopyranosyl a-D-xylopyranoside C 199
3-0-a-D-Xylopyranosyl-D-xylose C 199
3-0-|8-D-XylopyTanosyl-D-xylose (Rhodymenabiose) B, C 3, 200
4-0-/3-D-Xylopyranosyl-D-xylopyran.ose (Xylobiose) B, C 199, 201
0 -|8-D-XyIp-(l^[4-0 -j8-D-Xylp-l]„-7 4)-D-Xylp, n =  1-7 B, D 2 0 1 , 2 0 2

0-/3-D-Xy Ip- ( 1 -^3)-0-j8-D-Xy Ip- ( 1 -»4)-D-Xy Ip D 3

b. Heterogeneous, Reducing Compounds

D-Apiosyl-

6-0-D-Apiosyl-D-glucose B 96

L-Arabinosyl-

2-0-/3-L-Arabinopyranosyl-D-glucose C 203
6-0-L-Arabinosyl-D-glucose (Vicianose) B, C ,D 204-206
0-/3-ii-Ar a/- ( 1 —>3 ) -0-/3-D-Xy lp-(l —>4) -D-Xy Ip B 78
0-(Ara)„-(Xyl)*, n =  1 or 2; x =  3, 5, or 6 B 207

D-Fructosyl-

2-0-/3-D-Fructofuranosyl-D-glucose D 136
3-0-)3-D-Fructofuranosyl-D-gIucose D 136
6-0-^-D-Fructofuranosyl-D-glucose D 208
2-Deoxy-6-0-G3-D-fructofuranosyl)-D-aro&zno-hexose D 209

D-Fucosyl- (6-deoxy-D-galactosyl-)

6-0-a-D-Fucopyranosyl-D-glucose C 210 .
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T a b l e  III— Continued

Oligosaccharide Source References

L-Fucosyl- (6-deoxy-L-galactosyl-)

2-0-a-L-Fucopyranosyl-D-galactose 
O-L-Fuc-(D-Gal) 2
0-a-L-Fucp- ( 1 -^2)-0-/3-£)-Galp- (1 —>4)-d-G (Fucosido- 

lactose)
0 “L“FuC“0 “D-Gal-0 “L“Fiic-D-G
O-L-Fuc-O-D-Gal-D-G
0-L-Fucosyl-D-glucose
2-0-a-L-Fucopyranosyl-D-talose

D-Galactosyl-

4-0-/3-D-Galactopyranosyl-D-altrose (Neolactose)
3.6-Anhydro-4-0-(/3-D-galactopyranosyl)-D-galactose 

(Oarrabiose)
3.6-Anhydro-4-0-(^-D-galactopyranosyl)-L-galactose 

(Agarobiose)
2-0-D-Galactosyl-D-arabinose
3-0-/3-i)-GalactopyranosyI-D-arabinose
5-0-jS-D-Galactopyranosyl-D-arabiiiofuranose
3-0-a-D-GaIactopyranosyl-L-arabinose
3-0-/3-D-Galactopyranosyl-L-arabinose
5-0-/3-D-Galactopyranosyl-L-arabinofuranose
0-jS-D-Galp-(1—>[6“0-j8-D-Galp-l]n—>3)-L-Ara, ti = 1, 2, 

or 3
2-0-/3-D-Galactopyranosyl-D-erythrose
4-0-a-D-Galactop3Tanosyl-D-erythrose
1-O-a-D-Galactopyranosyl-D-fructose
3-0-/S-D-GaIactopyranosyl-D-fructose
4-0-j9-D-GalactopyTanosyl-D-fructose (Lactulose)
6-0-/9-D-GaIactopyranosyl-D-fructofuranose (Planteobiose) 
0-a-D-Galp- (1 —>6 ) -O-a-D- Galp-( 1 —̂ 1 ) -D-Fru 
0-oi-D-GaIp-(l—>6)-0-o;-D-Galp-(l—>6 )-D-Fru 
0-|8-D-GaIp- (1 —>6 ) -0-j3-D-Galp- ( 1 —>3 ) -d - Fru
2-0-a-D-GaIactopyranosyI-D-gIucose
2-0-j3-D-Galactopyranosyl-D-gIucose
3-0-a-D-Galactopyranosyl-D-glucose
3-0-/3-D-GalactopyranosyI-D-glucose
4-0-/3-D-GaIactopyranosyI-a-D-glucopyranose (a-Lactose)
4-0-jS-D-Galactopyranosyl-jS-D-glucopyranose (/3-Lactose) 
0-/3-D-Galp- ( 1 —>4) -0-;9-D-Gp- ( 1 —>6 ) -D-Gal 
0-/3-D-Galp- ( 1 —>4) -0-/3-D-G p- ( 1 —>6 )-D-Gp 
0-/3-D-Galp- ( 1 —>4) -0- [-oi-D-Gp- ( 1 —̂2) -]-D-Gp 
6-0-a-D-GaIactopyranosyl-/3-D-Glucopyranose (Melibiose) 
0-a-D-Galp-(l^[6-0-a-D-Galp-l]„-^6)-D-Gp, n =  1-4

(including Manninotriose, Verbascotetraose)

G 112
C 211
A 212

A 213
A 213
B 214
C 112

C 215
B 216

B 217

C 218
C, D 147, 219
D 147
C 220
B 154
B, C 221, 222
B 154

C 223
C 224
B 88
C 225
A, C 226, 227
B, C. D 87, 228, 229
B 88
C 230
D 231
B,C 203, 232
C 233
B, C 234, 235
C, D 156, 225
A, C ,D 236-238
A, C, D 236-238
C 155
c 185
D 9
A, B .C 205, 239
A, B, D 88, 239



15 4 R. W. BAILEY AND J. B. PRIDHAM 

T ab le  I I I—Continued

Oligosaccharide Source References

6  -O-jS-D-Galactopyranosyl-D-glucose (Allolactose) C, D 156, 240
0-/3-D-Galp“( l—>6)-0-j8”D-Galp-(l—>4)-D-G D 241
0-/3-D-Galp- (1 —>6)-0-/3-D-Galp- ( 1 —>6 )-D-Gp D 156
O-Gal-0- (G) 3-0 - (Xy 1) % (Tamarindose) B 242
3-0-D-Galactosyl-D-mannose C 218
4-0-)3-D-Galactopyranosyl-a-D-mannopyranose (a-Epilac- C 243

tose)
4-0-/3-D-Galactopyranosyl-jS-D-mannopyranose (/3-Epilac- C 244

tose)
6-0-o!-D-Galactopyranosyl-/3-D-mannopyTanose B, C, D 228, 245, 246

(Epimelibiose)
0-a-D-Galp-(l—»6)-0-a-D-Galp-(1^6)-^-D-Manp C 230
0-a-D-Galp- ( 1 —>6 ) -0-/3 -D-Manp - ( 1 -^4)-D-Manp B 247
4-0-/3-D-Galactosyl-D-n6o-hexulose C 248
4-0-/3-D-Galactopyranosyl-D-xylopyranose B 249
0-L-Galp- (1 —>4) -0-D-Xy Ip- ( 1 —>2 ) -l-Ara B 1 1 1

Miscellaneous Galactosyl Derivatives

4-0-jS-D-xî/Zo-3-Hexulosyl-D-glueose B 250
3-0-(3,6-Anhydro-a-L-gaIactopyranosyl)-D-gaIactose B 251

(Neoagarobiose)
0- (3,6 -Anby dro-a-L-Galp) - (1 —>3 ) -0-/3-D-Galp- ( 1 —>4) - 

0-(3,6-anbydro-a-L-Galp)-(l—>3)-D-Gal (Neo- 
agarotetraose)

B 252

D-Glucosyl-

4-0-j8-D-Glucopyranosyl-D-altrose (Celtrobiose) C
2-0-D-Glucosyl-D-arabinose C
3-0-a-D-Glucosyl-D-arabinose C
3-0-/3-D-Glucopyranosyl-D-arabinose C
5-0-/3-D-Glucopyranosyl-D-arabmofuranose C
3- O-a-D-Glucopyranosyl-L-arabinopyranose D
4-0-|8-D-Glucopyranosyl-D-cymarose (Strophanthobiose, B 

Periphlobiose)
O-D-G-O-D-G-O-D-Cym (Strophanthotriose) B
2-Deoxy-3-0-(D-glucopyranosyl)-D-glucose C
2-Deoxy-4-0-(a-D-glucopyranosyl)-D-ora6îno-hexose C
(“ 2 -Deoxy maltose”)
2-Deoxy-4-O-03-D-glucopyranosyl)-i>-ara6ino-hexose C

(“ 2-Deoxycellobiose”)
4-0-/3-D-Glucopyrano8yl-D-digitoxose (Digilanidobiose) B
0-j8-D-Gp-(l—>6)-0-/3-D-Gp-(1^4)-D-Dig (Odorotriose) B
2-0-a-D-Glucosyl-D-erythrose C

253
254
255
256
257
258
259

259
260 
255

261

259
262
224
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T a b l e  III— Continued

Oligosaccharide Source References

2-0-/3-D-Glucosyl-D-erythrose C 224
1-0-a-D-Glucopyranosyl-D-fructose D 47
1-0-^-D-GIucopyranosyl-D-fructose C 263
3-0-a-D-Glucopyranosyl-D-fructose (Turanose) A, B 166, 264
4-0-a-D-GlucopyranosyI-D-fructose (Maltulose) A, C, D 47, 166, 227
0-a:-D-Gp-(1^4)-0-a-D-Gp-(l—»4)-D-Fru (“ Maltotrio- C 47

ulose”)
4-0-;8-D-Glucopyranosyl-D-fructo8e (“ Cellobiulose”) C 114
5-0-a-D-Glucopyranosyl-D-fructopyranose (Leucrose) D 46
6-0-a-D-GIucopyranosyl-D-fructofuranose (“Isomaltu- C, D 47, 265

lose”)
0-a-D-Gp-(1 —*6)-0-a-D-Gp-( 1 —>6 )-D-Fru (“ Isomalto- C, D 47, 266

totrioulose”)
0-a-D-Gp-(l—̂ 6)-0-a-D-Gp-(l—>5)-D-Fru D 266
2-0-/3-D-Glucopyranosyl-D-galactose C 196
0-/3-D-Gp-(1^2)-0-j8-D-Gp-(l-^4)-D-Galp (Lycotriose) B 267
3-0-/3-D-Glucopyranosyl-D-galactose (SoUabiose) B 268
4-0-a-D-Glucopyranosyl-D-galactopyranose B 269
4-0-j3-D-Glucopyranosyl-D-galactopyranose (Lycobiose) B 270
0-j8-D-Gp-(l—>4) -0-^-D-Gp- ( 1—>6 )-D-Gal C 155
6-0-/3-D-Glucopyranosyl-D-galactose C 155
3-0-a-D-Glucosyl-D-mannose C 254
4-0-a-D-Glucopyranosyl-j8-D-mannopyranose C 271
4-0-j8-D-Glucopyranosyl-a-D-mannopyranose B, C 272, 273
0-/8-D-Gp-(l—>4)-0-j8-D-Manp-(l—>4)-D-Manp B 69
6-0-/3-D-Glucopyranosyl-a-D-Mannose C 274
4^0-/3-D-Glucopyranosyl-D-ribo-hexulose C 275
4-0-j3-D-Glucopyranosyl-L-rhananose (Scillabiose) B 276
0-D-Gp-0-/3-D-Gp- (1 —>4)-L-Rha (Scillatriose) B 277
0-D-Glucosyl-L-rbamnose (Sophorobiose) B 278
2-0-/3-D-Glucopyranosyl-D-xylose C 279
0-/3-D-Gp-(l—>2)-0[j3-D-Xylp-(l—>3)]-0-/3-D-Gp-(l—>4)- B 270

a-D-Galp (Lycotetraose)
3-0-a-D-Glucopyranosyl-D-xylose D 103
3-0-/3-D-Glucopyranosyl-D-xylose D 122
4-0-a-D-Glucopyranosyl-D-xylopyranose D 104

D-Mannosyl-

6-0-D-Mannosyl-a-D-galactose C 155
4-0-/3-D-Mannopyranosyl-D-glucopyranose B 272
0-/3-D-]V[anp-(l—>4)-0-/3-D-Gp-(l—>4)-D-Gp B 69
0-j3-D-Manp-(l—>4)-0-/3-D-Manp-(l—>4)-D-Gp B 198
6-0-a-D-Mannopyranosyl-D-glucose C 210
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T ab le  I I I —Continued

Oligosaccharide Source References

L-Rhamnosyl- (6 -deoxy-L-mannosyl-)
2-0-a-L-Rhamnopyranosyl-D-gaIactose B 268
0-a-L-Rhap- (1 —»2)-0-[/3-D-Gp- ( 1 —>3 ) ]-D-galactose B 268

(Solatriose)
6-0-a-L-Rhamnosyl-D-galactose (Robinobiose) B, C 2 1 0 , 280
6-0 a-L-Rhamnosyl-D-glucose (Rutinose) B, C 97,210

D-Xylosyl-
2-0-/3-D-Xylopyrauosyl-L-arabinose B, C 281
S-O-a-D-Xylopyranosyl-L-arabinose B 249 t,
5-0-/3-D-Xylopyranosyl-L-arabinose B, G 282, 283
6-0-/3-D-Xylopyranosyl-D-galactose G 283
6-0-a-D-XylopyraDOsyl-D-glucopyranose (Isoprimeverose) B, G 69, 284
6-0 -/3-D-Xylopyranosyl-D-glucose (Primeverose) B, G 285, 286
0-a- D-Xy Ip - ( 1 —>6 ) -0-|8-D-Gp- (1 —>4) -D-Gp B 69

c. Heterogeneous, Nonreducing Compounds

(i) Disaccharides
D-Galactosyl-
a-D-Galactofuranosyl a-D-glucopyranoside D 26
a-D-Galactopyranosyl /3-D-fructofuranoside D 287
/3-D-Galactopyranosyl a-D-glucopyranoside G 160

D-Glucosyl-
a-D-Glucopyranosyl jS-D-fructofuranoside (Sucrose) A, B, G, D 48, 288, 289
a-D-Glucopyranosyl a-ii-erpi^ro-pentulofuranoside D 290
a-D-Glucopyranosyl jS-D-ilireo-pentulofuranoside D 291
a-D-Glucosyl L-lyxoside G 196
a-D-Glucopyranosyl 6-deoxy-/3-D-ara5fno-liexuloside D 292
a-D-Glucopyranosyl a-L-xyZo-hexulofuranoside D 291
D-Glucosyl D-xyloside B 293

D-Mannosyl-
D-Mannosyl L-arabinoside G 196

D-Xylosyl-
a-D-Xylopyranosyl /3-D-fructofuranoside D 294

(ii) Sucrose Homologs
0-D-Fructosylsucroses
0 -j8-D-Fru/(2 - 7[l-0 -/3-D-Fru/-2 ]„—»l)-|3-D-Fru/-(2—>1) 

a-D-Gp, n =  1 (Kestose, Inulobiosyl D-glucoside); 
n =  2 (Inulotriosyl D-glucoside)

A, D 92, 295, 296



OLIGOSACCHARIDES 157

T a b l e  III— Continued

Oligosaccharide Source References

0 -/3-D-Fru/-(2 —>[l-0-/3-D-Fruf-2]n—>l)-0-[/3-D-Fru/-(2—>6 )]- A 297
/3-D-Fru/-(2^1) a-D-Gp, n =  0 or 1 

0-/3-D-Fru/-(2—>6)-/3-Fru/-(2—>1) a-D-Gp (Kestose) A, D 295, 298
0-/3-o-Fru/-(2—>6 )-a-D-Gp-(l—»2) /3-D-Fru/ (Neokestose) A, D 295, 299
0-D-Galactosylsucroses
0-a-D-Galp-( 1—>2)-a-D-Gp-(l—>2) /3-D-Fru/ (Umbelli- A 300

ferose)
0-a-D-Galp-( 1—>3)-j3-D-Fru/-(2—>1) a-D-Gp A 301
0-a-D-Galp-(l—>3)-a-D-Gp-(l—>2) /3-D-Fru/ A 234
0-D-Gal-(l—>[4 -0 -D-Gal-l]3- 7 4 )-D-Gal(l—>2) D-Fru A 302

(Lycopose)
0-|8-D-Galp-(l—>4)-a-D-Gp-(1^2) /3-D-Fru/ (Lactosyl- D 303

sucrose)
0-a-D-Galp- ( 1 —>6 ) -,3-D-Fru/- (2—>1 ) a-D-Gp (Planteose) A 239
0-a-D-Galp-(l—>6 )-a-D-Gp-(l—>2) /8-D-Fru/ (Raffinose) A, B, D 239, 304
0-a-D-Galp-( 1—>[6-0-a-D-Galp-l]n—>6 )-a-D-Gp- A 8 8 , 239

(l->2) /3-D-Fru/, n =  1 (Stachyose) ; n =  2 (Ver- 
bascose) ; n =  3(Ajugose); n = 4 or 5.

0-a-D-Galp- ( 1—>6)-0-[a-D-Gp-(l—>2)]-a-D-Gp-(l—̂2) D 305
/3-D-Fru/

0-a-D-Galp- ( 1—>[6-0-a-D-Galp-l]n—>6)-0-a-D-Galp- A 8 8
(1 —>1 )-0-[aD-Galp-(l —>6 )-a-D-Gp-(1 —>2)\ /3-D- 

Fru/, n =  0 (Lychnose), 1 , or 2
0-a-D-Galp - ( 1—>[6-0-a-D-Galp-l]n—̂6 )-0-a-D-Galp- A 8 8

( 1 —>3) -0[a-D-Galp- (1 —̂6 ) -0-a-D-Gp- (1 —>2) -] /3-D- 
Fru/, n =  0 (Isolychnose), 1 , or 2

0-D-GIucosylsucroses
0-a-D-Gp- (1 -»3)-^-D-Fru/-(2—7l) a-D-Gp (Melezitose) A, D 306
0-a-D-Gp - ( 1—>4)-a-D-Gp-(l—>2) /8-D-Fru/ (Erlose) A, D 306, 307
0-a-D-Gp-(l—>[4-0-a-D-Gp-l]n—>4)-a-D-Gp-(l—>2) A, D 107, 308

/3-D-Fru/, n = 0 (Maltosylsucrose) ; n  =  1 (Malto- 
triosylsucrose)

0-a-D-Gp-( 1—>6 )-a-D-Gp-(l—>2) j8 -D-Fru/ I) 102
0-|8-D-Gp-(1^6)-a-D-Gp-(l—>2) /3-D-Fru/ (Gentianose) A 309

(128) A. B. Foster and D. Horton, Advances in  Carbohydrate Chem., 14, 213 (1959).
(129) F. A. H. Rice, J . Am. Chem. Soc., 78, 6167 (1956).
(130) P. Andrews, L. Hough, and D. B. Powell, Chem. & Ind. (London), 658 (1956).
(131) J. K. N. Jones and W. H. Nicholson, J . Chem. Soc., 27 (1958).
(132) P. Andrews and J. K. N. Jones, J . Chem. Soc., 4134 (1954).
(133) A. M. Stephen, J . Chem. Soc., 1919 (1957).
(134) S. M. Strepkov, Doklady Akad. Nauk S. S . S . R., 124, 1344 (1959); Chem. 

Abstracts, 53, 21686 (1959).
(135) J. H. Pazur and A. L. Gordon, J . Am . Chem. Soc., 75, 3458 (1953).
(136) D. S. Feingold, G. Avigad, and S. Hestrin, Biochem. J ., 64, 351 (1956).
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(137) H. H. Schlubach and G. Blaschke, Ann., 595, 224 (1955).
(138) R . Zelikson and S. Hestrin, Biochem. J ., 79, 71 (1961).
(139) R . H. Côté, J . Chem. Soc., 2248 (1959).
(140) M. J. Clancy and W. J. Whelan, Biochem. J ., 76, 22? (1960).
(141) P. A. J . Gorin and J. F. T. Spencer, Can. J . Chem., 37, 499 (1959).
(142) H. Bredereck, G. Hôschele, and K. Ruck, Chem. Ber., 86, 1277 (1953).
(143) V. E . Sharp and M. Stacey, J . Chem. Soc., 285 (1951).
(144) K. Morgan and A. N. O’Neill, Can. J . Chem., 37, 1201 (1959).
(145) G. 0 . AspinaU, E. L. Hirst, and E. Ramstad, J . Chem. Soc., 593 (1958).
(146) D. H . Bail and J. K . N. Jones, J . Chem. Soc., 905 (1958).
(147) J . H. Pazur, M. Shadaksharaswamy, and A. Cepure, Arch. Biochem. Biophys., 

94, 142 (1961).
(148) R. L. Whi tier and H. E . Conrad, J . Am . Chem. Soc., 76, 1673 (1954).
(149) J . K, Gillham, A. S. Perhn, and T. E . TimeU, Can. J . Chem., 36, 1741 (1958).
(150) H. Masamune and S. Kamiyama, Tôhoku J . Exptl. Med., 66, 43 (1957); Chem. 

Abstracts, 52, 8974 (1958).
(151) H. O. Bouveng and H. Muir, Acta Chem. Scand., 13, 1884 (1959).
(152) T. R . Ingle and B. V. Bhide, J . Indian Chem. Soc., 35, 516 (1958).
(153) C. N . Turton, A. Bebbington, S. Dixon, and E. Pacsu, J . Am . Chem. Soc., 77, 

2565 (1955).
(154) G. O. AspinaU, B. J . Auret, and E. L. Hirst, J . Chem. Soc., 4408 (1958).
(155) K. Freudenberg, A. Wolf, E . Knopf, and S. H. Zaheer, Ber., 61, 1743 (1928).
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T a b le  IV 
Compounds Containing Amino Sugars

a. Amino Sugars Plus Simple Monosaccharides"

Oligosaccharide Source References

Containing 2-Amino-2-deoxy-D-galactose

2-Acetamido-2-deoxy-6-0-(a:-D-galactopyranosyl)- D 310
D-galactose

3-0-(2-Acetamido-2-deoxy-a-D-gaIactopyranosyl)-D- B 311
galactose

0-a-D-GalpN Ac- ( 1 —>3 ) -O-jS-D-Galp- (1 —>3 ) -d -G N  Ac 
0-a-D-GalpNAc-(l—>3)-0-/3-D-Galp-(l—>4)-d-GNAc 
O-a-D-GalpNAc (1 —»4)-0-/3-D-Galp-(l -^ 4 )-d -G N Ac 
2-Acetamido-2-deoxy-3-0-(/3-D-glucopyranosyl)-a-D- 

galactopyranose

Containing 2-Amino-2-deoxy-D-glucose

2-Acetamido-2-deoxy-6-0-(L-fucopyranosyl)-D-glucose 
0-a-L-Fucp- ( 1 —̂ 2)-0-jS-D-Galp- (1 —>3 ) -O-jS-o-Gp N Ac- 

(1—>3)-0-/3-D-Galp-(l-»4)-D-Gp (Lacto-N-fuco- 
pentaose I)

0-oc- L-Fucp- ( 1 —>4)-0- [/3-D-Galp- (1 —>3 ) ]-0-/3-D-GpN Ac- 
(1 —>3)-0-j8-D-Galp-(l ̂ 4)-D-Gp (Lacto-V-fucopentaose 

II)
Mono-O-L-fucosyl-fiacto-iV-tetraose)», fi =  2 or 3 
0-a-L-Fucp- ( 1 —̂4) -0-[j8-D-Galp- ( 1 —>3 ) ]-0-/3-D-GpN Ac- 

(1—»’3)-0-/3-D-Galp-(l—»4)-0-[a-L-Fucp-(l—>3)]-D-Gp 
(Lacto-iV-difucohexaose, Difuco-lacto-V-tetraose)

Di-O-L-fucosyl- (lacto-N-tetraose) % =  2 or 3 
( l-F u c) 2-d-G -d-G NAc
2-Acetamido-2-deoxy-3-0-(/3-D-galactopyranosyl)- 

D-glucose (Lacto-iV-biose I)
O-jS-D-Galp-l (1—>3)-0-/3-D-GpNAc-(l—>3)-D-Gal (Lacto- 

N-triose I)
0-/3-D-Galp- ( 1 —> 3 ) -0-/3-D-GpN Ac- ( 1 —>3 ) -0-/3-D-Galp- 

(1—»4)-i>-Gp (Lacto-iV-tetraose)
(Lacto-V-tetraose)z
2-Acetamido-2-deoxy-4-0-(/3-D-galactopyranosyl)- 

D-glucopyranose (iV-Acetyllactosamine)
2-Acetamido-2-deoxy-6-0- (a-n-galactopyranosyl) - 

D-glucose
2-Acetamido-2-deoxy-6-0-(/3-D-galactopyranosyl)- 

D-glucose
3-0- (2 -Acetamido-2-deoxy-j8-D-glucopyranosyl)-D-galac- 

tose (Lacto-V-biose II)
0-/3-D-GpNAc-(l-^3)-0-/3-D-Galp-(l-^4)-D-G (Lacto-V- 

triose II)

B 312
B 312
B 313
B 314

B 311
A 212

A 315

A 316
A 317

A 316
B 214
B, D 318, 319

B 320

A 321

A 316
B, C, D 311, 319, 322

D 310

C, D 319, 323

B 311

B 320
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T a b l e  IV— Continued

163

Oligosaccharide Source References

6-0- (2-Acetamido-2-deoxy-/3-D-glucopyranosyl) -D-galac- 
tose

a-D-Glucopyranosyl 2-amino-2-deoxy-a-D-glucopyranoside 
(Trehalosamine)

0-a-D-Glucopyranosyl-(l—>4)-2-amino-2-deoxy-a-D-gluco- 
pyranose*HCl 

0-(2-Amino-2-deoxy-a-D-glucopyranosyl*HCl)-(l—»4)-a- 
D-glucopyranose 

2-Acetamido-2-deoxy-4-0-(/3-D-glucopyranosyl)-D-glucose
6-0- (2-Acetamido-2-deoxy-/3-D-glucopy ranosyl) -D-glucose 
2-Acetamido-4-0-(2-acetamido-2-deoxy-/3-D-glucopy- 

ranosyl)-2-deoxy-D-glucopyranose (Chitobiose) 
0-)3-D-GpNAc-(l—>[4-0-/3-D-GpNAc-l]n—>4)-D-GpNAc, 

n =  1-6 (Chitodextrins)
0-/3-D-GpN-(l—>[4-0-/3-D-GpN-l]„—>4)-D-GpN, n  =  0-3 
2-Acetamido-6-0- (2- acetamido-2-deoxy-a-D-glucopy- 

ranosyl ) -2-deoxy-D-glucose 
2-Acetamido-6-0-C2-acetamido-2-deoxy-/3-D-glucopy- 

r  anosyl) -2-deoxy-D-glucose 
2-Deoxy-2-(D-mannosylamino)-D-glucose • HCl 
2-Amino-2-deoxy-6-0-(D-mannosyl)-D-glucose • HCl 
Diaminohexosamine
2-0-(2,6-Diamino-2,6-dideoxyhexosyl)-D-ribopyranose 

(Neobiosamine C)
3-0- (2,6-Diamino-2,6-di deoxyhexosyl) -D -ribose (Para- 

mobiosamine, neobiosamine B)

b. Amino Sugars Plus Uronic Acids 

Containing 2-Amino-2-deoxy-D-galactose

2-Acetamido-2-deoxy-3-0-(/3-D-glucopyranosyluronic acid)- B 
D-galactose (Chondrosine)

2-Acetamido-2-deoxy-3-0- (/3-D-gluco-4-enepyr anosyl- B
uronic acid)-4-0-sulfo-D-galactose

2-Acetamido-2-deoxy-0- (D-gluco-4-enepyranosyluronic B
acid)-6-0-sulfo-D-galactose

Containing 2-Amino-2-deoxy-D-glucose

c 324

A 325

B, C 125a

B, C 326

B 55a
C 324
B 54

B 54

C 327
C 53

C 53

C 328
C 328

B 329

B 330, 331

0-D-GpN Ac-0-/3-D-Gp A-(l —>3 ) -d-GN  Ac 
0-D-GpN Ac-O-D-Gp A-O-d-GN Ac-d-G A
2-Amino-2-deoxy-3-0- (g-D-glucopyranosyluronic acid)- 

D-glucose (Hyalobiouronic acid)
2-Amino-2-deoxy-6-0- (n-glucopyranosyluronic acid)- 

D-glucose

332

333 

333

334
335 
126

125
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Table IV— Continued

Oligosaccharide Source References

O-D-GpA-O-D-GpNAc-D-GA B 335
0-n-Gp A-[0-a-D-GpN Ac- ( 1 —>3)-0-n-Gp A-]n—i-b- 

GNAc, n  = 1-7
B, D 336, 337

2-Acetamido-2-deoxy-3-0-(/3-D-gluco-4-enepyranosyl- 
uronic acid)-n-glucose

B 338

“ Foster and Horton^^® tabulate full details for 17 disaccharides containing amino 
sugars.

(310) W. M. W atkins, Nature, 181, 117 (1958).
(311) R . H. Côté and W. T. J . Morgan, Nature, 178, 1171 (1956).
(312) I. A. F. L. Cheese and W. T. J . Morgan, Nature, 191, 149 (1961).
(313) H . Masamune and H. Shinohara, Tôhoku J . Exptl. Med., 69, 65 (1958); Chem. 

Abstracts, 53, 19007 (1959).
(314) M. L. Wolfrom and B. O. Juliano, J . Am. Chem. Soc., 82, 1673 (1960).
(315) R . Kuhn, H . H. Baer, and A. Gauhe, Chem. Ber., 91, 364 (1958).
(316) F . H. Malpress and F. E . H ytten, Biochem. J ., 68, 708 (1958).
(317) R. K uhn and A. Gauhe, Chem. Ber., 93, 647 (1960).
(318) R . Kuhn, H . H. Baer, and A. Gauhe, Chem. Ber., 87, 1553 (1954).
(319) A. Alessandrini, E . Schmidt, F. Zilliken, and P. Gyôrgy, J . Biol. Chem., 220, 

71 (1956).
(320) R . Kuhn, A. Gauhe, and H. H. Baer, Chem. Ber., 89, 1027 (1956).
(321) R . K uhn and H. H. Baer, Chem. Ber., 89, 504 (1956).
(322) R . Kuhn, W. Kirschenlohr, and W. Bister, Ann., 600, 135 (1956).
(323) R . Kuhn, H . H. Baer, and A. Gauhe, Chem. Ber., 88, 1713 (1955).
(324) R. K uhn and W. Kirschenlohr, Chem. Ber., 87, 384 (1954).
(325) F . Arcamone and F. BizioU, Gazz. chim. ital., 87, 896 (1957).
(326) M. L. Wolfrom, J. R. Vercellotti, and D. Horton, in press.
(327) H. P. Lenk, M. W. Wenzel, and E. Schutte, Naturwissenschaften, 47, 516 (1960).
(328) S. A. Barker, K. Murray, M. Stacey, and D. B. E . Stroud, Nature, 191, 142, 

143 (1961).
(329) K. L. Rinehart and P. K. Woo, J . Am . Chem. Soc., 80, 6463 (1958).
(330) T. M. HaskeU, J . C. French, and Q. R. Bartz, J . Am . Chem. Soc., 81, 3481, 

3482 (1959).
(331) K. L. Rinehart, A. D. Argoudelis, T. P . Culbertson, W. S. Chilton, and K. 

Streigler, J . Am . Chem. Soc., 82, 2970 (1960).
(332) E . A. Davidson and K . Meyer, J . Am. Chem. Soc., 77, 4796 (1955).
(333) S. Suzuki, J . Biol. Chem., 235, 3580 (1960).
(334) A. Linker, K . Meyer, and B. Weissmann, J . Biol. Chem., 213, 237 (1955).
(335) A. Linker, P. Hoffman, and K. Meyer, Nature, 180, 810 (1957).
(336) B. Weissmann, K. Meyer, P . Sampson, and A. Linker, J . Biol. Chem., 208, 417

(1954).
(337) B. Weissmann, J . Biol. Chem., 216, 783 (1955).
(338) A. Linker, K. Meyer, and P . Hoffman, J . Biol. Chem., 219, 13 (1956).
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T a b l e  V 
Compounds Containing Uronic A dds  

a. Uronic Acid P lus Simple Monosaccharide

Oligosaccharide Source References

Containing L-Arabinuronic acid

6-0-L-Arabinofuranosyluronic acid-D-galactose
3-0-L-Arabinofuranosyluronic acid-o-xylose

Containing n-Galacturonic Acid

3-0-D-Galactopyranosyluronic acid-D-galactoae
6-0-j3-D-GalactopjTanosyluronic acid-D-galactose
4-0-a-D-Galactopyranosyluronic acid-D-galactopyranosyl- 

uronic acid
0-a-D-Galp A-(1—>[4-0-a-D-GalpA-l]n-4)-D-GalpA, 

n = 1 or 2
2-0-D-Galactopyranosyluronic acid-L-rhamnose 
0-D-GalA-(l —>2)-0-L-Rha-(l—>4)-D-Gal
4-0-a-D-Galactopyranosyluronic acid-D-xylopyranose

Containing D-Glucuronic Acid

2-0-a-D-Glucopyranosyl-D-glucuronic acid 
0-a-D-Gp- ( 1 —̂6 )-0-a-D-Gp-( 1 —>2 ) - d -G A
3-0-a-D-Glucopyranosyluronic acid-D-galactose
4-0-a-D-Glucosyluronic acid-D-galactose
6-0-/3-D-Glucopyranosyluronic acid-D-galactose 
0-/3-D-Gp A- ( 1 —>6) -0-D-Galp-D-Gal
4-0-|8-D-Glucopyranosyluronic acid-D-glucopyranose

(Cellobiouronic acid)
0-j8-D-GpA- (1 —>4)-0-/3-D-Gp-(l —>4)-D-Gp 
0-/3-D-Gp A- ( 1 —>4)-0-/3-d -Gp- ( 1 —>4)-0-a-D-Gp- ( 1 —̂4) -d -  

Galp
2-0-/3-D-Glucopyranosyluronic acid-D-mannopyranose
4-0-a-D-Glucopyranosyluronic acid-D-mannopyranose 

' 2-0-a-D-Glucopyranosyluronic acid-L-rhamnose
4-0-|S-D-Glucopyranosyluronic acid-L-rhamnose 
2-0-a-D-Glucopyranosyluronic acid-D-xylose
2-0-j8-D-GIucopyranosyluronic acid-D-xylopyranose
3-0-a-D-Glucopyranosyluronic acid-D-xylopyranose
3-0-/3-D-Glucopyranosyluronic acid-D-xylose
4-0-a-D-Glucopyranosyluronic acid-D-xylose
0-a-D-GpA-(l—»4)-0-/3-D-Xylp-(l—>4)-D-Xylp

B 339
B 49

B 340
B 339
B 341

B 342, 343

B 344
B 345
B 346

D 115
D 115
B 347
B 348
B, C 220, 349
B 350
B, C 269, 351

B 269
B 269

B 352
B 50
B 353
B 354
B 355
C 356
B 357
B 358
B 359
B 360

D-Guluronic Acid

D-Gulosyluronic acid-D-maimuronic acid», n =  1 or 2 B 361
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T a b l e  V — Continued

Oligosaccharide Source References

D-Mannuronic Acid

4-0-a-n-Mannopyranosyluronic acid-D-glucopyranose B 50
4-0-/3-D-Mannopyranosyluronic acid-a-D-mannopyran- C 362

uronic acid

b. Monomethyl Uronic Acids Plus Simple Monosaccharides
3-0-(3-0-Methyl-a-D-glucopyranosyluronic acid)-D-xylose B 363
4 0-(4-0-Methyl-a-D-glucopyranosyluronic acid)-L- B 364

arabinose
4-0-(4-0-Methyl-a-D-glucopyranosyluronic acid) -d- B 365

galactose
6-0-(4-0-Methyl-/3-D-glucopyranosyluronic acid)-D-galac- B 365

tose
2-0-(4-0-Methyl-a-D-glucopyranosyluronic acid)-D-lyxose C 366
2-0- (4-0-Methyl-a-D-glucopyranosyluronic acid) -D-xylose B 367
0-(4-0-Me-o!-D-GpA)-(l—̂ 2)-0-j8-D-Xylp-(l—>4) -D -Xy Ip B 367
0 - (4-0-l\Ie-a-D-GpA) - ( 1 —>2) - [0-/8-D-Xylp- ( 1 —>4) ]-0-^-D- B 368

Xylp-(1-^4)-D-Xylp
3-0-(4-0-Methyl-a-D-glucopyranosyluronic acid)-D-xylose B 369
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(340) P. K. D har and S. Mukherjee, J . Sci. Ind. Research (India), 18B, 219 (1959).
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(343) A. L. Demain and H. J . Phaff, Arch. Biochem. Biophys., 51, 114 (1954).
(344) R . L. Whistler and H. E . Conrad, J . Am. Chem. Soc., 76, 3544 (1954).
(345) G. 0 .  AspinaU, E. L. H irst, and N. K . Matheson, J . Chem. Soc., 989 (1956).
(346) F . H ostettler and H. Deuel, Helv. Chim. Acta, 34, 2440 (1951).
(347) G. P . M athnr and S. Mukherjee, J . Sci. Ind. Research (India), 13B, 452 (1954).
(348) A. J . Charlson, J . R . N unn, and A. M. Stephen, J . Chem. Soc., 1428 (1955).
(349) R . D. Hotchkiss and W. F . Goebel, J . Biol. Chem., 115, 285 (1936).
(350) A. J . Roudier and L. Eberhard, Bull. soc. chim. France, 28, 2074 (1960).
(351) B. Lindberg and L. SeUerby, Acta Chem. Scand., 14, 1051 (1960).
(352) E. L. H irst and J. K . N . Jones, J . Chem. Soc., 1174 (1938).
(353) E. L. H irst, E . E . Percival, and R. S. WilUams, J . Chem. Soc., 1942 (1958).
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(1957).
(356) W. D. S. Lowering and T. E . TimeU, J . Am . Chem. Soc., 82, 2827 (1960).
(357) C. T . Bishop, Can. J . Chem., 3 3 ,1521 (1955).
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(Reprinted from the Proceedings of the Biochemical Society, 14-15 May 1964. 
Biochem. J., 1964, Vol. 92, No. 1, 20?.]

a - Galactosidase and Alkaline (3 - Fructo - 
furanosidase Activity in Vicia faba  Seeds

B y J .  B . P r i d h a m  and  M a r y  W .  W a l t e r . {De
partm ent o f Chemistry, Royal Holloway College, 
University o f London, Englefleld Green, Surrey)

D o rm an t V .faha  seeds con ta in  an  «-galactosidase 
(a-D-galactoside galactohydrolase) w hich exhib its 
a  m ax im um  ac tiv ity  a t  p H  4 8 using m elibiose as 
a  su b s tra te . Thiol groups on th e  enzym e are 
essential for its  a c tiv ity  an d  th e  ra te s  o f hydrolysis 
for som e galactose-contain ing oligosaccharides are 
in  th e  following order: melibiose >  raffinose >  
stachyose. In cu b a tio n  o f th e  enzym e p rep ara tio n  
w ith  m elibiose and  sucrose yields raffinose an d  a 
sm all am o u n t o f p lanteose as tran sfe r p roducts. 
S tachyose is form ed w hen raffinose alone is used as 
su b s tra te . I n  m an y  respects th e  enzym e is sim ilar 
to  th e  «-galactosidase p resen t in  coffee beans 
(A nagnostopoulos, Courtois & P e tek , 1955; C our
to is, W ickstrom  & le D izet, 1956). I t  is doub tfu l 
w hether these  enzym es have  an y  sy n th e tic  func
tio n  in  vivo ; th e  raffinose fam ily  of oligosaccharides 
are  p robab ly  derived  from  urid ine d iphosphate  
galactose an d  sucrose (Bourne, P rid h am  & W alter, 
1962; B as t, M clnnos & N eish, 1963).

E x tra c ts  o f im m ature  an d  germ inated  V. faba  
seeds ex h ib it a  norm al jS-fructofuranosidase (/3- d -

fructofuranoside fructohydrolase) ac tiv ity , th e  
o p tim um  p H  for sucrose hydrolysis being 5 1 . This 
ty p e  o f ac tiv ity  is, how ever, ab sen t in  th e  do rm an t 
seeds w hich contain , in stead , a n  alkaline /3-fructo- 
fu ranosidase w ith  a  p H  op tim um  of 7-8. This 
enzym e liberates fructose from  sucrose, raffinose 
an d  stachyose an d  can  also tran sfe r a  /3-fructo- 
fu ranosy l residue to  sucrose w ith  th e  fo rm ation  of 
1^-/3-fructosylsucrose. T he specifi.ty and  tran sfe rase  
ac tiv ity  o f th is  enzym e is d ifferent from  th a t  o f the  
aUcaline sucrase ob ta ined  b y  Cooper & Greenshields 
(1961) from  Phaseolus vulgaris seeds b u t is som e
w h a t sim ilar to  th e  n eu tra l /8-fructofuranosidase 
found  in  Saccharum  sp. (H atch  & Glaziou, 1963).

We are indebted to Professor E. J . Bourne and Dr R. N. 
Greenshields for helpful discussions. One of us (M.W.W.) 
received financial support from the Agricultural Research 
Council.
Anagnostopoulos, G., Courtois, J . E. & Petek, F. (1955).

Arch. Sci. biol., Napoli, 39, 631.
Bourne, E. J., Pridham, J . B. & Walter, M. W. (1962).

Biochem. J. 82, 44?.
Cooper, R. A. & Greenshields, R. N. (1961). Nature, Bond., 

191, 601.
Courtois, J. E., Wickstrom, A. & le Dizet, P. (1956). Bull.

Soc. chim. biol. 38, 851.
Hatch, M. D. & Glaziou, K. T. (1963). Plant. Physiol. 38,344. 
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The Biosynthesis of Raffinose

B y  E . j .  b o u r n e ,  M A RY  W . W A L T E R  a n d  J .  B . PR ID H A M  
D epartment o f Chemistry, Boyal Holloway College {U niversity o f London), 

Englefleld Green, Surrey

{Received 14 Ju n e  1965)

1. R eaction  o f U T P  an d  «-D-galactose 1-phosphate  w ith  [U-i^C]sucrose in  th e  
presence o f a  V icia faba  do rm ant-seed  p rep a ra tio n  yielded th e  trisaccharide 
raffinose. 2. U T P-a-D -galactose 1 -phosphate-nridy ly ltransferase ac tiv ity  has 
been dem onstra ted  in  th e  bean  p rep a ra tio n  and  evidence for th e  partic ip a tio n  o f 
U D P-galactose in  th e  trisaccharide  syn thesis is presen ted . 3. U D P-galactose
4-epim erase is p resen t in  th e  do rm an t seed. 4. T he b iosynthesis o f raffinose in  
re la tion  to  th e  m etabolism  o f o th e r carbohyd rates in  p lan ts  is discussed.

D uring  th e  p a s t 15 years i t  has becom e ap p a ren t 
th a t  m uch o f th e  carbohyd ra te  m etabolism  in  b o th  
p lan ts  and  anim als involves nucleoside d iphosphate  
sugar derivatives (e.g. Feingold, N eufeld & H assid , 
1964; G insburg, 1964).

Sucrose is th e  m a jo r ohgosaccharide found in  
p lan ts  an d  th e  fo rm ation  o f th is  sugar b y  th e  
tran sfe r o f D-glucose from  U D P-glucose to  d - 
fructose has been dem onstra ted  w ith  transferases 
from  several d ifferent species (e.g. T urner, 1954; 
C ardini, Leloir & Chiriboga, 1955; B ean  & H assid , 
1955; B u rm a  & M ortim er, 1956; R orem , W alker & 
M cCready, 1960). I n  add ition , Leloir & C ardini 
(1955) show ed th a t  a  w heat-germ  p rep ara tio n  
ca ta lysed  th e  fo rm ation  o f sucrose phospha te  from  
U D P-glucose an d  d -fructose 6-phosphate. T reh a 
lose, th e  non-reducing d isaccharide found  in  yeasts 
an d  fungi, appears to  be form ed b y  th e  ac tion  o f a  
specific phosphatase  on trehalose 6-phosphate, th e  
la t te r  being derived from  U D P-glucose and  d - 
glucose 6-phosphate (Leloir & Cabib, 1953; Cabib 
& Leloir, 1958). A fter sucrose, th e  n e x t m ost 
ab u n d a n t oligosaccharide found  in  p la n t tissues is 
raffinose [«-D-Galp-(l->-6)-j8-D-GlCp-(l->2)-j8-D-Fru] 
(French, 1954; Courtois, 1959). T he b iosynthesis of 
th is  com pound has a lready  been achieved in  vitro 
b y  allowing sucrose to  reac t w ith  « -D  -galactopyrano- 
sides, such as pheny l «-D-galactoside an d  m ehbiose, 
in  th e  presence of a-D -galactoside galactohydrolase 
(e.g. C ourtois, P e tek  & To D ong, 1961 ; P ridham  & 
W alter, 1964). This ty p e  o f sim ple transferase  
reaction  is, how ever, o f doub tfu l biological im por
tan ce  an d  i t  is perhaps m ore reasonable to  assum e 
th a t  in  vivo th e  D -galactopyranosyl residue in 
raffinose is derived from  a  nucleoside d iphosphate  
D-galactose derivative. T he investigation  described 
in  th is  paper strongly  supports th is  suggested 
m echanism . A pre lim inary  accoim t o f th e  resu lts

has a lready  been published  (Bourne, P rid h am  & 
W alte r, 1962).

M ETH O D S

General methods. Absorption spectra were measured in 
alkaline solution with a Perkin-Elmer model 137 u.v. 
spectrophotometer (1cm. cell). All solutions were concen
trated with a rotatory evaporator at temperatures not 
exceeding 40°.

Paper chromatography. Whatman no. 1 paper and the 
following solvent systems were used for the examination of 
carbohydrates: A, ethyl acetate-acetic acid-water (9:2:2, 
by vol.); B, ethyl acetate-pyridine-water (2:1:2, by vol.). 
p-Anisidine bydrochloride (spray a) (Hough, Jones & 
Wadman, 1950) was used to detect reducing sugars and 
galactosylsucrose derivatives. Silver nitrate-NaOH (spray 
b) (Trevelyan, Procter & Harrison, 1950) was used to locate 
reduced mono- and di-saccharides. Fructose-containing 
compounds were detected with urea-phosphate reagent 
(spray c) (Wise, Dinbew & Davies, 1955). Nucleotides were 
chromatographed with ethanol-M-ammonium acetate (7:3, 
v/v, pH 7-5) (solvent C) and located by u.v. absorption by 
using a Chromatolite lamp (Hanovia Ltd., Slough, Bucks.).

Paper electrophoresis. Carbohydrates were examined by 
this procedure with Whatman no. 3 paper and 0-2M-sodium 
borate, pH 10-0, and 8mM-ammonium molybdate, pH 5 2, 
solutions as electrolytes. Before treatment with spray a, 
borate electrophoretograms were exposed to HCl fumes for 
lOmin. Whatman no. 1 paper with 0-1 M-ammonium 
formate buffer, pH 3-7, was used for the electrophoresis of 
nucleotides.

Densitometer method for determination of sugars. Known 
volumes of standard solutions of D-galactose, sucrose, 
raffinose and stachyose were spotted on to Whatman no. 1 
papers, which were developed with solvent A. The papers 
were then treated with spray a and heated at 120° for 5min. 
The chromatograms were cut into strips and the coloured 
spots measured with an EEL absorption densitometer 
(Evans Electroselenium Ltd., Halstead, Essex). A com
parison of the areas under the absorption curves with the 
sugar concentrations showed that there were linear relation
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ships with all four compounds and that the errors did not 
exceed ± 7%  over the range 20-90jag.

Examincdion of sugars in leguminous seeds. The seeds 
were removed from the pods in July and extracted with 
cold aq. 75% (v/v) methanol. The extracts, after concen
tration, were examined on paper chromatograms with 
solvent A  (sprays a and c). Other seed samples from the 
same species were left for 1 0  days in the air a t room tem
perature before examination.

Ten samples of green Vicia faba seeds (ten beans/sample) 
were weighed and placed in a laboratory cupboard in an 
open Petri dish. At 24 hr. intervals samples were reweighed 
and extracted with aq. 75% (v/v) methanol (25ml.). The 
extracts were concentrated to 5 ml., and samples were taken 
with a micrometer syringe and spotted on to Whatman no. 
1 papers. These were developed with solvent A  and the 
amounts of D-glucose, sucrose, raflSnose and higher galacto- 
sylsucrose derivatives (the latter expressed as fig. of 
stachyose) present were determined by the densitometer 
method.

Enzyme preparation. The testas were removed from 
dormant F. faba (var. Johnson’s long pod) seeds and the 
cotyledons and embryos powdered a t room temperature in 
a vibratory ball mill. Extraction of the powder was achieved 
by maceration in a homogenizer (Measuring and Scientific 
Equipment Ltd., London) with 0 5M-sodium phosphate 
buffer, pH7-0 (1 5ml. of buffer/g. of powder), for Imin. at
0-5°. The gross tissue residue was removed by centrifuga
tion at 1600g for 30 min. a t 0° and the supernatant dialysed 
against 20 vol. of phosphate buffer a t 5°.

Synthesis ofraffinose. The enzyme (0-3 ml.) was incubated 
with ATP (lOjLimoles), UTP (3/imoles), a-n-galactose
1-phosphate (5/xmoles), [U-i^C]sucrose (4/mmoles; 20fiO), 
MgCla (lOy t̂moles) and L-cysteine (3p,moles) at 35°. Identi
cal reaction mixtures, but (a) with boiled enzyme and (6 ) 
with UTP and ATP omitted, were also set up. After 2 5hr., 
ethanol (0-3 ml.) was added to each reaction mixture and 
the solutions were streaked on to Whatman no. 3 papers. 
These were developed with solvent A  for 24 hr. and radio
autographs prepared (Ilford industrial G X-ray film ; 4 days 
exposure). In  the reaction mixture that contained boiled 
enzyme the [U- '̂^GJsucrose appeared to be unchanged, and 
the one containing no exogenous nucleotides showed labelled 
bands corresponding to sucrose, glucose, fructose and a 
trisaccharide {K; 0 25; see Pridham & Walter, 1964). 
The complete reaction mixture exhibited a similar chroma
tographic pattern but an additional labelled compound (E) 
with Rp identical with that of raffinose was also observed. 
A scan of the radioactivity on the chromatogram of the 
latter reaction mixture is shown in Fig. I. This was con
structed by passing a 1 cm. strip of the paper under an 
aluminium plate possessing a 0 5 cm. x 1 0 cm. slit and 
measuring the radiation with a Geiger-Mfiller tube (2 mg./ 
cm . 2 window) connected to a conventional scaler.

Isolation and examination of R. The band containing R  
was eluted with water and the solution concentrated to a 
syrup. Unlabelled raffinose (4mg.) was added and the 
whole (R') dissolved in water (1-5 ml.). Appropriate volumes 
of this solution were then subjected to further paper- 
chromatographic (solvents A  and B, spray a) and electro
phoretic (borate buffer, spray a) analysis. [Paper chroma
tograms and electrophoretograms were in all cases scanned 
for radioactivity, as described above, and then the coloured 
spots resulting from treatment unth the carbohydrate-
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Fig. 1. Scan of the i^C-labeUed compounds present after 
paper-chromatographic fractionation of the raffinose- 
synthesizing system described in the text. R, Raffinose; 
K , 1-kestose; S, sucrose; Q, glucose; F, fructose.

locating reagent examined with an absorbance densitometer 
(see Fig. 2). This procedure was also used to investigate 
all the products of the degradative reactions described 
below.]

Acid hydrolysis of R '. The solution of R ' (0 5ml.) was 
heated with N-H2SO4 (3ml.) a t 100° for 3hr. After neutrali
zation with Amberlite IR-4B (0H~ form) resin the hydro
lysate was examined on a paper chromatogram (solvent A, 
spray a).

Treatment of R ' with a- and ^-D-galactoside galactohydro- 
lases. The raffinose-synthesizing enzyme from dormant V. 
faba seeds was used as a source of a-galactosidase (see 
Pridham & Walter, 1964), and an Escherichia coli jg-galacto- 
sidase preparation was kindly provided by Professor K. 
Wallenfels. The enzymes (0 1 ml. volumes) were incubated 
with solutions of R ' (0 1 ml.) a t 35° for 12hr. and the mix
tures examined on paper chromatograms (solvent A, 
spray a).

Hydrolysis o /R ' with ̂ -ji-fructofuranosidefructohydrolase. 
Yeast invertase concentrate (British Drug Houses Ltd.; 
diluted 1 0 -fold with 0  2 M-sodium acetate buffer, pH 4-8; 
total volume 0-1 ml.) was incubated with R ' (0 1 ml.) a t 35° 
for 3 hr. The reaction mixture was examined on paper 
chromatograms (solvent A, spray a) and electrophoreto
grams (borate buffer, spray a).

Reduction of melibiose. The solution remaining after the 
invertase hydrolysis was diluted to I ml. with water and 
KBH4 (2 mg.) added. After 4hr. the reaction mixture was 
deionized with Bio-Deminrolit (HCO3-  form) resin and 
the radioactive product (melibi-itol) isolated by paper 
electrophoresis (molybdate buffer; side strip treated with 
spray b) followed by elution of the compound from the 
paper with water.
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Fig. 2. (o) Paper chromatography with solvent A, (b) paper chromatography with solvent B  and (c) 
paper electrophoresis in borate buffer of raffinose (R'). Details are given in the text. Continuous lines represent 
the radioactivity and broken lines the colour intensity of the spots produced by reaction with ^-anisidine 
hydrochloride.

Hydrolysis of melibi-itol. The syrup remaining after con
centration of the above eluate was heated with n-H 2S0 4  

( 0  6  ml.) at 100° for 3 hr. Electrophoresis of the hydrolysate 
(borate buffer, spray b) after neutralization with Amberlite 
IR-4B (0H~ form) resin revealed a radioactive spot with 
the same mobility as n-glucitol.

Biosynthesis of UDP-galactose. UTP (0 8  jumole), a-n- 
galactose 1-phosphate (1-5/xmoles), ATP (0-2 ju,mole), MgClg 
(Ijtxmole) and L-cysteine (O’Sjumole) were incubated with 
the dormant-bean preparation (0 1ml.) for 16 hr. a t 36°. 
The reaction mixture was then examined on a paper chroma
togram (solvent C) and a u.v.-absorbing spot tha t co
chromatographed with UDP-galactose was eluted from the 
paper with water. The spectrum of the resulting solution 
was measured and a sample also subjected to paper electro
phoresis (formate buffer). Hydrolysis of the nucleotide 
was effected by heating the aqueous solution with Amberlite 
IR-120 (H+ form) resin at 100° (6 min.). The liberated 
sugar (galactose) was identified by paper chromatography 
(solvent A, spray a). A control reaction from which UTP 
had been omitted yielded no u.v.-absorbing band in the 
UDP-hexose region of the paper chromatogram.

The u.v.-absorbing band, corresponding to UDP-galac
tose on a paper chromatogram (solvent C), that resulted 
from the incubation (Ihr. at 36°) of UDP-glucose (0-3 ŷ imole), 
NAD+ (0-16ju,mole), ATP (0 2^mole), MgClg (1-0/xmole) 
and L-cysteine (0 3 jumole) with the dormant-bean prepara
tion ( 0  1 ml.) was also examined by the same methods.

Attempted biosynthesis of ADP-galactose. The bean 
preparation (0 1ml.) was incubated for 2*6 hr. at 36° with 
ATP (0 Ojnmole), a-D-galactose 1 -phosphate (2-2j^moles), 
MgClg (IjLimole) and L-cysteine (0-3;amole). The reaction 
mixture was examined on a paper chromatogram (solvent 
C).

R E S U L T S  A N D  D ISC U SSIO N

Raffinose, stachyose an d  higher-m olecular-w eight 
a-D -galactosylsucrose derivatives are  com m on con
s titu e n ts  o f th e  seeds o f legum es (F rench, 1954;

Courtois, 1959), w here th e y  app ea r to  be form ed 
during  th e  final stages o f m a tu ra tio n  (e.g. K o ry tn y k  
& M etzler, 1962; G ould & G reenshields, 1964). A  
qu a lita tiv e  chrom atographic  com parison o f th e  
sugars in  th e  seeds o f Colutea arborescens, Cytissus 
scopariiLS, Selega orientalis an d  Lupinus polyphyllus 
a t  a n  im m atu re  stage an d  a fte r  deh y d ra tio n  a t  
room  tem p e ra tu re  confirm ed th is . A  q u an tita tiv e  
illu s tra tio n  o f th e  changes in  sugar concentrations 
in  green F . faba  seeds th a t  w ere ta k e n  from  th e  pod  
an d  left in  th e  a ir fo r several days is given in  F ig . 3. 
This shows th a t  th e  loss o f w ate r b y  th e  tissues is 
rough ly  paralle led  b y  a n  increase in  raffinose an d  
higher hom ologues. Sucrose exh ib ited  an  in itia l 
rap id  decrease in  concen tra tion  followed b y  an  
increase a fte r  3 days, an d  th e  glucose co n ten t o f th e  
tissues slowly declined. I t  should, how ever, be 
em phasized  th a t  F ig . 3 m ay  n o t be an  ex ac t illus
tra tio n  o f th e  changes th a t  occur i/n vivo as th e  
‘m a tu ra t io n ’ w as p robab ly  accelerated  b y  rem oval 
o f th e  bean  seeds firom th e  pods, th u s  increasing th e  
ra te  o f dehydra tion .

In cu b a tio n  o f an  e x tra c t o f m a tu re  broad-bean  
seeds w ith  [U-^^C]sucrose, «-D-galactose 1-phos
p h a te , U T P  an d  A T P  p roduced  a  labelled com pound 
R  (see Fig. 1) w ith  chrom atographic p roperties 
characteristic  o f raffinose to g e th er w ith  a  second 
rad ioactive  trisaccharide  K .  MTien th e  nucleoside 
tr iphospha tes  w ere o m itted  from  th e  reac tion  
m ix tu re  K  w as still p roduced  b u t n o t R. K  has 
been identified as l^-jS-D-fiructosylsucrose (1-kestose) 
(P ridham  & W alter, 1964) an d  is p resum ably  form ed 
b y  th e  ac tion  o f an  ‘a lk a lin e ’ jS-D-fructofuranoside 
fructohydro lase  on sucrose.

Com pound R  w as m ixed  w ith  unlabelled  raffinose 
(m ix ture  R ') an d  fu rth e r exam ined on p ap er
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Fig. 3. Changes in mono- and oligo-sacoharide content 
during dehydration of V. faba seeds. Details are given in 
the text. O, Sucrose; □, stachyose; V, loss of water; # , 
raffinose; A , glucose.

chrom atogram s (two solvent system s) an d  b y  pap er 
electrophoresis (borate buffer). B y  scanning th e  
papers for rad io ac tiv ity  an d  b y  using a  densitom eter 
to  exam ine th e  coloured spots produced  by  reaction  
w ith  j)-anisidine hydrochloride, an  exac t coinci
dence betw een  colour an d  rad io ac tiv ity  w as o b 
served  in  all cases (Fig. 2). This procedure w as also 
used  to  exam ine th e  p roduc ts resu lting  from  acidic 
an d  enzym ic deg radation  o f th e  m ix tu re  R '.  In  
th is  w ay  i t  w as show n th a t  com plete acid hydrolysis 
y ielded  galactose an d  labelled glucose an d  fructose 
an d  th a t  tre a tm e n t w ith  a  V. faba  a-D -galactoside 
galac tobydro lase p rep a ra tio n  p roduced  galactose 
an d  [i^Cjsucrose. N o hydrolysis w as observed on 
incubation  o f R '  w ith  E . coli -galactoside galac
tobydro lase. A  labelled  d isaccbaride th a t  w as ind is
tinguishab le  from  m ebbiose on  p ap e r ch rom ato 
gram s an d  elec trophoretogram s w as form ed w hen 
y eas t -n -fructofuranoside fructohydro lase w as
used  as th e  hyd ro ly tic  agent. T he id en tity  o f th is  
disaccbaride w as fu r th e r checked b y  reduction  w ith  
po tassium  borobydride followed b y  electrophoresis 
in  am m onium  m o lybdate  so lution. T he resu lting  
non-reducing derivative  w as indistinguishable  from  
au th en tic  m elibi-itol on electrophoresis. The ra te  
o f m ovem ent o f m elibi-itol in  th is  elec tro ly te  
(ikfgineitoi 0  8 ) is characteristic  o f a  6 -substitu ted  
bex ito l derivative (Bourne, H u tso n  & W eigel, 1969). 
A cid hydrolysis o f th e  m ebbi-ito l y ielded labelled 
glucitol. This degradative  s tu d y  therefore con
firm ed th a t  R  w as raffinose an d  th a t  i t  w as form ed 
b y  th e  tran sfe r o f d-galactose to  i^C-labelled 
sucrose.

In cu b a tio n  o f a-D-galactose 1-phosphate w ith  
U T P  an d  th e  bean  enzym e p rep ara tio n  p roduced  a  
com pound th a t  behaved  as a  U D P-hexose d eriv a

tiv e  on pap er chrom atogram s an d  e lec trophore to 
gram s an d  b ad  a  u .v .-abso rp tion  spec trum  charac
te ris tic  o f a  urid ine nucleo tide {Ez^cjEzQc, 0  8 ; 
EzsolEzeo, 0 24). Acid hydrolysis of th is  com pound 
libera ted  galactose. I t  appeared  therefo re  th a t  th e  
bean  p repara tion  possessed U T P -a -o -g a lac to se  
1  -phosphate-uridy ly ltransferase a c tiv ity  (cf. N eu- 
feld, G insburg, P u tm an , F ansb ie r & H assid , 1957) 
an d  hence th a t  U D P-galactose served as th e  galac
tose donor for raffinose synthesis. P asseron, 
R econdo & D an k ert (1964) have, how ever, dem on- 
tr a te d  th e  presence o f A T P-a-D -galactose 1-pbos- 
pbate-adeny ly ltransferase  a c tiv ity  in  w h ea t germ , 
a n d  i t  w as conceivable th a t  A D P-galactose w as 
form ed an d  ac ted  as a  galactose donor in  th e  raffin
ose -synthesizing system . A ll a tte m p ts  in  th e  
p resen t w ork to  synthesize A D P-galactose from  
a-D -galactose 1-phosphate an d  A T P  in  th e  presence 
o f th e  bean  enzym e failed, an d  i t  is therefo re  un- 
hkely  th a t  A D P-galactose p layed  an y  significant 
role in  th e  syn thesis o f th e  trisaccharide . F u rth e r  
evidence o f th e  p a rtic ip a tio n  o f U D P -galactose in  
raffinose fo rm ation  has also been  ob ta in ed  b y  
allowing U D P-[1 - ̂ '^Cjgalactose to  re a c t w ith  sucrose 
an d  th e  bean  p repara tion . T his resu lted  in  approx . 
39%  incorporation  o f [l-i^C ]galactose a fte r  2 5h r. 
incuba tion  a t  37° (P ridham  & H assid , 1965).

I t  is p robable  th a t  in  vivo  th e  sam e p a th w a y  is 
responsible for th e  syn thesis o f raffinose an d  pos
sib ly  o th e r a-D -galactosylsucrose derivatives. R a s t, 
M clnnes & N eish  (1963) have  come to  th e  sam e 
conclusion from  a  s tu d y  o f i'*C-incorporation in to  
th e  carbohyd rates o f spruce tw igs.

U D P -galactose is, no doub t, w idespread  in  p la n t 
tissues (e.g. G insburg, S tu m p f & H assid , 1956; 
B row n, 1962) an d  has ac tu a lly  been iso la ted  from  
do rm an t an d  germ inating  V. faba  seeds (J . B . 
P rid h am  & M. W . W alte r, unpub lished  w ork). 
U D P-galactose can also be  read ily  derived  from  
U D P-glucose b y  th e  ac tion  o f U D P-galactose
4-epim erase (cf. N eufeld  et al. 1957) an d  th is  
enzym e has now  been  show n to  be  p resen t in  
b ean  seeds. T hus th e  incuba tion  o f U D P-glucose 
w ith  N AD + an d  th e  bean  enzym e p rep a ra tio n  
y ielded  a  nucleotide th a t  w as identified  as U D P - 
galactose b y  th e  sam e procedures described above 
for th e  exam ination  o f th e  p ro d u c t o f U T P -a-D - 
galactose 1 -phosphate-u ridy ly ltransferase ac tiv ity . 
A  p a th w ay  from  U D P-glucose to  rafim ose v ia  
U D P-galactose is therefo re  v e ry  likely  to  ex is t in  
F . faba  (and o th e r seeds), as a ll th e  necessary  
enzym es an d  th e ir  su b s tra te s  are  p resen t in  th e  
tissues. D upéron  (1964) h as  observed th a t  '̂Re
labelled  glucose rap id ly  gives rise to  labelled  sucrose 
a n d  raffinose in  Phaseolus vulgaris seeds. T he 
nucleo tide-dependent p a th w ay  w ould also allow  
raffinose fo rm ation  to  be closely linked to  s ta rch  
an d  sucrose m etabohsm .



1965 E. J. BOURNE, M. W. WALTER AND J. B. PRIDHAM 806
The possible role o f a-D -galactoside galactohydro- 

lase in  th e  fo rm ation  o f raffinose an d  its  homologues 
should pe rh ap s n o t be en tire ly  dism issed a t  th e  
p resen t tim e . P rid h am  & W alte r (1964) have  
show n th a t  th is  enzym e from  V . faha  seeds w ill 
tran sfe r galactose from  melibiose to  sucrose in  vitro 
w ith  th e  fo rm ation  o f raffinose an d  sm all am ounts 
o f p lan teose [a-D-GlCp-(l->2)-)g-D-Fru,-(6<- l)-a-D - 
Galp: i t  m ay  be  significant th a t  th is  la t te r  sugar 
does n o t ap p ea r to  be p resen t in  V. faba] an d  th a t  
raffinose in  th e  presence o f th is  enzym e can a c t as 
b o th  galactose donor an d  accep tor w ith  th e  conse
qu en t fo rm ation  o f stachyose [a-D-G alp-(l-4-6)- 
a-D-Galp-(l->-6)-a-D-GlCp-(1^2)-j8-D-FrUy) (cf. Cour
to is e# aZ. 1961). I f  such  a  p a th w ay  is responsible 
for th e  fo rm ation  o f  raffinose in  vivo th e n  th e  
galactose dono r fo r th e  reac tion  wiU have  to  be 
estabhshed . N o n a tu ra lly  occurring low-m olecular- 
w eight com pounds th a t  w ould be su itab le  substra tes  
have so fa r  been  identified, a lthough  th e  possible 
existence o f galactose donors o f h igh  degree o f 
po lym erization  should  be borne in  m ind . F o r 
exam ple. C ourtois & Pecheron  (1961) have show n 
th a t  an  a-D -galactoside galactohydrolase from  
Trigonellum  foenum  graecum  seeds can  synthesize 
raffinose b y  tran sfe r o f galactose from  a  galacto- 
m an n an  to  sucrose. T he equilibrium  constan ts for 
g lycohydrolase-catalysed reactions norm ally  favour 
hydrolysis ra th e r  th a n  th e  synthesis o f glycosidic 
bonds. H ence syn thesis is no rm ally  forced b y  th e  
use o f h igh  (non-physiological) su b s tra te  concen tra
tions an d  th is  has led  to  scepticism  ab o u t th e  p a r t  
p layed  b y  these  enzym es in  b iosynthesis. There is, 
how ever, li tt le  in form ation  on th e  effective concen
tra tio n s  o f p o ten tia l su b stra tes  in  th e  p la n t cell. 
I n  add ition , m o st o f th e  stud ies in  vitro h ave  been 
carried  o u t w ith  v e ry  crude enzym es. Clearly th e  
role o f  a-D -galactoside galactohydrolase an d  o ther 
glycohydrolases in  sy n th e tic  processes in  th e  p la n t 
requ ire  fu r th e r m vestiga tion  b u t, on  th e  basis of 
existing  evidence, th e  nucleotide-dependent p a th 
w ays for th e  fo rm ation  o f th e  p rincipal oligosac
charides occurring  in  h igher p lan ts  appear to  be th e  
m ore im p o rtan t. W ith  sucrose th e re  is v irtu a lly  no 
d o u b t a b o u t th e  n a tu re  o f th e  reaction  ; th e  enzym ic 
syn thesis o f th is  d isaccharide has never been 
achieved w ith  h igher-p lan t enzym es in  th e  absence 
o f a  nucleoside d iphosphate  derivative  of D-glucose.

M. W. W. is indebted to the Agricultural Research 
Council for a Studentship.
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Biosynthesis of Raffinose ' - 
J. B. Pridham and W. Z. H assid

Department of Biochem istry, U niversity  of California, Berkeley, California

Sucrose, the ubiquitous constituent of higher 
plant tissues, is frequently accompanied by higher 
molecular weight oligosaccharides containing d -  

galactose residues. The commonest of these are 
raffinose (a-D-galp-(l 6)-a-D-Gp-(l 2 )-^ -d
-Fruf) and higher homologues which occur in rela
tively high concentrations in many dormant seeds and 
other plant organs (3 ,6 ) . Raffinose and stachyose 
(a-D-Galp-(l 6)-a-D-Galp-(l —> 6)-a-D-Gp-(l 
2)-)8-D-FrUf) have also been detected in sieve-tube 
exudates from several species and, therefore, presum
ably form part of the organic material which is trans
located (10).

The biosynthesis of the raffinose family of oligo
saccharides occurs during seed maturation and in 
vitro it has been demonstrated that raffinose is 
formed when sucrose,a-D-galactose 1-phosphate and 
UTP® are incubated with an enzyme preparation from 
dormant broad bean (Vicia faba) seeds (1). This 
paper describes further studies which implicate 
UDP-D-galactose as the galactose donor in this sys
tem.

Materials and Methods

UDP-B-Galactose-l-O* (72) (fic/fj.u). This was 
prepared according to the method of Watkins and 
Hassid (9).

Paper Chromatography. Separations were ef
fected on Whatman No. 1 paper using ethyl acetate- 
acetic acid-water (9:2:2, v/v) solvent. />-Anisidine 
phosphate reagent was used to locate sugars (5 ).

Paper Electrophoresis. Whatman No. 1 paper 
was used with 0.2 m  ammonium formate (pH 3.6) 
or 0.05 M sodium borate (pH 9.0) buffers at 30 v /  

cm.
Measurement of Radioactivity. Paper chro

matograms and electrophoretograms were scanned 
with a Nuclear Chicago Actigraph II coupled to an

R Received May 11, 1965.
2 This investigation was supported in part by research 

grants from the National Institutes of Health, United 
States Public Health Service (No. A-1418) and from 
the National Science Foundation (No. G-23763). Sup
port of this work by the Agricultural Experiment Sta
tion is also acknowledged.

3 Abbreviations; ATP, adenosine 5’-triphosphate• 
UDP-n-galactactose, Uridine 5'-(n-galactosylpyrophos- 
phate) ; UTP, Uridine 5’-triphosphate.

analytical count-rate meter. Papers were also cut 
into strips and counted directly with a Geiger-Miiller 
tube and rate-meter and/or the strips were eluted 
with water and the eluates taken to dryness and 
counted on planchets.

Enzyme Preparation. The testas were removed 
from dormant broad-beans (Vicia faba var. Imperial 
Long pod) and the seeds powdered (40 mesh) in a 
Wiley mill. The powder (44.6 g) was then stirred 
with 0.1 M sodium phosphate buffer (pH 7.0; 60 ml) 
at 4° for 3 hours. After filtering through cheese
cloth, the extract was centrifuged at 7700 X g for 
2  minutes at 0 ° and the supernatant then dialyzed 
against 0.05 m  sodium phosphate buffer (pH 7.0; 
2 X 2  liters) for 48 hours at 4°

Raffinose Formation. The reactions were car
ried out in glass capillary tubes (7) and each mixture 
contained sucrose (0.5 m m ) ,  UDPgal-l-^^C (0.02 mc; 

7.2 m c /m m ) , ATP (0.5 m m ) ,  enzyme ( 10 Ml) and 0.5 
M sodium phosphate buffer (pH 7.0; 2 Ml) in a total 
volume of 24 m 1. Incubations were carried out at 37°.

In one experiment (A) the reaction mixtures 
were spotted on to a paper chromatogram after in
cubation for 1 and 2.5 hours. After development for 
18 hours, the paper was dried and scanned for radio
activity (see fig 1). The regions corresponding to 
raffinose on the chromatogram were eluted with 
water, combined and concentrated under reduced 
pressure at room temperature. The resulting solution 
was then examined on a paper electrophoretogram 
(sodium borate buffer).

In a second experiment (B) a 2-hour reaction 
mixture was subjected to paper electrophoresis (am
monium formate buffer) and the lower three-fourths 
of the paper then carefully washed with water, to 
remove nucleotides and sugar phosphates, and dried. 
Raffinose, sucrose, and D-galactose standards were 
applied to the origin of the electrophoretogram (al
lowing for electroendosmosis) and the paper was then 
developed with the ethyl acetate-acetic acid-water 
solvent (18 hours) and scanned for radioactivity 
(fig 2 ). The band corresponding to raffinose was 
eluted and concentrated to approximately 30 and 
authentic raffinose (3.6 mg) added. Aliquots (10 
Ml) were subjected to: 1) further paper chromato
graphic examination; 2) hydrolysis with 2 N HCl 
(1 0  Ml) at 10 0° for 2 .5  hours; 3 ) hydrolysis with 
yeast invertase concentrate (4 /xl) at 37° for 4.5 
hours. The 2  hydrolysates were then resolved on 
paper chromatograms and the papers sprayed care
fully with />-anisidine phosphate reagent and finally 
examined for radioactivity.
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Results
985

An examination of the radioactive products from 
experiment A (fig 1) indicated the presence of UDP- 
D-galactose, a disaccharide (which has not been 
further investigated) and a compound which co
chromatographed and had the same mobility on co
electrophoresis with authentic raffinose. The amount 
of label incorporated into the raffinose was 33 and 
39 % after 1 and 2.5 hours, respectively.

In the second experiment (B) more labeled trisac
charide (fig 2 ) was obtained and this was mixed with 
authentic raffinose. Further chromatography of this 
mixture confirmed that the labeled trisaccharide was 
raffinose. In addition, hydrolysis of the mixture

UDPgal

1 HOUR

R affin o se

D isa cc h a r id e  (?)

Origin

2.5 HOURS

F i g .  ̂    ^  ________

by chromatography) formed in raffinose synthesizing
F i g .  1. Strip-counter tracing of products (separated

Raffinose

D isaccharide  (?)

Origin

Fig 2. Strip-counter tracing of products (separated 
on a paper chromatogram) remaining after removal of 
nucleotides and sugar phosphates from raffinose syn
thesizing system (Expt. B).

with 1 N HCl yielded labeled galactose and hydroly
sis with invertase (yS-D-fructofuranoside fructohy
drolase; 3,2.1.25) produced a radioactive disaccharide 
which was indistinguishable from melibiose on a paper 
chromatogram.

Discussion

The results described in this paper, particularly 
when considered in conjunction with earlier observa
tions (I),  show clearly that Vicia faba seeds contain 
an enzyme which can synthesize raffinose in vitro 
by the enzymic transfer of D-galactose from UDP-d- 
galactose to sucrose. Although the enzyme prep
aration was crude, the percentage incorporation of 
label was relatively high and it is, therefore, prob
able that this mechanism functions in maturing seeds. 
The involvement of UDP-D-galactose in the reaction 
would be expected, since by analogy with sucrose syn
thetase action (2 ) the equilibrium constant should 
favor synthesis and, in addition, raffinose formation 
would be closely linked, by known reactions, to the 
general carbohydrate metabolism of the tissues. It 
is possible that other nucleoside diphosphate galac
tose derivatives are involved and this obviously re
quires further investigation.

The additional possibility that raffinose is formed 
by transfer of D-galactose from low energy donors to 
sucrose should not at the present time be completely 
discounted. The synthesis of raffinose and stachyose 
using such donors in the presence of a-galactosidase 
(a-D-galactoside galactohydrolase) preparations has 
already been demonstrated [e.g.. Courtois. Petek and 
To Dong (4);  Pridham and Walter (8 )] although 
no suitable galactose donors for this type of reaction 
appear to occur naturally in plant tissues. The 
equilibrium constants for glycosidase-catalyzed re
actions also normally favor hydrolysis, but in vivo 
factors such as localized high substrate concentra
tions or rapid utilization of products may encourage 
oligosaccharide synthesis.

Summary

An enzyme preparation was obtained from broad 
bean (Vicia faba) seeds capable of transferring d- 
galactose from UDP-D-galactose to sucrose, forming 
the trisaccharide, raffinose.
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[Reprinied from the Proceedings of the Biochemical Society, 17 June 1966. 
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O lig o s a c c h a r id e  M e ta b o li s m  in  S e e d lin g s

B y  J .  B . P r i d h a m ,  M a r y  W .  W a l t e r  a n d  H . G. J .  
W o r t h .  (Department o f Chemistry, Royal Holloway 
College, U niversity o f London, Englefield Green, 
Surrey)

Raffinose an d  re la ted  oligosaccharides com m only 
form  carb o h y d ra te  reserves in  h igher p lan ts . I n  
seeds these  reserves rap id ly  d isappear upon  
germ ination  (e.g. M acLeod, 1957; P rid h am , 1958; 
P azu r, S hadaksharasw am y & M eidell, 1962; 
Shiroya, 1963; G ould & R ees, 1965) an d  no free 
galactose accum ulates in  th e  tissues. To accoun t 
fo r th is  P azu r et al. (1962) have  suggested  th a t  in  
soyabean , galactose is lib e ra ted  from  th e  oligo
saccharides b y  a-D -galactoside galac tohydrolase 
an d  th e n  fu rth e r m etabolized th u s :

ATP
D -G alactose------> a -D  -galactose 1 -phosphate

- •-^^>U D P-galactose.

Raffinose is p robab ly  form ed in  vivo  from  U D P- 
galactose an d  sucrose (B ourne, W alte r & P ridham , 
1965; P rid h am  & H assid , 1965) an d  therefore  a  
conceivable a lte rn a tiv e  m echanism  for th e  c a ta b 
olism  of raffinose b y  a  reversal o f raffinose syn the tase  
ac tiv ity  w as investigated .

G alactose, fructose an d  U D P-hexose w ere p ro 
duced  w hen  U D P  (Ipm o le) an d  raffinose (2*5/1- 
mole) w ere in cuba ted  a t  p H  7*0 (37°) w ith  a  30-40%  
sa tu ra te d  am m onium  su lpha te  frac tion  from  
germ inating  V icia faha  em bryos (25pl. ; to ta l  
volum e 40 /zl.). F u r th e r  exam ination  o f th e  
U D P-hexose show ed th a t  i t  w as U D P-glucose. 
U D P-glucose 4-epim erase ac tiv ity  in  th e  bean  
enzym e w as negligible an d  w hen th e  p rep ara tio n  
w as incuba ted  w ith  raffinose alone galactose an d  
sucrose w ere produced . I t  w as app a ren t, therefore, 
th a t  in  th e  presence o f U D P  th e  p rep ara tio n  
degraded  raffinose n o t b y  reversal o f  raffinose

sy n th e tase  ac tion  b u t  b y  th e  follow ing tw o  stage  
process :

R affinose -^Sucrose 
+

UDP
> U D P-glucose -f F ruc to se

G alactose

Such a  m echanism  m ay  ex ist in  vivo  b u t  th e  
inh ib ition  o f raffinose degradation  in  V. fa b a  seeds 
supplied  w ith  w a te r u nder anaerobic conditions 
(cf. M acLeod, 1957; Shiroya, 1963; G ould & R ees, 
unpublished  results) still requ ires exp lana tion .

T he V .fa b a  em bryo p rep a ra tio n  read ily  p roduced  
U D P-glucose w hen raffinose w as rep laced  by  
sucrose in  th e  above reac tion  m ix tu re  (cf. C ardini, 
Leloir & Chiriboga, 1955; D e F ek e te  & C ardini, 
1964; A vigad, 1964; M urata , Sugiyam a, 
M inam ikaw a & A kazaw a, 1966). T he ap p a re n t K „  
for sucrose w as 1*5 x 10"^M. A ctiv ity  w as inh ib ited  
b y  U M P and , to  a  lesser ex ten t, U T P ; strong  
inh ib ition  w as observed w ith  D-glucose an d  D- 
fructose. Possible con tro l m echanism s w hich could 
affect th e  ra te  o f  sucrose m etabolism  in  seeds w ill 
be discussed.
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1051. The Condensation of Ferrocenealdehyde with -Glucitol 
and jy-Mannitol.

By A. N. DE B e l d e r , E. J. B o u r n e , and J. B. P r i d h a m .

Cy c l ic  acetal condensations of ferrocenealdehyde have not been widely investigated. 
Broadhead and his co-workers  ̂ found that the aldehyde and ethylene glycol give 2-ferro- 
cenyl-1,3-dioxolan.

We have found that the aldehyde condenses with D-glucitol and D-mannitol to give 
cychc acetals. These were prepared by refluxing the reactants in [a) ATA/’-dimethylform- 
amide-benzene in the presence of traces of toluene-^-sulphonic acid, or (6) iVJY-dimethyl- 
formamide in the presence of phosphoric pentoxide. 2,4-0- (Ferrocenylmethylene)- 
D-glucitol was obtained as a sharply melting product (m. p. 196—198°) provided that water 
was excluded during the working up of the reaction mixture. Its tetra-acetate was also 
crystalhne. The structure of the glucitol acetal was proved by periodate oxidation. 
Measurement of periodate uptake was complicated by concomitant degradation of the 
ferrocenyl group; however, by similar techniques to those employed for the ferrocenyl 
glucosides,^ the glycol groups of the glucitol acetal were found to liberate no formic acid 
but 1 mol. of formaldehyde with the consumption of 1 mol. of periodate. L-Xylose, 
identified chromatographically and as its di-O-benzyhdene dimethyl acetal, was found to 
be the only major product present after periodate oxidation and hydrolysis. Thus ferro
cenealdehyde resembles other aldehydes ® in condensing with D-glucitol at positions 2 and 
4 to give the favoured pC-ring.

From the reaction with D-mannitol, a mono- and a di-0- (ferrocenylmethylene) -D -  
mannitol were isolated. Their structures were not examined in detail. The monoacetal 
did not crystallise, although it formed a crystalline tetra-acetate in low yield. The di- 
acetal gave a crystalhne diacetate. Periodate oxidation and hydrolysis of the mannitol 
monoacetal gave erythrose and arabinose (identified by chromatography and electro
phoresis) , indicating that it was probably a mixture of a 1,3- and 3,4-0-substituted mannitoh 
Goldstein and his co-workers  ̂ reported that 3,4-di-O-methyl-D-mannitol consumes only 
1 mol. of periodate, giving an arabinose derivative. These ring systems are also found in 
the mono-O-methylenemannitols isolated by Fletcher and Diehl.®

The ferrocenyl acetals were hydrolysed completely in 10 minutes by 0 -01N-hydrochloric 
acid at 25°. Their extreme labihty is to be understood if the strong electron-donating 
properties of the ferrocenyl group ® assist the unimolecular decomposition of the inter
mediate conjugate acid.’>® The usefulness of such acetals as intermediates in syntheses 
of derivatives of polyols is reduced, however, by the fact that the acetals are formed in 
much lower yield from the higher polyols than from ethylene glycol,^ because of solvent 
difficulties and probably also of steric factors. The mono-0-(ferrocenyImethylene)- 
hexitols are water-soluble compounds, which may be useful in the pharmaceutical field.

Experim ental.— Chromatography solvents. A, B u tan -I-o l-e th an o l-w a te r ( 4 : 1 : 5  v/v; 
organic layer) ; B, e th y l a ce ta te -ace tic  a c id -w a te r ( 9 : 2 : 2  v/v) ; C, phenol sa tu ra te d  w ith  w ater.

Electrophoresis buffers. E l ,  0-lM -Borate, p H  10; E2, 0-05M -Germanate, p H  10.



Ferrocenealdehyde. T his w as prepared  as described b y  G raham  et al.^ and  h ad  m. p. 114— 118° 
(lit.,9 121°).

2A-0-Ferrocenylmethylene-i>-glucitol. F errocenealdehyde (5 4 g.) in  benzene (30 ml.) w as 
added  to  D-glucitol (4-5 g.) in  IV N -dim ethyIform am ide (30 m l.). A fter add ition  of toluene- 
ÿ -sulphonic acid  (50 mg.), th e  m ix tu re  w as s tirred  and  refluxed {ca. 120°) for 10 h r. in  a  Soxhlet 
a p p ara tu s  con tain ing  calcium  chloride. T he so lvents w ere th e n  rem oved in  vacuo and  a fte r 
th e  free acid h ad  been neutraU sed w ith  sodium  m ethoxide, th e  residue w as ex trac ted  w ith  h o t 
e thanol. T he ex trac ts  w ere condensed and  chrom atographed  on alum ina, e thano l being used 
as th e  e luan t. T he to p  yellow  b an d  w as iso lated  from  th e  ex tru d ed  colum n and  ex trac ted  w ith  
ethanol. On concentration , th e  p ro d u c t crystallised . Three recrysta llisa tions from  ethano l 
gave yellow clusters of th e  acetal (0-5 g.), m . p . 196— 198°, —95° (c 0-1 in  H^O) (Found;
C, 53 9; H , 5-9; ferrocenealdehyde, 58. Ci^HggFeOg requires C, 54-0; H , 5-9; ferrocene
aldehyde, 57% ). R ecrysta llisa tion  of th e  ace ta l from  w a te r produced  yellow needles, m . p. 
168— 190°. In tensive  dry ing  d id  n o t a lte r  th e  m . p. W ith  acetic anhyd ride  in  py rid ine th e  
aceta l gave l,Z,5,&-tetra-0-acetyl-2,4:-0-{ferrocenylmethylene)-T)-glucitol, m. p. 112— 113° (Found: 
C, 54-8; H , 5-9; Ac, 30-8. CgsHgoFeOio requires C, 55-0; H , 5-5; Ac, 31-5% ).

Determ ination o f the aldehyde content o f the acetals. T he aceta l (2— 5 mg.) w as dissolved in 
e thano l in  a  50-ml. vo lum etric  flask. N -Sulphuric acid  (5 ml.) w as added  and  th e  solu tion  
m ade u p  to  th e  m ark  w ith  e thano l (w ith cooling). T he abso rp tion  a t  269 mpi w as m easured 
rap id ly  ag a in s t a  con tro l m ade up  b y  d ilu ting  5 ml. of N -sulphuric acid w ith  e thano l to  50 ml. 
A cah b ra tio n  curve of a ldehyde concen tra tion  aga in s t ab sorp tion  w as found to  be linear w ith in  
th e  range 6— 60 pg/m l.

Periodate oxidations. T he acetals w ere oxidised in  dioxan-0- 02M -potassium periodate  
(2 ; 3 v /v) ad ju s ted  b y  p reh m in ary  experim ents to  p H  6. D ete rm ina tion  of u p tak e  of oxi
d a n t an d  libera tion  of form ic acid  w ere carried  o u t as described b y  F leu ry  and  L ange,’-'’ and  
A nderson et a l.f^  respectively . F o r th e  determ ination  of fo rm aldehyde an  in itia l p H  7-5 w as 
used .’^

O xidation o f the acetal to 'L-xylose. T he m onoacetal (0-2 g.) w as shaken  in  0-02M -potassium 
periodate  (50 ml. ; in itia l p H  7) un til i t  dissolved, and  th e  m ix tu re  w as le ft 2 h r. T he excess of 
p erioda te  w as destroyed  w ith  e thy lene glycol (0-5 ml.) and  a fte r  add ition  of lON-sulphuric acid 
(5 ml.) th e  solu tion  w as h ea ted  a t  90° for 1 h r. T he solu tion  w as cooled, ex trac ted  w ith  chloro
form , an d  neu tra lised  w ith  barium  carbonate , th e  p rec ip ita te  being w ashed w ith  h o t w ater. 
A fte r de-ionisation, th e  so lu tion  w as freeze-dried. T he presence of xylose w as show n b y  chrom 
ato g rap h y  in  so lven ts A, B, and  C. T he anhydrous residue w as converted  in to  th e  di-O-benzyl- 
idene d im ethy l ace ta l (according to  th e  m ethod  of B reddy  an d  Jones ’®), m. p. 210-5°,
+  5° (c 0-9 in  CHClg), m ixed m . p. 211— 212° (lit.,’  ̂ 211— 212°).

Reaction between D-mannitol and ferrocenealdehyde. D-M annitol (7-2 g.) and  ferrocene
a ldehyde (19-2 g.) in  JViV-dimethylform amide (20 ml.) w ere s tirred  a t  70° in  th e  presence of 
phosphoric pen tox ide  (0-2 g.) fo r 15 hr. A fter being cooled, th e  m ix tu re  w as neu tra lised  w ith  
sodium  m ethoxide and  th en  separa ted  betw een chloroform  (ex trac t A) and  w ater. T he aqueous 
e x tra c t w as w ashed four tim es w ith  chloroform  and  th en  freeze-dried. T he freeze-dried residue 
w as ch rom atographed  on a  cellulose colum n, so lven t A being used as e luan t. T he yellow band  
w as elu ted  and  th e  so lven t evapora ted . A ttem p ts  to  crystallise th e  residue from  ethano l or 
w a te r failed. F ina lly  an  aqueous solu tion  w as freeze-dried to  give th e  m ono-0-(ferrocenyl
m ethylene)-D -m annitol frac tion  as a  yellow  pow der (1-5 g.), + 3 7 °  (c 1-0 in  HgO). T he
p ro d u c t (0-4 g.) w ith  acetic anh y d rid e -p y rid in e  gave, a fte r  tw o recrystallisations from  aqueous 
ethanol, yellow crystals of a  tetra-0-acetylmono-0-{ferrocenylmethylene)-D-mannitol (0-1 g.), 
m. p . 112— 113°, [a]j,22 + 9 °  {c 2-0 in  CHClg) (F ound: C, 54-5; H , 5-6. CggHgoFeOig requires 
C, 55-0; H , 5-5%).

Di-0-{ferrocenylmethylene)-D-mannitol. T he chloroform  ex trac ts  (A) from  th e  m onoacetal 
p rep ara tio n  were condensed and  ch rom atographed  on alum ina, chloroform  being used as th e  
e luan t. A fter th e  com plete e lu tion  of th e  unchanged  aldehyde, th e  colum n w as ex tru d ed  and  
th e  to p  yellow b an d  w as ex trac ted  w ith  ethanol. E v ap o ra tio n  of th e  e th an o l and  tre a tm e n t 
w ith  acetic an h y d ride-py rid ine  yielded, a fte r  th ree  recrysta llisa tions from  ch loroform -ethanol, 
orange-yellow  crystals of th e  diacetate of th e  d iace ta l (0-3 g.) m. p . 196— 200°, —6° (c 1-0
in  CHClg) (Found: C, 58-7; H , 5-5; Ac, 15-5; ferrocenealdehyde, 66-3. CggHg^FegOg requires 
C, 58-4; H , 5-2; Ac, 13-1; ferrocenealdehyde, 65-0% ). D e-acety la tion  of th is  ace ta te  gave, 
a fte r  tw o recrystallisations from  chloroform -hexane, yellow -orange c ry sta ls  of th e  diacetal,



m. p. 195— 200°, [a]j,2« + 3 9 °  (c 2-7 in  CHClg) (Found: C, 59-1; H , 5-4; Fe, 18-6. CwHgoFegO, 
requires C, 58-6; H , 5 3; Fe, 19-4%).

O ne of us (A. N. de B.) th an k s  A spro-N icholas L td . for a  g ran t.
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879. ^-Glucopyranosides of Hydroxymethyl- and Hydroxyethyl- 
ferrocene.

By A. N. DE B e l d e r ,  E. J. B o u r n e ,  and J. B. P r id h a m .

Synthesis and  properties of ferrocenylm ethy l and  ferrocenylethy l p-D- 
glucopyranoside a re  described. T he sensitiv ites of th e  com pounds to  d ilu te  
m ineral acid  have  been investigated .

As a first step in the study of carbohydrate derivatives of ferrocene, ferrocenylmethyl 
p-D-glucopyranoside (la) has been prepared by the Koenigs-Knorr  ̂ reaction under the 
conditions recommended by Reynolds and Evans.^

Condensation of hydroxymethylferrocene with 2,3,4,6-tetra-O-acetyl-a-D-glucopyr- 
anosyl bromide in the presence of silver oxide and calcium sulphate yielded mainly 
ferrocenylmethyl 2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside (Ib), with some di(ferrocenyl- 
methyl) ether (II). Deacetylation gave yellow crystals of the glucoside (la) monohydrate. 
This was also prepared in low yield by reaction of D-glucose with hydroxymethylferrocene 
in the presence of toluene-_^-sulphonic acid.®

The structure of the glucoside (la) was proved by acidic and enzymic hydrolyses, 
méthylation, and periodate oxidation. Potassium metaperiodate, in addition to reacting 
with the glucosyl residue, degraded the ferrocene nucleus, producing insoluble material 
which was probably a mixture of ferric hydroxide and ferric periodate or possibly 
potassium periodate adsorbed on ferric hydroxide. Ferric salts interfered with the 
periodate consumption (cf. Lang and Faude^), so the acetate (Ib) and the glucoside (la)

ÇHz'OR CHz'OH

K ^ / H ^ \ o .C H y C H y C ,o H ,F e

(CioHjFe'CH^'jO 
OR OH

(f) a : R = H (II) (III)
b: R = Ac

were oxidised in identical conditions and the periodate uptake by the glucosyl residue of 
(la) and the formaldehyde liberation were calculated by difference. In this way it was 
shown that the glucosyl group consumed 2 mol. of oxidant and produced no formaldehyde, 
consistently with a glucopyranoside structure. Méthylation of the glucoside, followed by 
hydrolysis, yielded crystalline 2,3,4,6-tetra-O-methyl-D-glucose. Emulsin hydrolysed the 
glucoside to glucose and hydroxymethylferrocene, and this result together with the specific 
optical rotation of the compound ([a]̂ ®® —37-7°) confirms the view that the molecule is a 
p-glucopyranoside.

0-048N-Sulphuric acid rapidly hydrolysed the glucoside at 25°, giving hydroxymethyl
ferrocene, glucose, and di(ferrocenylmethyl) ether (II). The first-order rate constant for 
this reaction was 8 6 X 10"® min."^ (Table 1), which resembles the value for the hydrolysis

T a b l e  1 .

H ydro lysis of th e  glucoside ( la ; 0-02 18m) in  0 OéSN-H^SO^.
Time (min.) ... 0 8 15 21 26 oo
«D"  ........ . - 0  28° (calc.) - 0  04° H-0-05° 4-0 11° -F013° 4-0 18° (calc.)
A i(m in .-i),  . — 0-088 0-083 0-088 0-084 —

of a furanoside rather than a pyranoside.® The nature of the bond fission was therefore 
investigated by conducting the hydrolysis in the presence of This indicated that
the hydrolysis occurred predominantly by hexosy 1-oxygen bond fission (Table 2). Similar 
results have been obtained by Bunton et with methyl and phenyl glucopyranosides, 
methyl 2-deoXyglucopyranosides, and maltose. No conclusions can be drawn from the

RO



isotope experiments regarding the formation of the ether: it could be formed by direct 
reaction of a ferrocenylmethyl cation with the glucoside (la) or by further reaction of the 
hydroxymethylferrocene liberated in the hydrolysis.

Table 2.
Fcn’CHj* Fcn 'C H j’O" Fcn-CHg'OH Glucose

O H  C H a'F cn  Glucose * (control) (control) W ater
Abundance (atom %) t ...........  0-35 0-25 0 93 0-18$ 018 1 11
Excess abundance (atom %) ... 0T7 0 07 0 74 0 0 0 93

* Calculated from the observed isotopic ratio on the assumption th a t only the 1-hydroxyl group 
was enriched, f ^*0 atom % abundance is given by 100 — (2Æ -)- 1) when R  is [Ĉ ^Og] / [C^^O^'O]. 
$ Normal abundance.

Bunton et have shown that the acidic hydrolysis of a number of glucopyranosides 
proceeds by the annexed mechanism. The alternative scheme whereby the cyclic oxygen 
atom is protonated and the carbonium ion is formed by ring-opening between C^) and this 
oxygen atom is not favoured.

CHj-OH CHz-OH CHg-OH

H,OH
HnNj ,1 / MnX| j /  ur> Vi yr ho

OH OH OH
+  HOR

The rates of hydrolysis of some glucosides ® increase as the aglycone residue is changed 
from a primary to a tertiary group. In some respects hydroxymethylferrocene has 
properties characteristic of a tertiary alcohol. For example, it is readily converted into 
an ether (II) in the presence of acid ® and attempts to prepare its toluene-^-sulphonate in 
pyridine produce the 1-ferrocenylmethylpyridinium salt.^® Bunton et alP have recently 
shown that t-butyl D-glucopyranoside is rapidly hydrolysed by acid, but in this instance 
by alkyl-oxygen bond fission and not by the hexosyl-oxygen bond fission which 
occurs predominantly with ferrocenylmethyl p-D-glucopyranoside. Ferrocene has many 
properties characteristic of a higlily activated benzene derivative,^^ so in the case of the 
glucoside (la) the ferrocene nucleus might be expected to increase the basicity of the 
exocychc oxygen atom and thereby facihtate formation of the conjugate acid during 
hydrolysis. Nath and Rydon showed that the introduction of electron-repelling groups 
into the aromatic ring of phenyl p-D-glucopyranoside increased the labihty of this glucoside 
to acid, but comparatively slightly. Edward suggested that phenyl glucosides are 
under strain. Thus the resulting lack of planarity may restrict the conjugate displace
ments in these molecules and the polar influences would then be small. A model of the 
glucoside (la) shows that there is no marked intramolecular steric pressure, and polar 
influences therefore presumably play the more important role in the stability of this 
compound to acid.

Ferrocenylethyl (3-D-glucopyranoside, also prepared by the Koenigs-Knorr method, 
was virtually stable to 0-05N-sulphuric acid at 25° and was incompletely hydrolysed by 
this acid after 20 hr. at 70°. The greater stability of this glucoside (II) than of ferro
cenylmethyl p-D-glucopyranoside (la) is presumably due to the additional carbon atom in 
the former which reduces the electrical influence of the ferrocene nucleus.

Further quantitative studies of the substitution of ferrocene and its derivatives may 
clarify the position and it is obvious that great care must be taken in assigning pyranoside 
or furanoside structures solely on the basis of stability to acid.

E x p e r i m e n t a l

B u tan -l-o l-e th an o l-w a te r ( 4 : 1 : 5 ,  v /v ; organic layer) w as used for th e  pap er chrom 
a to g rap h y  of sugars, and  a  system  com prising tw o organic phases for ferrocene derivatives.



HydroxymethylfevYocene.— T his com pound w as prepared  from  (ferrocenylm ethy l)trim ethy  1- 
am m onium  iodide,^® as described b y  H auser and  Lindsay/®  and , recrystallised  from  hexane, had  
m. p. 75— 76° ( l i t . ,"  76°).

Hydroxyethylferrocene.— A cetylferrocene w as converted  in to  th is  com pound as described 
by  R in eh art, C urby, and  Sokol; i® th e  p ro d u c t h ad  m. p . 45— 47° ( l i t . ,"  49— 50°) a fte r  
recrysta llisa tion  from  e ther-hexane.

Ferrocenylmethyl 2,^,4:,Q-Tetra-O-acetyl-^-D-glucopyranoside (Ib) {K oenigs-Knorr Method).—
2.3.4 .6-Tetra-0-acetyl-a-D -glucopyranosyI brom ide (4-1 g.) in  m ethy lene chloride (30 ml.) was 
added slowly to  a m ix tu re  of hydroxym ethylferrocene (3 3 g.), silver oxide (9-2 g.), and  calcium  
su lpha te  (5 0 g.) in  m ethylene chloride (30 m l.), th a t  w as th en  shaken for 18 h r., filtered, and  
evapo ra ted  to  dryness. T he residue dissolved in h o t m ethano l and on cooling gave a  p rec ip ita te  
w hich w hen recrystaliised  from  benzene-hexane afforded orange crystals of th e  acetate (Ib) 
(3 0 g., 54% ), m. p. 183— 185°, - 1 1  7° (c 1 0  in  CHCl,) (F ound: C, 55-0; H , 5 8: Fe, 10 0; 
Ac, 31 3. CggHgoFeOio requires C, 54 9; H , 5 7; Fe, 10 2; Ac, 31-5% ).

Di{ferrocenylmethyl) Ether (II).— F rac tio n a tio n  of th e  m ethanolic  filtra te  from  th e  K oenigs- 
K n o rr reaction  [rem aining a fte r th e  p rec ip ita tion  of th e  ace ta te  (Ib)] on a colum n of a lum ina  
(w ith benzene, benzene-hexane, and  benzene-chloroform ) produced crysta ls  of d i (ferrocenyl
m ethyl) e th e r (0-9 g.), m . p. 130— 131° ( l i t . ,"  129— 130°) (Found: C. 63-3; H . 5-5. Calc, for 
CggHggOFeg: C, 63-8; H , 5-4%).

Ferrocenylmethyl ^-D-Glucopyranoside (la ).— T he ace ta te  (Ib) (1-0 g.) w as tre a te d  w ith  
0-2N-sodium m ethoxide (1 ml.) in  m ethanol-ch loroform  a t  room  tem p era tu re  fo r 24 h r. T he 
resu lting  w ater-soluble fraction  contained th e  glucoside (la) w hich a fte r one recrysta llisa tion  
from  w a te r w as ob ta ined  as yellow p la tes of th e  m onohydrate  (0 4 g., 50% ), m. p. 135— 
136°, -3 7 -7 °  (c 1-0 in H^O) (F ound: C, 51-8; H , 6-3; Fe, 14-1% ; H A  0 98 mol.
Ci7H 22FeOg,HgO requires C, 51-5; H , 6-1; Fe, 14-1%).

Ferrocenylmethyl ^-v-Glucopyranoside (la) {Fischer M ethod).— H ydroxym ethy lfe rrocene 
(0-1 g.), D-glucose (0-05 g.), and  toluene-^-sulphonic acid  (5 mg.) in  d im ethylform am ide (5 ml.) 
were hea ted  for 6 h r. a t  80— 90°. F rac tio n a tio n  of th e  m ix tu re  b y  p a rtitio n  ch rom atography  
on W h atm an  No. 3MM paper yielded a sm all specim en of th e  glucoside (la), m . p . 133— 136°.

H ydrolysis o f the Glucoside (la ).— (a) W ith  Amberlite IR -120 form ) resin. T he glucoside 
(50 mg.) in  90%  aqueous ethano l w as shaken w ith  th e  resin for 2 h r. a t  80— 90°. T he resu lting  
glucose and  hydroxym ethylferrocene were identified b y  p ap er ch rom atography .

(b) W ith emulsin. T he glucoside (5 mg.) w as incubated  w ith  em ulsin solu tion  (3 ml.) a t  
30° fo r 18 h r., and  th e  products, glucose and  hydroxym ethylferrocene, w ere characterised  
b y  paper chrom atography .

M éthylation o f the Glucoside (la ).— Silver oxide (0-5 g.) w as added  du ring  30 m in., w ith  
con tinual ag ita tion , to  th e  glucoside (0-2 g.) in  d im ethylform am ide (5 ml.) and  m eth y l iodide 
(1 m l.). Shaking  w as continued for 18 hr. and  th e  p ro d u c t iso lated  b y  p a rtitio n  betw een w ater 
and  chloroform . T he m éthy la tion  w as repeated  and  th e  p ro d u c t iso lated  as a sy rup  (0-1 g.) 
th a t  w as dissolved in  N-hydrochloric acid (10 ml.) ; steam  w as passed th ro u g h  th is  so lu tion  for 
30 m in. A fter cooling, hydroxym ethylferrocene w as rem oved b y  ex trac tion  w ith  ether. The 
hyd ro ly sa te  w as th e n  sa tu ra te d  w ith  sodium  su lphate  and  ex trac ted  w ith  chloroform . T he 
chloroform  solu tion  w as decolorised w ith  charcoal, dried (M gSOJ, and  concen tra ted  to  a  syrup .
2.3.4.6-Tetra-O-methy 1-D-glucose (40 mg.), m. p. 96—97°, mixed m. p. 95—97°, was obtained 
from a light petroleum (b. p. 40—60°) solution of this, and its identity  was confirmed by paper 
chromatography.

Periodate O xidations.— The glucoside (la) (10— 20 mg.) w as dissolved in  d ioxan  (20 m l.), 
and  0-02M -potassium m etaperiodate  (30 m l.; ad ju s ted  to  p H  7) w as added. Sam ples (3 ml.) 
w ere rem oved a t  in tervals and  th e  periodate  u p tak e  an d  form aldehyde libera tion  determ ined  
b y  th e  m ethods of F leu ry  and  Lange and  O ’D ea and  Gibbons,®^ respectively . T he experi
m en t w as repeated  w ith  th e  ace ta te  (Ib).

Time (hr.) ......................................................................  5 8 10
Periodate consumed (mol.) : acetate (Ib) .......... 10-5 11-5 11-5

glucoside (la) ........... 12-0 13-5 13-5

K inetic M easurements.—The acidic hydrolysis a t 25° was followed by dissolving the  glucoside 
(la) in w ater (25 ml.), then adding N-sulphuric acid (1-25 ml.). A t intervals samples (5 ml.) 
were withdrawn, neutralised with 0-05N-ammonia, and centrifuged and the optical rotations of 
the solutions were then measured. The hydrolysis was carried out w ith the glucoside a t



0-0218M -concentration (Table 1). E rro rs  betw een calcu lated  and  observed values b y  th is  
procedure w ere generally  less th a n  4% .

H ydrolysis o f Glucoside (la) in  the Presence o /H g ^O .— T he glucoside [ca. 0 4 g.) w as dissolved 
in  i®0-enriched w a te r (30 m l.; 0 8 a tom  % ). N-Sulphuric acid (1-5 ml.) w as added . T he 
solu tion  w as left a t  room  tem p era tu re  fo r 45 m in., th en  ex trac ted  w ith  benzene. T he aqueous 
layer w as shaken  w ith  an  excess of barium  carbonate , filtered, and  tre a te d  w ith  B iodem inro lit 
(carbonate form ). A fter filtra tion  and  freeze-drying th e  resu lting  glucose crysta llised  from  
m ethano l-w ate r-p ropan -2 -o l (m. p . 149— 152°). T he benzene layer w as w ashed w ith  w a te r 
and  dried (KjCOg). F rac tio n a tio n  on an  a lum ina colum n yielded hydroxym ethylferrocene 
(40 mg.), m. p . 74— 76°, and  di (ferrocenylm ethyl) e th e r (50 mg.), m. p . 130— 131°.

C ontrol experim ents w ith  p-D-glucose an d  hydroxym ethylferrocene w ere carried  o u t u nder 
th e  sam e conditions.

A ll com pounds w ere analysed iso top ically  as carbon dioxide.®®
Ferrocenylethyl ^-D-Glucopyranoside (I II) .— H ydroxyethy lferrocene (0 39 g.) in  m ethy lene  

chloride (3 ml.) w as added  to  2 ,3 ,4 ,6-tetra-O -acetyl-a-D -glucopyranosyl brom ide (0 62 g.), 
silver oxide (0 5 g.), and  calcium  su lpha te  (0-5 g.) in  m ethylene chloride (5 m l.), an d  th e  m ix tu re  
w as shaken  for 20 h r. F iltra tio n  followed b y  rem oval of th e  so lven t le ft a  residue w hich w as 
dissolved in  m ethanol. 0-lN-Sodium  m ethoxide (1 ml.) w as th en  added  and  th e  p ro d u c ts  w ere 
pa rtitio n ed  betw een w a te r and  chloroform . T he aqueous layer w as freeze-dried an d  th e  
residual glucoside (0-1 g.) ( I l l)  crystallised  from  w ate r; i t  had  m . p. 174°, [a]i,®® —28° (c 0-3 in  
HgO) (F o u n d : C, 55-3; H , 6-1. CigHg^FeOg requires C, 55-1; H , 6-2%).

H ydrolysis o f  Glucoside ( I II) .— (a) W ith acid. T he glucoside (10 mg.) w as dissolved in
0-05N-sulphuric acid (10 ml.) a t  25° an d  sam ples (1 ml.) w ere rem oved a t  in te rva ls, neu tra lised  
w ith  barium  carbonate , and  exam ined for glucose on pap er chrom atogram s. T his experim en t 
w as repeated  a t  70°.

(b) W ith em ulsin. T his w as carried  o u t u nder th e  conditions described for th e  hydro lysis 
of th e  glucoside (la). T he resu lting  glucose and  hydroxyethy lferrocene w ere identified  b y  
p ap er chrom atography .

W e are  g ratefu l to  D r. C. A. B u n to n  for a  g ift of ^®0-enriched w a te r and  to  D rs. J . 
B rim acom be, A. B. F oster, and  J .  M ajer for assistance w ith  th e  isotopic analyses. One of us 
(A. N . de B.) is indeb ted  to  A spro-N icholas L td . fo r a  g ran t.
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GLUCOSYL DERIVATIVES OF CYCLOPENTA- 
DIENE AND CYCLOPENTANE

By A. N. de Belder, E. J. Bourne and J. B. Pridham

Chemistry Department, Royal Holloway College {University of 
London), Englefield Green, Surrey

As a possible intermediate for the preparation of 
glucosylated ferrocene derivatives (I and II) a glucosyl- 
ated cyclopentadiene derivative (III) has been pre
pared.

Freshly distilled cyclopentadiene (110 g.) in ether 
(25 ml.) was added slowly to ethyl bromide (18-0 g.) 
and magnesium turnings (4 0 g.) in ether (75 ml.).i 
After heating under reflux and stirring for 12 hours,
2,3,4,6-tetra- O - acetyl - % - D - glucopyranosyl bromide 
(7 0 g.) in ether (30 ml.) was added over 15 minutes 
and the heating and stirring continued for a further 
5 hours. The reaction mixture was then cooled, and 
poured onto ice-cold dilute acetic acid solution 
(150 ml.). Dilute alkali and water were used to wash 
the ether layer, both washings combined with the 
aqueous layer, and the whole then neutralised and 
dried in the frozen state. Acétylation of this latter 
material with acetic anhydride yielded l-(2,3,4,6- 
tetra- O-acetyl - p - d -glucopyranosyl)cyclopenta-1,3- 
diene (III) as a syrup (15  g.) which was crystallised 
from isopropanol, m.p. 126-128°, [a]24 —27° (c.,

0 6  in CHCI3), Xmax. 206 m[x (log s 3-3) and 247 m(i. 
(log e 3 8) (Found: C, 57-8; H, 6  55. C19H24O9 
requires C, 57-6; H, 6T0%). The cyclopentadiene 
derivative (III) reacted with maleic anhydride to give 
an adduct, m.p. 216-217° (Found : C, 56 2 ; H, 5-24; 
M, 477. C23H26O12 requires C, 55-9; H, 5-30%). 
The peak at 206 m(x is associated with ester carbonyl 
absorption and the maximum at 247 m(x results when 
a cyclic diene possesses a saturated substituent in the
l-position.2.3 The ultraviolet absorption spectrum 
together with a molecular weight determination 
indicated that (III) was a monomer and the infrared 
spectrum showed a peak at 890 cm.-i which is 
characteristic of a p-glucopyranosyl configuration.^

Hydrogenation of compound (III) with Adams’ 
catalyst gave 2,3,4,6-tetra- 0-acetyl-p-D-glucopyranosyl 
cyclopentane, m.p. 90-91°, —15° (c., 1-2 in
MeOH) (Found: C, 56-99; H, 7-04. C19H28O9
requires C, 56-99; H, 7-05%), and this was oxidised 
with alkaline permanganate to cyclopentane car- 
boxyhc acid which was characterised by infrared 
spectrophotometry.

All attempts to prepare compounds (I) and (II) by 
reaction of the anion of the cyclopentadiene derivative 
(III) with cyclopentadiene in the presence of ferric 
chloride failed. Steric factors may be involved in this 
type of reaction as Pauson^ has reported that highly 
substituted phenyl derivatives of cyclopentadiene 
cannot be converted to the corresponding ferrocene 
derivatives.

The authors are indebted to Aspro-Nicholas Ltd. 
for provision of a scholarship (to A. N. de B.) and to 
to Dr. D. Peters for a specimen of cyclopentane 
carboxylic acid.

Received January 18, 1961
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PAPER CHROMATOGRAPHY OF FERROCENE 
AND ITS DERIVATIVES

By A. N. de Belder, E. J. Bourne and J. B. Pridham

Chemistry Department, Royal Holloway College {University o f  
London), Englefield Green, Surrey

Mixtures of ferrocene derivatives may readily be 
fractionated by adsorption chromatography, for 
example on alumina, but partition chromatography, 
with water as the stationary phase, is generally 
unsuitable owing to the hydrophobic properties of 
many of these compounds.

Paper chromatographic methods have now been 
developed in this laboratory in order to identify 
ferrocene derivatives in complex reaction mixtures. 
An organic two-phase solvent system is used, which 
is essentially the same as that described by Wickbergi 
for the separation of sugar acetates. Strips of 
Whatman No. 3 paper are dipped twice in a solution 
of dimethyl sulphoxide in benzene (2 0 % v/v) and the 
benzene is removed from the papers after each 
treatment by heating at 80° in an oven for approxi
mately 30 secs. The mixtures for analysis (dissolved 
in absolute ethanol) are quickly applied to the paper 
strips which are then developed with light petroleum 
(b.p. 60-80°) saturated with dimethyl sulphoxide. 
This solvent has a high rate of movement (20 cm./ 
hour at 2 0 °) and complete resolution of a mixture of 
ferrocene (I), acetylferrocene (II), ferrocenealdehyde 
(III), hydroxymethylferrocene (IV) and ferrocene- 
carboxylic acid (V) can easily be achieved in 2 hours, 
the i?F values for these compounds being 0 98, 0 62, 
0 59, 0T9 and 0 05 respectively.

The majority of ferrocene compounds are highly 
coloured and are therefore readily located on paper 
chromatograms. However, for a more positive 
identification, the chromatograms can be sprayed 
with a solution of potassium thiocyanate (5% w/v in 
nHCI) {cf. Goldberg2). This reagent at room

temperature produces an immediate red-brown 
colouration with compounds (II), (III) and (V) and 
on heating the chromatograms at 90° for 7-8 minutes 
compounds (I) and (IV) also give the same colours. 
Prolonged heating (90° for 15 minutes) causes all the 
spots to change to yellow-brown. The rate of 
appearance of the original red-brown colour on the 
chromatogram can assist in the identification of the 
derivative. A further useful spray reagent, for the 
detection of certain ferrocene derivatives, is aqueous 
sodium periodate solution (1% w/v). Compounds
(I), (IV) and (V) are rapidly oxidised by periodate at 
room temperature to blue-green products; in the 
case of compound (I), the product is presumably the 
ferrocinium ion. No colour change is apparent with
(II) and (III). If  required, the thiocyanate reagent can 
be applied to chromatograms which have already been 
sprayed with periodate solution, and this will then 
give the normal red-brown colour with all the above- 
mentioned derivatives. With compound (IV) this 
second colour change is slow and goes via a dark 
green intermediate.

One of the most difficult compounds to detect on 
chromatograms which have been developed with the 
solvent system described is (I) which moves near the 
solvent front and tends to become dispersed over a 
large area of paper. It is probably best to rely on the 
natural colour of this compound for its location and 
this should be marked as soon as the paper is with
drawn from the chromatography tank.

One of us (A. N. de B.) is indebted to Aspro- 
Nicholas Ltd., for a research grant.

Received June 15, 1959
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Determination of Phenolic Glycosides and 
Aglycones on Paper Chromatograms

JOHN B. PRIDHAM^

The Institute o f Paper Chemistry, Appleton, Wis.

► The method w as dev e lo p ed  in o rd er 
th a t small amounts o f phenols and 
phenolic glycosides, p resen t in en- 

; zymic d igests, could b e  accurately  d e 
term ined. The technique has been  used 
for the determ ination o f catechol and  
arbutin over a ran g e  o f 0  to  1 0 0  7 , 
and saligenin from 0  to  7 0  7 . The 
errors in all cases w ere  within ± 4 % .  
(p-Hydroxyphenyl)-/3-gentiobioside has 
also been  determ ined in enzymic d i
gests a f te r  sep a ra tio n  of the com
ponents of the d igests by  p a p e r  p a r 
tition chrom atography . Q uantitative 
analysis o f mixtures o f phenols and  
phenolic glycosides m ay b e  rap id ly  
carried  out by  the simple procedure 
described . Only a  few  microliters of 
the solutions to  b e  an a ly zed  a re  re 
quired , and  application  o f these solu
tions to  the p a p e r  as single spots en
sures good  chrom atographic s e p a 
rations of the components. The com
pleteness of separa tions m ay b e  
read ily  observed  in view of the fac t 
th a t the colorimetric reactions o re  
carried  out on the chrom atogram s.

Th e  methods available for the deter
mination of phenols and their 
derivatives have recently been reviewed 

by Clarke and Nord (â), Trim (IS), and 
Bray and Thorpe (S). The analytical 
principles involved are many and varied, 
but the majority of techniques have been 
devised for specific phenolic compounds 
and httle attention has been paid to the 
quantitative separation and determina
tion of mixtures of phenols. One of the 
few exceptions, however, is Stone and 
Blundell’s method, where the phenofic 
aldehydes obtained by alkaline nitroben
zene oxidation of lignin are separated 
by paper partition chromatography and 
then determined spectrophotometrically 
after elution from the paper with ethyl 
alcohol (9). This method has recently 
been utilized for the determination of 
phenolic carboxylic acids (I).

A good chromatographic spray reagent 
for phenols is diazotized p-nitroaniline 
(4), which has also been used for the 
determination of p-hydroxybenzoic acid 
and p-hydroxybenzamide in the ether 
extracts of urine (S).

In the procedure described herein the 
author has utilized this reagent, in con
junction with paper partition chromatog
raphy, to determine phenolic com
pounds in mixtures.

The technique used is similar to that 
described for determination of sugars 
with p-anisidine hydrochloride (6). The 
solution containing the phenols is ap
plied to the chromatographic paper as 
small discrete spots, and, after develop
ment with a suitable solvent, the chro
matogram is dried and sprayed with a 
solution of diazotized p-nitroaniline buf
fered with sodium acetate. The excess 
moisture is then allowed to evaporate, 
the spots are cut from the chromato
gram, and the color is eluted from the 
paper with a solution of potassium hy
droxide in aqueous methanol. Finally, 
the absorbance of the resulting solution 
is measured in a spectrophotometer. 
The intensity of color bears a linear rela
tionship to the weight of phenolic com-
1 Present address. Chemistry Departm ent, 
West Mains Road, The University, 
Edinburgh 9, Scotland.
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Determination of Phenolic Glycosides and 
Aglycones on Paper Chromatograms

JOHN B. PRIDHAM̂

The Institute o f Paper Chemistry, Appleton, Wis.

► The method w as dev e lo p ed  in o rd er 
th a t small amounts o f phenols and 
phenolic glycosides, p resen t in en- 

; zymic digests, could b e  accurately  d e 
term ined. The technique has been  used 
for the determ ination o f catechol and  
arbutin over a  ran g e  of 0  to  1 0 0  7 , 
and  saligenin from 0  to  7 0  7 . The 
errors in all cases w ere  within ± 4 % .  
(p-Hydroxyphenyl)-/3-gentiobioside has 
also been  determ ined in enzymic d i
gests a f te r  sep a ra tio n  of the com
ponents of the d igests by  p a p e r  p a r 
tition chrom atography . Q uantitative 
analysis of mixtures o f phenols and 
phenolic glycosides m ay b e  rap id ly  
carried  out by  the simple procedure 
described . Only a  few  microliters of 
the solutions to  b e  an a ly zed  a re  re 
quired , and  application  o f these solu
tions to  the p a p e r  as single spots en
sures good  chrom atographic s e p a 
rations of the components. The com
pleteness of separa tions m ay b e  
read ily  observed  in view of the fac t 
th a t the colorimetric reactions a re  
carried  out on the chrom atogram s.

The methods available for the deter
mination of phenols and their 
derivatives have recently been reviewed 

by Clarke and Nord (â), Trim (IS), and 
Bray and Thorpe (S). The analytical 
principles involved are many and varied, 
but the majority of techniques have been 
devised for specific phenolic compounds 
and little attention has been paid to the 
quantitative separation and determina
tion of mixtures of phenols. One of the 
few exceptions, however, is Stone and 
Blundell’s method, where the phenofic 
aldehydes obtained by alkaline nitroben
zene oxidation of lignin are separated 
by paper partition chromatography and 
then determined spectrophotometrically 
after elution from the paper with ethyl 
alcohol (d). This method has recently 
been utilized for the determination of 
phenolic carboxylic acids (1).

A good chromatographic spray reagent 
for phenols is diazotized p-nitroaniline
(4), wliich has also been used for the 
determination of p-hydroxybenzoic acid 
and p-hydroxybenzamide in the ether 
extracts of urine (S).

In the procedure described herein the 
author has utilized this reagent, in con
junction with paper partition chromatog
raphy, to determine phenolic com
pounds in mixtures.

The technique used is similar to that 
described for determination of sugars 
with p-anisidine hydrochloride (6). The 
solution containing the phenols is ap
plied to the chromatographic paper as 
small discrete spots, and, after develop
ment with a suitable solvent, the chro
matogram is dried and sprayed with a 
solution of diazotized p-nitroaniline buf
fered with sodium acetate. The excess 
moisture is then allowed to evaporate, 
the spots are cut from the chromato
gram, and the color is eluted from the 
paper with a solution of potassium hy
droxide in aqueous methanol. Finally, 
the absorbance of the resulting solution 
is measured in a spectrophotometer. 
The intensity of color bears a linear rela
tionship to the weight of phenolic com-
1 Present address. Chemistry Departm ent, 
West Mains Road, The University, 
Edinburgh 9, Scotland.
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pound over a range of 0 to 100 7  for 
catechol and arbutin, and from 0 to 70 
7  for saligenin.

The method has found application for 
the determination of (p-hydroxj'^phenyl)- 
jS-gentiobioside (7) in enzymic digests, 
which in addition contain arbutin and 
quinol.

The method might also be used for the 
determination of many other phenols and 
derivatives, if they are capable of cou
pling with diazotized p-nitroaniline, and 
if no decomposition occurs during the 
extraction with methanolic potassium 
hydroxide solution.

REAGENTS

Diazotized p-Nitroaniline Solution. 
This spray reagent is made up as de
scribed by Swain (10).

To a solution of p-nitroaniline in 2N 
hydrochloric acid (0.5% w./v.; 5 ml.) 
is added aqueous sodium nitrite solution 
(5.0% w./v.; 0.5 ml.) followed by so
dium acetate buffer (2 0% w./v. ; 15 ml.).

These reagents are stable, but the di
azotized p-nitroanihne is unstable and 
should be freshly prepared just prior 
to use, although it may be stored in a 
refrigerator for 1 to 2  hours after prep
aration.

Eluting Reagent. The solution used 
contains potassium hydroxide (0 .2 % 
w./v.) in aqueous methanol (95% v./v.).

For the determination of catechol the 
composition of eluent is modified by 
decreasing the amount of methanol in 
the aqueous solution from 95 to 80%.

PROCEDURE

Suitable volumes of the phenol solu
tions are spotted onto paper chromato
grams (Whatman No. 1 paper) with an 
ultramicroburet. Three or four spots 
of standard phenol solutions, the com
ponents of which correspond qualita
tively to those in the unknown, are also 
applied to the chromatograms. The 
standard solutions are spotted in 
amounts ranging from 0  to 100 7  for 
arbutin and catechol and from 0 to 70 7  
for sahgenin.

Development of the chromatograms 
is effected with a suitable solvent, such as
1-butanol-pyridine-water (6:4:3 v./v.), 
and the papers are then allowed to dry 
in the air. The chromatograms are 
next sprayed, as uniformly as possible, 
with the diazotized p-nitroaniline solu
tion and the excess moisture is allowed 
to evaporate from the paper. The re
sulting _ orange-yellow spots, together 
with suitable blanks, are cut out with 
scissors, the areas of the pieces of paper 
being kept constant and as small as 
possible.

Elution of the colored compounds from 
the paper is carried out by mechanical 
shaking in test tubes with the aqueous 
methanolic potassium hydroxide solu
tion, the volume used varying with the 
phenol being determined. For arbutin 
and catechol 3 ml. are used, and for 
saligenin, 5 ml. The blanks are eluted 
in a similar manner.

The absorbances of the colored 
solutions are measured in a Beckman 
spectrophotometer (Model DU, 1-cm. 
cell), the red color given by saligenin 
being diluted ten times before measure
ment.

Absorbance measurements are made at 
the following wave lengths: arbutin, 
458 m/t; catechol, 470 m/i; and saligenin, 
495 m/i.

The values obtained for the standard 
determinations are plotted against the 
weights of phenols and the resulting 
graphs are used to determine the un
knowns.

The rate of formation of (p-hydroxy- 
phenyl)-/3-gentiobioside was studied by 
withdrawing 1-ml. samples from the 
enzjonic digests at varying time inter
vals. Each sample, after withdrawal, 
was immediately deproteinized by shak
ing with Sevag’s reagent (chloroform- 
n-amyl alcohol; 5:2 v./v.) (8) and suit

able volumes of the top layer were then 
spotted onto paper chromatograms. 
These were developed with the 1- 
butanol-pyridine-water solvent and the 
(p-hydroxyphenyl)-jg-gentiobioside was 
then determined by the procedure de
scribed, using arbutin as the standard for 
comparison.

The weights of (p-hydroxyphenyl)-/3- 
gentiobioside present were calculated on 
the assumption that the stoichiometry 
of the reactions of diazotized p-nitro
aniline with arbutin and (p-hydroxy- 
phenyl)-/3-gentiobioside, respectively, 
were similar, and that equivalents of the 
azo dyes thus formed gave the same color 
intensity.

RESULTS AND DISCUSSION

Azo dyes behave as indicators, and, in 
general, those formed by coupling 
diazotized p-nitroaniline with phenols

Catechol

0.9

0.8

0 .7

o  0.6

g  0 .5
Arbutin 
4 5 8  mji

 Soligenin
4 9 5  mu

0 .4
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0.2

0.1

/  OF PHENOL

Figure 1. Increase in ab so rbance  of a zo  dyes with 
increase in w eight of catechol, arbutin, and  saligenin

0.4

0.3

I
i  0.2 

<

y  OF PHENOL

Figure 2. Stability  o f a z o  d y e  form ed by reaction of 
d iazo tized  p-nitroaniline with arbutin

At zero  time
After 2 hours and  7 2  hours
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3.0
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[p  -  Hydroxyphenyj] -  

B -  Genllobioside6 2.0

HOURS

Figure 3. Formation o f (p-hydroxyphenyl)"j3-gentiobioside and 
liberation  o f glucose

Arbutin incubated  with j9-glucosidase p rep a ra tio n  from Populus g rand id en fa fa

are orange-colored under acidic condi
tions. If the pH is increased, however, 
a color change results, which often aids in 
the identification of certain phenols. 
These dyes in alkaline solution usually 
exhibit maximum absorption peaks at a 
higher wave length than when they are 
in acid solution and therefore, if neces
sary, the absorbance of the former can be 
readily measured in a simple colorimeter. 
For these reasons the quantitative rela
tionship between the absorbance of the 
azo dyes and the weights of phenols was 
examined in alkaline rather than in 
acid solution. Attempts to bring about 
the color change by spraying the 
chromatograms with alkali were aban
doned, as this invariably resulted in the 
colors streaking down the paper. The 
alkaU was therefore incorporated into the 
eluting reagent.

In the case of catechol, some difficulty 
was experienced with the elution of the 
azo dye from the paper. By increasing 
the water content of the eluting reagent, 
however, this was overcome.

Standard curves for arbutin, saligenin, 
and catechol are shown in Figure 1. 
The relationship between weight of 
phenol and absorbance was linear from 
0 to 100 7  for catechol and arbutin and 
0 to 70 7  for saligenin, and the errors 
were withhi ±4%.

The stability of the azo dyes formed 
with the above phenols appeared to be 
high. The absorbance of the blanks, 
however, gradually increased over a 
period of 2 to 4 hours and then re
mained steady. This gave an apparent 
decrease, with time, in the intensity of 
the dye solutions, the standard curves 
remaining parallel but below the original 
curves, and no longer passing through 
the origin (Figure 2). This, however, is 
of little importance as far as the ac
curacy of the method is concerned, as the 
determination of standard phenols to
gether with the unknowns on the same 
paper chromatogram alleviates any 
error which might arise from this 
phenomenon.

The general technique has also been

applied to the determination of sugars 
with p-anisidine hydrochloride (6) and 
amino acids with ninhydrin {11, 12). 
I t is rapid, and a useful procedure for 
the quantitative study of mixtures of 
compounds of biochemical interest. 
This is well illustrated in Figure 3, 
based on a study of the rate of forma
tion of (p-hydroxyphenyl)-/3-gentiobio- 
side and the simultaneous liberation of 
glucose when arbutin is incubated with a 
/3-glucosidase preparation from the 
cambial region of Populus grandidentata.
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(Reprin ted  from  Nature,  Vol.  182, pp.  795-796, Sept.  20, 1958)

M etabolism  of Phenolic Com pounds by 
th e  Broad Bean Vida faba

Phenolic glycosides are  com m on co nstituen ts  of 
p lan t tissues b u t little  is know n a b o u t th e  'b io 
synthesis o f th e  glycosidic bond in  these  com pounds. 
B ourquelo t an d  H erissey synthesized  (o-hydroxy- 
benzy l)-P-glucoside by incubating  glucose w ith  sa li
genin in  th e  presence of emulsin^, b u t it  is unlikely 
th a t  transg lycosy lation  o f th is  ty p e  is an  im p o rtan t 
m echanism  for th e  b iosynthesis of glycosides in  vivo. 
T he form ation  of a ry l glucosides by  lea f disks infused 
w ith  various phenols has been rep o rted  b y  Miwa et al.^ 
an d  i t  appears th a t  gfucose-1-phosphate is in^mlved 
in  these  reactions. \

T he stem s of young  bean  shoots w ere im m ersed 
in  aqueous solutions contain ing glucose (0-5 per 
cen t (w/v) an d  a  phenol (0 5 per cen t w /v) an d  a fte r 
48 h r. th e  tissues were ex trac ted  w ith  m ethano l and  
th e  ex trac ts  exam ined bn pap er • chrom atogram s 
(b u tan -l-o l/e thano l/w ate r ( 4 : 1 : 5 ,  organic layer) 
so lvent : am m oniacal silver nitrate®, diazotized
p-n itroan iline/sod ium  hydroxide* an d  p e rio d a te - 
permanganate® sp ray  reagents). Some of th e  p roduc ts 
w ere iso lated  in  sm all am oun ts b y  clrrom atography 
on W h a tm an  No. 3 paper an d  a fterw ards hydi'olysed 
b y  an  em ulsin p repara tion .

T he feeding o f quinol an d  phloroglucinol gave rise 
to  p roducts which cq-chrom atographed w ith  a rb u tin  
{Rp  0 44) an d  phlorin  {Rp 0 35) respectively, and  
gave th e  sam e colour reactions w ith  th e  diazo reagen t 
as th e  au th en tic  glycosides. Sim ilarly, th e  coin- 
porm d ob ta ined  b y  feeding saligenin w as in 
d istinguishable from  (o-hydroxybenzyl)-p-glucoside 

, ' an d  hydrolysis* w ith  em ulsin yielded saligenin and
 ■ glucose,this being fu rth e r evidence for th e  presence
: . -  : ÿ of a  p-glycosidic linkage. No evidence for th e  form a-

\ :L:j/ tio n  o f salicin ( (o-hydi'oxym ethylphenyl)- -glucoside)
from  saligenin could be ob tained.

Resorcinol, catechol an d  hydroxyhydroquinone all 
gave single p roducts {Rp  values 0 51, 0 64 an d  0 43 

/ / (0 33 on ^ q s p h a te-buffered paper) respectively),
/ w hich reac ted  w ith  th e  diazo- and  periodate-per-

/N m angana te  reagents. H ydrolysis w ith  em ulsin in
each case produced glucose toge ther w ith  th e  phenol 
w hich h ad  been adm in istered  to  th e  shoot.

These resu lts  suggest th a t  th e  m ono - p- glucosides 
of catechol and  resorcinol h ad  been produced. The



p ro d u c t ob ta ined  from  hydroxyhydroqu inone was 
p robably  (3,4-dihydroxyphenyl)-p-glucoside, as i t  
show ed a  decreased ra te  o f m ovem ent w hen sub jec ted  
to  ch rom atography  on  buffered paper, th is  being 
evidence for th e  presence of a n  ene-diol grouping®. 
Sm all am orm ts of an  elec trophoretically  a n d  chrom 
atograph ically  iden tical com pound were also form ed 
w hen young bean  shoots w ere allow ed to  ta k e  up  a  
so lu tion  o f a rb u tin  (1 p e r cen t w /v). I n  th is  case, 
th e  a rb u tin  w as presum ab ly  hy d ro x y la ted  b y  p o ly 
phenol oxidase.

Glucoside fo rm ation  could n o t be dem onstra ted  
when phenol w as used as a  su b s tra te  an d  only 
traces o f possible glucosides w ere produced  using 
pyrogaUol.

T he biosynthesis of th e  glucosides w as confined 
chiefly to  th e  leaves an d  th e  ac tiv ity  was com pletely 
destroyed  b y  grinding these tissues in  th e  presence 
o f 0-1 M  phosphate  buffer (pH  6 0). T he syn thetic  
a c tiv ity  of th e  iso lated  stem s w as negligible.

D uring th e  p repara tion  o f th is  com m unication ,
. H u tch inson , R oy  an d  Tow ers’ repo rted  glucoside 
fo rm ation  b y  apple-leaf and  leaves from  a  nu m b er of 
o th e r p lan t species, w hen fed w ith  phenols in  th e  
presence of D-glucose-**C.

T his s tu d y  is being continued  to  determ ine th e  
exact m echanism  o f form ation  o f glucoside in th e  
p lan t an d  to  exam ine th e  b iosynthesis an d  m e ta 
bolism  o f th e  m ore com plex phenolic glycosides 
contain ing  tw o o r m ore sugar un its .

T he in te rest show n b y  P rof. E . J .  B ourne is very  
m uch  appreciated .

J .  B . P r i d h a m
D ep artm en t of C hem istry,
R oyal H ollow ay College 
(U niversity  o f London),

Englefield Green, Surrey . Ju ly  9.
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12, 48 (1957); Chem. Abstr., 52, 1314 (1958).
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(1950).
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O F P H E N O L IC  CO M PO UN D S

J.B.PRIDHAM
Chemistry Department, Royal Holloway College, University of London,

Englefield Green, Surrey [Great Britain)

The introduction of new analytical techniques, and in particular chromatography, has 
been largely responsible for the rapid increase, during the last decade, of our knowledge 
of the biochemistry of phenohc compounds.

The literature on the chromatography of phenohc compounds is extensive but 
good reviews of developments, up to 1 9 5 6 , are available (B ra y  a n d  T h o rp e ^ ; C la r k e  
AND N ord2 ; L e d e r e r  AND L e d e re r^ ) .  Amougst the more recent pubhcations in this 
field is a comprehensive study by R eio* of the identification and separation of phenols 
by paper chromatography.

By comparison with chromatographic methods, the paper electrophoresis of pheno
lic compounds has been neglected. Michl® has investigated the electrophoresis of borate 
complexes of o-dihydric phenols and C o u lso n  a n d  Evans® have used borate buffers for 
their studies with phenolic carboxyhc acids and other phenolic derivatives. Shimomura'^ 
and B e r b a lk  a n d  Schier® have also reported electrophoretic studies with phenols.

The present enquiry was undertaken in connection with work on the biosynthesis 
of phenolic glycosides by plants (Pridham®) in an endeavour to supplement existing 
techniques for the identification and separation of small amounts of phenolic ihaterials. 
Particular attention has been paid to the use of molybdates as reagents both for the 
detection and the separation of o-dihydroxy compounds by paper electrophoresis and 
paper chromatography, and the electrophoretic behaviour of phenohc compounds in 
several different buffer systems has been examined.

ex perim enta l

M olyhdate complex form ation

The abihty of various phenolic compounds to form coloured molyhdate complexes 
Was tested by spotting their solutions on to strips of Whatman No. 3  paper which 
had previously been dipped in a o .i M  sodium molyhdate solution, blotted with 
filter paper, then air-dried. The rapid development of an intense orange-brown colour 
was taken as a positive indication of complex formation.

P a p er electrophoresis

The paper electrophoresis apparatus used for these experiments Was built according 
to a design kindly provided by Dr. D. G ro ss  of Tate & Lyle, Ltd., and the individual
References p. 6 1 1 .
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runs on Whatman No. 3  paper were continued for i  % -2  hours at 2 2  V/cm. Diazotised 
ÿ-nitroanihne solution (as prepared by S w a i n ®̂) followed by N  NaOH solution, was 
used to locate the phenols on the paper, and all mobilities were calculated as M s a  
values, that is, relative to the mobilities of salicylic acid (o-hydroxybenzoic acid),
2 ,3 ,4 ,6 -tetra-O-methyl-D-glucose being used as a zero marker. ^-Anisidine hydro
chloride ( H o u g h , J o n e s  a n d  W a d m a n ^̂ ) w a s  used to locate this carbohydrate 
derivative. When using alkahne buffers it was necessary to expose the zero marker 
strips to moist hydrogen chloride gas prior to spraying with the ÿ-anisidine hydro
chloride reagent. The "absolute mobility” of o-hydroxybenzoic acid in each buffer was 
also calculated.

Buffers
0.2 M  acetate (pH 5 .2 )
8 .1 -1 0 “® M  molybdate (pH 5 .2 )*
0 .2  M  phosphate (pH 7 .2)
0 .2  M  borate (pH lo.o) 
o.i M  glycine (pH lo.o)

Paper partition chromatography

The descending method of chromatography was adopted and the solvent systems 
used were butan-i-ol-ethanol-water (4 :1 : 5  v/v; organic layer) and ethyl acetate- 
acetic acid-water (9 :2 : 2  v/v). Plain and molybdate-treated Whatman No. 3  papers 
were used for these experiments and diazotised ÿ-nitroaniline/NaOH as the spray 
reagent. The rates of movement of the phenols were recorded 2s  Rp  values.

results  and  discussion

Spot tests with approximately one hundred phenolic compounds using the molybdate- 
treated paper showed that the presence of an o-dihydroxy or ene-diol grouping was 
essential for the formation of a coloured molybdate complex. The test substances, in 
addition to simple phenols, included phenolic carboxyhc acids and nitro- and amino- 
phenols. Particular attention was paid to phenols having hydroxyl groups ortho to 
other substituents. Tests were also negative with a large number of carbohydrate 
derivatives, but L-ascorbic acid, an ene-diol compound, gave a strong positive reaction.

Riley^® has used phosphomolybdic acid followed by ammonia as an unspecific 
chromatographic spray reagent to detect polyhydric phenols and recently C o u l s o n  

AND E v a n s ® have used a molybdate reagent to detect o-dihydric phenols. W ith this 
latter method, however, the chromatograms have to be sprayed with three different 
solutions. On the basis of the present work it would appear that sodium molybdate 
alone is a highly specific reagent for o-dihydroxy compounds and in this laboratory 
an aqueous solution (o.i M) has been used successfully as a chromatographic spray 
reagent. The immediate appearance of orange-brown spots after spraying with this

* (NHJgMo^Og^- 4.HgO (1 % w/v) in 0 .0 0 2  2V HgSO^. 
References p. 6 1 1 .



VOL. 2 (1 9 5 9 ) SEPARATION A ND IDENTIFICATIO N OF PH ENOLS 6 0 7

reagent is a clear indication of o-dihydric phenols. Other phenohc compounds may 
react slowly to give coloured spots but this only occurs several hours after spraying.

P a p er  electrophoresis

The results of the paper electrophoresis study are given in Table I, which shows the 
relative mobilities of a number of phenolic compounds using various buffer systems. 
In some instances the compounds "tailed” badly (perhaps due to oxidation) and this 
has been indicated in the table. Using an acetate buffer (pH 5 .2 ) it was observed th a t

TABLE I
RELATIVE ELECTROPHORETIC MOBILITIES OF PHENOLIC COMPOUNDS EXPRESSED AS M sA  VALUES

distance moved by phenolic compound
M s a  = distance moved by o-hydroxybenzoic acid

H s a  values
Compound Acetate 

p H  5.2
Molybdate 

pH  5.2
Phosphate 

p H  7.2
Borate 

p H  zo.o
Glycine 

pH  lo .o

Quinol 0 0 O .OI
Catechol* 0 1.07 O.OI 0.67 0.51
Resorcinol 0 0 O.OI 0 .3 5 0.44
Phloroglucinol . 0 0 O.OI I 27 1.05
Pyrogallol* 0 0.98** O.OI 0-75 - - **
Hydroxyquinol* 0 1.07 1-2 5 ** 1.20 1.16**
3,4-Dihydroxyphenylalanine * 0 0.81 O.OI 0.72
o-Hydroxybenzoic acid 1.00 1.00 1.00 1.00 1.00
m-Hydroxybenzoic acid 0.81 0 .7 9 0.85 1.05 0 .9 5
^-Hydroxybenzoic acid 0.64 0.70 0.77 1.21 1.10
Protocatechuic acid* 0.50 1.00 0.67 1.19 1.02
Gallic acid* 0-45 1.03 0.59 1.20 0 .9 3
-̂Coumaric acid 0-34 0.44 0.58 0 .9 8 0.86

Caffeic acid* 0.20 0.79 0.50 1.04 1-05
Ferulic acid 0.21 0.21 0.42 0.87 0.77
Chlorogenic acid* 0-33 1.03 0 .4 4 ^ ^ 0 83̂ ^ 0 7 4 ^ ^
^-Hydroxybenzaldehyde 0 • 0 0.27 0 .8 4 * * 0.79
Vanillin 0 0 0.27 0.79 0.76
Syringaldéhyde 0 0 0.21 0.71 0.72
Umbelliferone 0 0 0.04 0.76 0.63
4-Methyl-umbelliferone 0 0 0 0.52 0.50
4-Methyl-aesculetin * 0 0.61 O .I I 0.48 0.27
Arbutin 0 0 0 0.22 0.09
Aesculin 0 0 0.26 0.51 0.24
Phloridzin 0 0 0.08 0.42 0.14
Gatechin* 0 0.23 0 0.65 0.63
Quercetin * 0 0.05 0 0.21 0
Myricetin * 0 0 0 0.18 0
Luteolin* 0 0 0 O .I I 0
Kaempherol 0 0 0 0.12 0
Genistein 0 0 O.OI 0.25 0.16
Irigenin
"Absolute mobilities’" of 
o-hydroxybenzoic acid 
(cm/h/i200 V)

0 0 0.04 0.52 0 .3 5

8.8 8.8 8 .0 9 .7 10.8

* o-Dihydroxy compounds,
** Compounds decomposed or "tailed"

References p . 611.
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phenolic groups were insufficiently ionised to allow migration but compounds possessing 
carboxyl groups moved rapidly towards the anode.The flavonoids,which were examined, 
were virtually insoluble in this buffer. With regard to the phenolic carboxyhc acids, there 
appeared to be no simple correlation between their mass/charge ratios and relative 
mobihties. The relative mobilities observed using the molybdate buffer (pH 5 .2) were, 
in many cases, similar to those obtained with the acetate buffers. Compounds possess
ing o-dihydroxy groupings, however, formed coloured complexes immediately the 
molybdate buffer was applied to the paper and these, with the exception of the 
flavonoid derivatives, migrated rapidly towards the anode. The flavonoids and 
flavonoid-molybdate complexes (with the exception of catechin and possibly quer
cetin) again appeared to be insoluble in this acidic solution.

The effect of complex formation on mobility is weh illustrated by a comparison 
of the M sa values of catechol and resorcinol in the two acidic buffers.

At pH 7 .2  (phosphate buffer) the mobilities of the phenolic carboxyhc acids were 
again, in general, much greater than those of compounds possessing only phenolic 
groups, but at this pH some movement of many of the latter compounds was observed. 
Their relative mobilities, however, were normally small and under these conditions it 
must be assumed that the phenolic hydroxyl groups were only weakly dissociated.

In more strongly alkaline solutions some movement was noted with the majority 
of phenolic compounds which were examined. In general, with both glycine and borate 
(pH 1 0 . o) buffers an increase in molecular weight with constant charge retarded the 
rate of movement. The latter was clearly shown by the phenolic aldehydes where the 
relative mobilities Were in the following order: ÿ-hydroxybenzaldehyde >  vanillin >  
syringaldéhyde. The high mobilities of the monohydric phenolic aldehydes and also 
the coumarin derivatives, in alkaline buffers, were rather surprising and suggested 
that, possibly, these compounds in some way reacted with the basic components of 
the buffers.

In borate buffer, evidence of complex formation by the o-dihydroxy compounds 
was again obtained, although the results were not so marked as with the molybdate 
buffer. The borate complexes with o-dihydric phenols are presumably similar to those 
formed with glycols. The behaviour of the flavonoid and trihydroxybenzene deriv
atives was unpredictable.

At these higher pH values the phenolic hydroxyl groups were highly dissociated 
and had a marked influence on mobilities. This is apparent when the rates of movement 
of the phenohc acids in alkahne and acidic buffers are compared. In the majority of 
cases the mobihties of these compounds were greater in alkahne solutions than in 
acid because of the increased charge due to hydroxyl dissociation. The behaviour 
of the isomeric monohydroxybenzoic acids in borate buffer is particularly interesting. 
Their relative mobihties were in the foUowing order: para >  meta >  ortho, this being 
a reversal of the mobihties found with buffers of pH 5 .2  and 7 .2 . At these lower pH 
values the mobihties of the monohydroxybenzoic acids bore a positive relationship to 
the dissociation constants, but it is difficult to explain the movement of these com
pounds in borate buffer. . ..
References p . 611.
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In  glycine buffer the order of the mobilities of the monohydroxybenzoic acids 
differed from those in borate and all other buffers which were examined, the M sa 
values for the ortho, meta and para derivatives being i.oo, 0 .9 5  and i .io  respectively. 
The differences between the mobilities of these three acids in the glycine buffer were 
small but nevertheless definite.

In general it would appear that the rate of movement of phenohc compounds on 
electrophoretograms is dependent on three main factors; the molecular Weight, the 
degree of dissociation of functional groups, and the abihty to form charged complexes 
with the components of the electrolyte solutions. The latter, in the case of borate and 
molybdate buffers is governed by the stereochemistry of the phenol. Other factors, 
such as hydration and distribution of charge, probably also influence mobihties.

This investigation has shown that paper electrophoresis is a valuable tool for the 
examination of mixtures of phenohc compounds such as those commonly found in 
extracts of plant tissues. The components of these mixtures which are often present 
only in trace quantities can normally be identified accurately by comparing their 
electrophoretic behaviours with those of known specimens, in several different buffers. 
I t  is advisable to make a direct comparison of authentic and unidentified specimens 
on the same electrophoretogram, rather than a comparison of mobihties with those 
values recorded in the literature. When authentic specimens for comparison are not 
available, or a new phenohc compound has been isolated, paper electrophoresis can 
assist in structural determinations. For example, carboxyl and o-dihydroxy groupings 
can be detected quite readily. Paper electrophoresis of relatively high molecular 
weight compounds, such as phenohc glycosides and flavonoids, is of hmited value as 
their mobihties are usuaUy smaU, unless strongly ionised groups are present. Some 
separation of these compounds can be achieved by the use of buffers with high pH 
values provided the compounds are not alkah-labile.

Paper partition chromatography

W achtm eister^®  and Swain^® have used borate buffered paper for the chromatog
raphy of phenohc compounds and, in particular, to detect o-dihydric phenols. The 
movement of these latter compounds was retarded by borate owing to complex 
formation and similar results have now been obtained using molybdate-treated paper 
(Table II). The advantage of using molybdate-treated paper is that o-dihydroxy 
compounds form coloured complexes which generally move as discrete spots and 
spray reagents are therefore not required. Borate complexes are colourless. I t  was 
observed that the retardation of movement of o-dihydroxy compounds by molybdate 
was, in general, more marked in the neutral solvent than in the acidic solvent. Using 
sodium borate-treated papers alone it may be difficult to distinguish between 0- 
dihydroxy compounds and phenohc carboxyhc acids in neutral solution, as the latter 
compounds could be retarded owing to the formation of sodium salts. However, by 
using molybdate this difficulty is overcome as only the o-dihydric phenols give the 
coloured complexes.

Paper chromatography using molybdate-treated paper would appear to offer a 
References p. 6 1 1 .
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TABLE II
PAPER CHROMATOGRAPHY OF PHENOLIC COMPOUNDS USING PLAIN AND  

MOLYBDATE-TREATED PAPERS WITH ACIDIC AND NEUTRAL SOLVENTS

Compound

R p  values

Butan-i-ol-ethanol-‘water solvent Ethyl acetate-acetic acid-water solvent

Plain paper Molybdate- 
treated paper P lain paper Molybdate- 

treated paper

Phenol 0.94 0.97 0.96 0.91
Quinol 0.87 0.91 0.87 0 .6 8 * *
Catechol* 0 .8 8 0.38 0 .8 8 0.60
Resorcinol 0 .8 8 0.90 0.88 0.78
Phloroglucinol 0.76 0.76 0.74 0.84
Pyrogallol* 0.77 0.02 0.79 0.25
Hydroxyquinol * 0.74 0.03 0-34
3,4-Dihydroxyphenylalanine * 0.08 0 0.19 O.OI
o-Hydroxybenzoic acid 0.13 0.15 0.17 0.29
m-Hydroxybenzoic acid 0.25 0 .3 3 0.95 0.92
ÿ-Hydroxybenzoic acid 0.22 0.26 0.94 0.92
Protocatechuic acid* 0.82 0.06 0 .8 6 0.24
Gallic acid* 0 .5 8 * * 0 0.65 O .I I
ÿ-Coumaric acid 0.36 0.36 0.92 0.81
Caffeic acid* 0.68 O.OI 0.83 0.44
Ferulic acid 0.23 0.25 0.92 0.90
Chlorogenic acid* 0.19** 0 0.59 O.OI
4-Methyl-aesculetin * 0.76 0.21 0.83 0.26
Catechin* 0.15 0.68
Quercetin* 0.14 0.03 0.84 0.49
Genistein 0.71** 0.78** 0.98 0.98
Irigenin 0.59** 0.65** 0.97 0.98

o-Dihydroxy compounds. 
Compounds gave elongated spots.

rapid method to distinguish between o-dihydroxy compounds, and other phenols, and 
in conjunction with the electrophoretic techniques, which have been described, a 
great deal can be done towards the elucidation of the complete structures of uniden
tified phenohc compounds.
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summary

An aqueous solution of sodium molybdate has been used as a specific reagent for the 
detection of phenohc compounds with o-dihydroxy groupings.

The paper electrophoretic behaviour of phenohc compounds has been studied 
using a series of different buffers with pH values ranging from 5 .2  to lo.o. o-Dihydroxy 
compounds can readily be detected by the use of ammonium molybdate buffer, and 
References p. 6 1 1 .
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other structural features can be revealed by the choice of suitable electrolyte solutions. 
Paper partition chromatography of phenohc compounds using molybdate- 

treated paper is described.
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The Form ation of Phenolic Glycosides by Germinating Broad-bean {V ida  faba)  Seeds.
B y J .  B . P b i d h a m  a n d  M. J .  S a l t m a b s h . [Chemistry Department, Royal Holloway College, University 
of London, Englefield Green, Surrey)

T he m a jo rity  o f th e  n a tu ra lly  occurring low- 
m olecular-w eight phenols are  p resen t in  p la n t 
tissues as glycosides (B aruah  & Sw ain, 1957). 
D-Glucosides are  m ost com m on a lthough  o ther 
m onosaccharides an d  sh o rt oligosaccharide chains 
are  also found  as phenohc derivatives in  p lan ts. 
P rev ious stud ies on th e  b iosynthesis o f glucosides 
h av e  been review ed b y  P rid h am  (1960). H u tc h in 
son, R oy  & Towers (1958) an d  P rid h am  (1958), for 
exam ple, have  in filtra ted  p la n t tissues w ith  various 
phenols an d  dem o n stra ted  th e  fo rm ation  o f th e  
corresponding glucosides.

I t  is now  show n th a t  glucosides are form ed w hen 
b road -bean  seeds are allow ed to  germ inate  betw een 
layers o f co tto n  wool w hich have  been soaked in  
aqueous solutions (1 % , w /v) o f various di- an d  tr i-  
hydric  phenols. Catechol, resorcinol, quinol an d  
phloroglucinol give th e  corresponding mono-)3- 
glueosides an d  2:3- an d  2:6-dihydroxyphenyl-j8- 
glucosides are  p roduced  on in filtra tion  w ith  p y ro 
gallol. 2-Hydroxybenzyl-j3-glucoside is th e  m am  
p ro d u c t w hen sahgenin  (2-hydroxybenzyl alcohol) 
is u sed  as th e  su b stra te .

C ardini & Leloir (1957) found  th a t  phenolic 
glucosides can  be  produced  w hen  u rid ine  d iphos
p h a te  glucose is in cuba ted  w ith  phenols in  presence

o f a  w heat-germ  e x trac t. T his w ork has been su b 
s ta n tia te d  using enzym e p rep ara tio n s from  th e  
bean . Phenolic glucosides ap p aren tly  canno t be 
syn thesized  b y  transferase  reactions involving a  
phenohc accep tor m olecule, a  p o ten tia l glucose 
donor (e.g. salicin or cellobiose) an d  fl-glucosidase.

T he v a rie ty  an d  com plex ity  o f th e  n a tu ra lly  
occurring  p la n t glycosides suggests th a t  these com 
pounds are  biochem ically  im p o rtan t. T he possible 
function  o f these  com pounds in  vivo is under 
consideration.

We thank Professor E. J. Bourne for his advice and 
encouragement and one of us (M. J. S.) is indebted to the
D.S.I.R. for a scholarship.
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T he b iochem istry  and  physiology o f phenolic 
glycosides in  p lan ts  has been review ed b y  P ridham  
(1960 a). T he b iosynthesis o f a  phenohc diglucoside 
w as first recorded b y  Miller (1941), w ho fed o- 
chlorophenol to  Gladiolus corm s an d  iso lated  th e  
corresponding o-chlorophenyl )3-gentiobioside. T he 
enzym ic fo rm ation  o f p  -hydroxyphenyl jg-gentio- 

' bioside from  a rb u tin  (p-hydroxyphenyl fl-D - 
glucopyranoside) w ith  a  fl-glucosidase p rep ara tio n  
from  aspen  cam bium  [Populus grandidentata) has 
also been rep o rted  (P ridham , 1957, 19606). W ith  
w heat-germ  enzym es, how ever, th e  fo rm ation  o f 
th is  diglucoside from  a rb u tin  requ ired  urid ine 
diphosphoglucose as a  cofactor (Cardini & Y am aha, 
1958, 1960). These w heat-germ  ex trac ts  show ed no 
j8-glucosidase ac tiv ity .

A  s tu d y  o f th e  reaction  o f a rb u tin  w ith  enzym e 
p repara tions from  ahnond  [Prum is amygdalus) and  
b ro ad  bean  [Vicia faha  v a r. Jo h n so n ’s Longpod) 
seeds suggests th a t  jS-glucosidase can  ca ta lyse th e  
fo rm ation  o f a  phenohc gentiobioside. W hen  sahcin  
(o -hydroxym ethylphenyl fl-D-glucopyranoside) was 
used as a  su b stra te , o-hydroxybenzyl jS-glucoside 
w as produced, th u s  su b s tan tia tin g  th e  early  obser
va tions of R ab a té  (1935), w ho investiga ted  a  
sim ilar reac tion  o f sahcin w ith  an  enzym e from  
willow [Salix purpurea) leaves.

M A T ER IA L S A N D  M ETH O D S

ÿ  Ultraviolet-absorption spectra were measured in a 
Unicam SP. 500 spectrophotometer (1 cm. cell). Infrared 
measurements were made witb a Unicam SP. 100 double
beam spectrophotometer. Control incubations were in all 
instances carried out witb boiled enzyme preparations and 
all enzyme reactions were carried out in the presence of 
toluene.

Paper chromatography. Phenohc compounds and sugars 
were examined on Whatman no. 1 and no. 3 papers, 
respectively, by the descending technique. The solvent 
systems were: A, butan - 1 -ol-pyridine-water (6:4:3, by 
vol.) ; B, butan-1-ol-etbanol-water (40:11:19, by vol.) and 
G, ethyl acetate-acetic acid-water (9:2:2, by vol.). 
Diazotized p-nitroaniline-NagCOg (Swain, 1953) spray 
reagent was used to detect phenols and p-anisidine hydro
chloride (Hough, Jones & Wadman, 1950), to detect the 
reducing sugars.

Paper electrophoresis. Whatman no. 3 paper and OTm-

sodium borate buffer (pH 10 0) was used as described by 
Pridham (1959). Mobihties are expressed as Mgj^ values,
i.e. relative to the mobUity of sahcyhc acid.

p-Hydroxyphenyl g-cellobioside. This was synthesized 
by the method of Stanek & Kocourek (1953).

Enzyme preparations. Almond emulsin was prepared by 
the method described by Sumner & Somers (1947). Before 
use the enzyme solution was dialysed against running tap 
water (40 br.) and then distihed water (5 hr.). Bean tissue 
was macerated witb 0 07 M-sodium phosphate (pH 7 0) 
buffer containing L-cysteine (0 5%, w/v) (about 1 g. of 
tissue/5 ml. of buffer) at 5°. The resulting extract was then 
centrifuged a t 3000 rev./min. and the supernatant hquor 
dialysed against distilled water for 24 br. a t 5°. Enzyme 
preparations were made from [a) whole seeds (witb testas 
removed) which bad been soaked in water for 18 br. at 
room temperature, (6 ) dormant embryos, (c) embryos from 
seeds treated as in (a), [d) embryos from germinating seeds 
which bad been kept between layers of moist cotton wool 
for 6  days at room temperature, (e) cotyledons from seeds 
treated as in (a). Preparation (a) was fractionated by the 
addition of sohd (NH^ ) 2 8 0 4  to give 50% saturation, the 
mixture was then put into a separating funnel and the pre
cipitated protein ahowed to rise to the surface. The clear 
solution was run off and the suspended protein dialysed 
against distihed water (24 hr., 5°) and freeze-dried. Pre
parations (c) and (e) were both dialysed successively 
against three changes of distihed water (4 days), 0-05 m - 
sodiiun acetate, pH 5 (24 br.) and 0 07 M-sodium phosphate, 
pH 8-5 (24 hr.). The resulting solutions were then adjusted 
to pH 6  5 witb acetic acid.

Each enzyme preparation was incubated witb 2 0%  
(w/v) solutions of sahcin and arbutin for 18 br. at 27° and 
the reaction mixtures were examined on paper chromato
grams for sugars and phenols. The incubations witb 
arbutin were repeated in the presence of n-glucono-1 -> 4- 
lactone (0-7 %, w/v) for the emulsin and the enzyme pre
parations [a) and (6 ).

Compound (1). Arbutin (3 g.) was incubated witb 
emulsin solution (50 ml.) for 5 days at 37° ; the incubation 
mixture was deproteinized by the method of Sevag, 
Lackman & Smohens (1938) and then extracted witb ether 
to remove quinol. The aqueous solution was then passed 
through a smah cbarcoal-Cehte column (Whistler & Durso, 
1950) which was washed witb water to remove glucose. 
Aqueous ethanol (50 %, v/v) was used to elute the glycos
ides from the column and the eluate was then concentrated 
under reduced pressure to a thin syrup. A phenohc com
pound (1) (30 mg.) was obtained from the latter by 
cbromatograpbio fractionation on Whatman no. 3 MM 
paper (solvent B). Complete hydrolysis of (I) was effected



565 REACTIONS CE PHENOLIC GLUCOSIDES Vol. 77
by beating witb N-H2SO4 (1 0 0 °; 2  br.) and also by treating 
mtb- emulsin (27°, 18 br.). Heating witb n-HCI (100°, 
10 min.) resulted in a partial hydrolysis of (I). Compound 
(I) (5 mg.) in water (1 ml.) was treated witb bromine 
water (0-2 m , 0-5 ml.) in the presence of Amberbte IR-4B 
(OH form) resin to neutrabze any HBr formed. The 
solution was aerated to remove excess of Br^ and then 
filtered and concentrated under reduced pressure to a 
syrup.

The optimum pH values for the formation of compound 
(I) witb emulsin and witb preparation (a) were estimated by 
incubating these enzymes (1 ml.) at 27° for 18 br. witb 
arbutin (5 0% , w/v) and either 0-1 M-sodium citrate or 
0-07M-sodium phosphate buffers (2 ml., pH range 3 0-8 0) 
and observing the rates at which compound (I) was formed, 
by paper cbromatograpbio examination. Attempts to 
synthesize arbutin or compound (I), or both, were made by 
incubating 1 ml. of emulsin, preparation (a) or jS-glucosid- 
ase (01% , w/v, aqueous solution; Sigma Chemical Co.) 
with quinol ( 2 0  mg.) and sahcin, cehobiose, maltose or 
K-D-glucose 1 -pbospbate (100 mg. of each) in the presence 
of 0 05M-sodium acetate buffer (1 ml., pH 5 6 ) for 18 br. 
a t 27°.

Compound (11). Sahcin (2 g.) was incubated witb 
emulsin ( 6 6  ml.) for 7 days at 37°. The reaction mixture 
was then deproteinized and extracted witb ether, as witb 
compound (I), and the remaining solution concentrated 
and fractionated on Whatman no. 3jVIM paper (solvent B). 
Hydrolysis witb N-HgSO  ̂ and emulsin was carried out as 
witb compound (I).

R E SU L T S

P aper-ch rom atograph ic  exam ination  o f th e  
p roduc ts ob ta ined  b y  incubating  a rb u tin  w itb  
em ulsin revealed  th e  presence o f glucose, quinol 
a n d  a  slower-m oving com ponent (I) (Table 1), 
w hich  gave th e  sam e purp le  colour as a rb u tin  w itb  
th e  d iazonium  sp ray  reagen t an d  also reac ted  w itb  
p -an isid ine periodate  (Bragg & H ough, 1958); 
sm all am oun ts o f o ther com pounds w ere also 
d etec ted . I n  aqueous so lu tion  th e  spectrum  of (I) 
resem bled th a t  o f a rb u tin  w itb  a n  absorp tion  
m ax im um  a t  283 mp, (cf. Cbarlampownczowna & 
M arcblew ski, 1930). A fter ad d itio n  o f brom ine 
w ater, th is  peak  w as replaced b y  tw o o ther m ax im a 
a t  246 an d  268 m̂ u, w hich are  characteristic  o f p - 
benzoquinone (cf. B raude, 1945). T he solu tion  
a f te r  brom ine tre a tm e n t contained  a  com pound 
w hich  gave a  brow n colour wdtb p-an isid ine h y d ro 
chloride an d  co-cbrom atograpbed w itb  au th en tic  
gentiobiose. (G entiobiose w as clearly  distinguished

from  all o ther g lucopyranosyl d isaccbarides b y  
solvent C.) T his evidence suggested th a t  com pound
(I) w as p -bydroxypheny l gentiobioside. Com plete 
acid hydrolysis of th e  gentiobioside yielded glucose 
an d  quinol an d  a  p a rtia l hydrolysis gave a  disac- 
cbaride w hich w as cb rom atograpbically  iden tical 
w itb  gentiobiose. T rea tm en t o f th e  gentiobioside 
w itb  em ulsin produced  glucose, quinol, an d  a rb u tin , 
th u s  suggesting th e  presence of -links in  th e  
m olecule ; th is  w as confirm ed b y  in frared  m easure
m en ts on com pound (I), w hich show ed a  ch a rac te r
istic absorp tion  b an d  a t  891 cm.~^ (B arker, 
B ourne, S tacey  & W hiffen, 1954). T he behav iour of 
th e  fl-gentiobioside (I) differed from  th a t  o f 
au th en tic  p -hyd roxypheny l j8-cellobioside on paper 
ch rom atography  an d  electrophoresis (Table 1).

In cu b a tio n  o f a rb u tin  w ith  enzym e p repara tions 
from  broad-bean  tissues also produced a  com 
pound  iden tical w ith p  -bydi'oxyphenyl /3-gentiobios- 
ide an d  th e  p H  op tim um  for th e  fo rm ation  o f th is  
com pound w as betw een  5 an d  6 for b o th  th e  bean  
[p repara tion  (a)] an d  em ulsin. AU enzym e p re 
p a ra tions w hich were te s ted  p roduced  th e  fl-gentio- 
bioside w hen incuba ted  w ith  a rb u tin . T hey  also 
hydro lysed  th e  la t te r  com pound, an d  sahcin, to  
glucose an d  th e  corresponding phenohc aglycone. 
This reversible /3-glucosidase ac tiv ity  w as inh ib ited  
b y  D -glucono-1-> 4-lactone w ith  em ulsin an d  
enzym e p repara tions (6) an d  (a). T he p ro te in  
frac tion  (a) ob ta ined  b y  p rec ip ita tion  wdth 5 0 %  
am m onium  su lphate  sa tu ra tio n  re ta in ed  its  a b ih ty  
to  synthesize p -hyd roxypheny l fl-gentiobioside as 
d id  p repara tions (c) an d  (e). U nsuccessful a ttem p ts  
w ere m ade to  p repare  a rb u tin  and  p-hydroxy- 
pheny l j8-gentiobioside b y  incubating  em ulsin 
[com m ercial an d  Sum ner & Somers ,(1947) p re 
para tions] an d  bean  enzym es w ith  quinol an d  
various glucose derivatives. p -H y d roxypheny l fl- 
gentiobioside w as n o t p roduced  w hen bean  seeds 
or shoots w ere allowed to  tak e  up  solu tions o f 
quinol (0 25 %) or a rb u tin  (0-5 %) u n d er th e  con
ditions o f P rid h am  (1958) an d  P rid h am  & Salt- 
m arsh  (1960).

W hen th e  ahnond  or bean  enzym e p repara tions 
w ere in cu b a ted  w ith  sahcin, th e  following w ere 
fo rm ed: glucose, sahgenin (o-hydroxybenzyl a l
cohol) an d  a  phenohc com pound (II). Sahgenin 
an d  (II) gave th e  sam e red  colour w ith  th e

T able 1. R ^  and values o f phenolic glucosides

Glucoside
Arbutin
p-Hydroxyphenyl jS-gentiobioside (I) 
p-Hydroxyphenyl jS-ceUobioside 
Salicin
o-Hydroxybenzyl jS-glucoside (II)

jBj . in  s o lv e n ts
Mgj in  

0-1 M -sodium  
b o r a te  b uffer  

(pH 10)A B C
075 040 051 —

055 007 017 028
061 0  1 0 024 0 2 2

— 056 048 0
— 059 048 0 15
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diazonium  reag en t an d  b o th  h a d  sim ilar u .v ,- 
ab sorp tion  spec tra  w ith  m ax im a a t  275 and  
274 m/x, respectively  (cf. B am art-L ucas & R ab a té , 
1933). I n  th e  presence of 0-002N-NaOH th e  a b 
so rp tion  m ax im um  o f (II) sh ifted  to  294 m̂ u,. 
Salicin h ad  app rox im ate ly  th e  sam e Ep  value as
(II) (Table 1) b u t d id  n o t reac t w ith  th e  diazonium  
reagent. H ow ever, these  tw o com pounds were 
clearly  sep ara ted  b y  p ap er electrophoresis (Table 1). 
T he abso rp tion  m ax im um  of sahcin a t  268 m̂ u. (cf. 
C harlam pow iczôw na & M arcblewski, 1930) w as n o t 
affected b y  th e  add ition  of alkali. Glucose and  
sahgenin  only  w ere detec ted  in  th e  acid  an d  em ulsin 
hydro lysa tes o f (II).

D ISC U SSIO N

T he resu lts  ob ta ined  show  th a t  com pound (I) is 
p -h y  droxypheny l -gentiobioside, w hich w as form ed 
d irec tly  from  arb u tin . T h a t th e  tran sfe r o f j8-d - 
glucosyl u n its  b y  jg-glucosidase is involved w ith

h y d roxy l g roup  in  vivo an d  in  vit/ro requires th e  
presence of a  ‘h igh-energy’ glucose donor and  th a t  
sim ple transg lucosy lation  reactions are  o f little  
im portance for th is  process (P ridham  & Saltm arsh ,
1960).

C om pound (II) is an  isom er o f salicin w ith  th e  
j8-glucopyranosyl group a tta c h e d  to  th e  p rim ary  
hyd roxy l group o f th e  sahgenin  nucleus. T he u .v .- 
abso rp tion  m easurem ents an d  pap er electrophoresis 
ind ica ted  th e  presence o f a  free phenohc hydroxy l 
group. I n  th is  in stance j8-glucosidase w ould 
appear to  have  ca ta lysed  th e  tran sfe r o f a  glucosyl 
rad ica l from  th e  phenohc to  th e  p rim ary  hydroxy l 
g roup in  th e  side chain  w ith  th e  fo rm ation  of o- 
hydroxybenzy l jS-glucopyranoside. T his glycoside 
is also form ed w hen glucose is incubated  w ith  
sahgenin in  th e  presence of em ulsin (B ourquelot & 
H érissey , 1913),b y  th e  ac tion  o f a  w ihow -leaf ex trac t 
on sahcin  (R abaté , 1935) an d  b y  ahow ing broad- 
bean  shoots an d  seeds to  tak e  up  solutions o f sahgenin 
(Pridham , 1958; P rid h am  & S altm arsh , 1960).

OH
OH

OH

CH; OH

OH
OH

OH

(I)

b o th  th e  alm ond an d  b ean  prepara tions is sug
gested  b y  th e  fac t th a t  ^-glucopyranosides were 
hydro lysed  b y  ah  o f th e  enzym e solutions tes ted  
and  th a t  th is  a c tiv ity  an d  th e  ab ih ty  to  synthesize 
th e  gentiobioside w as inh ib ited  b y  D-glucono-1 -> 4- 
lactone, a  com petitive inh ib ito r o f j8-glucosidase 
(Conchie & L e w y , 1955). I n  addition , th e  p H  
op tim a for jg-glucosidase ac tiv ity  an d  th e  fo rm a
tio n  o f th e  gentiobioside are  sim ilar an d  th e  
syn thesis o f a  1 -» 6 jS-link b y  n-glucopyranosyl 
tran sfe r involving j3-glucosidase m igh t be expected  
from  th e  observations o f P e a t, W helan  & H inson  
(1952) an d  B arker, B ourne, H ew itt & S tacey (1955).

T he fac t th a t  ex tensively  dialysed enzym e 
solutions an d  a  p ro te in  frac tion  ob tained  b y  am 
m onium  su lpha te  p rec ip ita tion  ah  synthesized th e  
phenohc gentiobioside m akes i t  un likely  th a t  
u rid ine diphosphoglucose p a rtic ipa tes  in  th e  re 
ac tion  a lthough  th e  possib ih ty  th a t  th is  nucleotide 
is p resen t in  a  bound  form  canno t be ignored (cf. 
B ueh, 1952).

T he biosynthesis o f phenohc diglucosides in  vivo 
is m ore likely  to  involve urid ine diphosphoglucose 
th a n  a  sim ple glucose donor, e.g. a  disaccharide, in  
conjunction  w ith  j3-glucosidase. I t  also seems 
probable  th a t  m onoglucosylation o f a  phenohc

T he possib ih ty  o f glycoside synthesis should be 
borne in  m ind  w hen carry ing  o u t k inetic  stud ies 
on  glycosidases, w ith  phenohc or alcohohc 
glycosides as substra tes, otherw ise anom alous 
resu lts  m ay  be ob tained.

SUM M ARY

1. T he incubation  o f alm ond em ulsin, or enzym e 
p repara tions from  b ro ad  bean , w ith  a rb u tin  p ro 
duces p -h y  droxypheny l jS-gentiobioside.

2. A  transg lucosy lation  reaction  ca ta lysed  b y  
jS-glucosidase is involved w ith  a rb u tin  m olecules 
serving as b o th  donors an d  acceptors o f d -gluco
pyranosy l residues.

3. Sahcin  is partiaU y converted  in to  o -hydroxy
benzyl ^-glucopyranoside b y  th e  alm ond an d  
broad-bean  prepara tions.

The work described forms part of the programme of the 
Department of Scientific and Industrial Research.
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BIOSYNTHESIS OF PHENOLIC GLUCOSIDES 
IN THE ABSENCE OF UDPG*

By J. B. Pridham

Department o f  Chemistry, Royal Holloway College, 
University o f  London, Englefield Green, Surrey

Phenolic p-glucosides have been prepared in vitro 
by incubating various phenols with UDPG in the 
presence of plant protein p r e p a r a t i o n s . L 2  i n  addi
tion, a p-glucopyranuronoside has been synthesised 
by the transfer of glucuronic acid from UDPGAt 
to quercetin using an enzyme from Phaseolus 
vulgaris^ Several attempts to glucosylate phenolic 
hydroxyl groups by transferase reactions involving 
“low energy” glucose donors have f a i l e d . i > 2 . 4  We 
are now able to report that glucose can be transferred 
from maltose to resorcinol using an Aspergillus niger 
preparation.

A crude aqueous extract of A. niger (Strain 152) 
was prepared as described by Barker and Fleetwood  ̂
and the pH then adjusted to 5 6  with sodium citrate 
buffer (final concentration 0 05 m). This solution, 
after dialysis against buffer at 5°, was observed to 
catalyse the synthesis of phenolic glucosides. Further 
purification of this enzyme was achieved by addition 
of ammonium sulphate to 40% saturation and 
solution of the precipitated protein in water followed 
by dialysis against water at 5°. Standard digests 
containing 0  1  m sodium acetate buffer (0  2  ml.), 
enzyme solution (0-2 ml.), phenol (0 1 mM) and 
glucose donor (0 - 1  mw) were used throughout these 
studies and incubations were carried out at 25° for 
20 hr. in the presence of toluene. Chromatographic 
examination of a digest containing maltose and 
resorcinol revealed the presence of two phenolic 
compounds (a  and b; Table) both giving the same pink 
colour as resorcinol p-glucoside with the diazotised 
p-nitroaniline-sodium hydroxide spray reagent.  ̂ Small 
amoimts of compounds A and b were obtained by 
chromatographic resolution of a digest on Whatman 
No. 3 paper (butan-1 -ol-ethanol-water (40:11:19, 
v /v )  solvent). Compound A on hydrolysis with n -  
sulphuric acid (100°; 45 min.) yielded glucose and 
resorcinol. These products were also produced when 
compound a  was treated with yeast a-glucosidase, 
honey invertase and the A. niger enzyme. The 
a-glucosidase and honey invertase preparations had 
little effect on resorcinol-(3-glucoside. p-Glucosidase 
did not hydrolyse A even after incubation for 22 hr. 
at 35°. It seems probable therefore that compound 
A is resorcinol a-glucoside (3-hydroxyphenyl a-glu-

*UDPG =uridine diphosphoglucose; 
fU D PG A = uridine diphosphoglucuronic acid.

coside). The a-glucoside structure is also supported 
by comparing the paper chromatographic and 
electrophoretic behaviour of compound A with 
authentic resorcinol p-glucoside (Table).

Table

Paper chromatographic and electrophoretic behaviour 
compounds A and B and resorcinol ^-glucoside

of

A {Resorcinol Resorcinol 
a-glucoside) ^-glucoside

Rv values:
Butan-1 -ol-ethanol- 

water (40:11:19, v/v) 0 55 0 52
Ethyl acetate-acetic 

acid-water (9:2:2, v/v) 0 64 0 63

M sa values:!
0-lM-Sodium borate

buffer (pH 10) 0 45 0 50

t  Rate of movement relative to salicylic acid.?

B {Resorcinol 
a-iso- 

maltoside?)

0 27 

0 38

0 39

Compound b was also hydrolysed rapidly by the 
A. niger enzyme to resorcinol and glucose; p-glucosi- 
dase was ineffective. Partial hydrolysis o f  B (n -  
H2 SO4 ; 100°; 15 rain.) produced a disaccharide which 
has been tentatively identified as isomaltose using 
paper chromatography and electrophoresis.

Preliminary experiments have shown that the A. 
niger enzyme can also transfer glucose from maltose 
to quinol, catechol and 1,2,4-trihydroxybenzene. 
With resorcinol as an acceptor, isomaltose also seived 
as a glucose donor but glucoside synthesis was not 
apparent when D-glucose, a-D-glucose-1-phosphate, 
methyl a-D-glucoside, methyl p-D-glucoside, cellobiose, 
sucrose or UDPG were used as substrates.

Further studies with this enzyme are now in 
progress. The author wishes to thank Dr. W. J. 
Whelan for a gift of honey invertase.
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THE FORM ATION AND POSSIBLE FUNCTIO N  
OF PHENOLIC GLYCOSIDES

J. B. Pridham

Chemistry Department, Royal Holloway College, University o f London, 
Englefield Green, Surrey

Phenolic glycosides constitute a large and important group of naturally 
occurring compounds. In 1926 B o u rq u e lo td e tec ted  glycosides in 205 out 
of the 281 species of phanerogams that he examined, and it is now generally 
recognized that the majority of low molecular weight phenols do occur as 
glycosides in plant t i s s u e s T h e  highest concentrations of these compounds 
are reputed to be present in the cell sap of parenchymatous tissues and only 
small amounts are found in the xylem elements of woody plants^).

The 0-glycosides which will be examined in this review have the following 
general structure :

,CH(R) 0. >------ 0 ----- R'

CH(OH) ^

CH(OH)-----OH (OH) H

R =  CHgOH, H, CPI3 or CO^H 
R  =  Phenolic residue 
n =  1-4.

f
Most attention will be paid to those compounds where R is a phenolic 
residue although it will be necessary to consider some other derivatives.

The carbohydrate moieties o f the naturally occurring phenolic glycosides 
may consist o f single or short chains of monosaccharide residues. In the case 
of the single residue the aglycone is bonded to the glycosidic carbon atom of 
the sugar and, with few exceptions, the linkage is p and the sugar is in the 
pyranose ring form. Where several monosaccharide residues are present 
these may occur as non-reducing linear chains, or more than one hydroxyl 
group of the aglycone can be glycosylated. D-Glucosides are the most common 
naturally occurring plant glycosides. Other monosaccharides occurring as 
glycosides include D-galactose, D-mannose, L-rhamnose, D-fucose, D-glucu- 
ronic acid, D-xylose and L-arabinose(^). Di saccharide glycosides have been
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reviewed by Mcllroy(^) and Pigman^^h Phenolic derivatives of primverose 
(6-0- p-D-xylopyranosyl-D-glucopyranose), rutinose (6-0- (3-L-rhamnopyrano- 
syl-D-glucopyranose) and vicianose (6-0- P-L-arabopyranosyl-D-glucopyran- 
ose) are well-known examples and in the case of the alkaloid glycosides 
tri- and tetra-saccharides have been characterized

Chains of monosaccharide residues are easily degraded by chemical and 
enzymic hydrolyses, so great care should be taken during the isolation of 
plant glycosides to control the pH of the extracts and to inacti
vate all glycosidases. Such precautions have not always been observed 
and many reported monosaccharide constituents may have been higher 
saccharides.

A great deal is known about the biosynthesis of carbohydrates and 
phenohc c o m p o u n d s b u t  until very recent times the mechanism of the 
formation of glycosidic derivatives of phenols was not known, although it 
was generally agreed that the sugar moiety was attached at a late stage in the 
formation of the glycoside. In 1913 Bourquelot and his collaborators 
reported the formation of glycosides when high concentrations of alcohols 
were incubated with monosaccharides in the presence of almond emulsin 
or yeast enzymes. The first biosynthesis of phenolic glycosides, however, was 
reported by Ciamician and Ravenna(^^) who treated maize seedhngs with 
phenols and obtained glucosides. It is interesting to note that the latter 
workers isolated salicin [(o-hydroxymethylphenyl)-|3-glucoside] from maize 
which had been treated with saligenin (o-hydroxybenzyl alcohol) whereas 
B o u r q u e l o t o b t a i n e d  o-hydroxybenzyl)- ̂ -glucoside when saligenin was 
incubated with glucose and emulsin. Miwa et infused leaf discs with 
glucose together with various phenolic compounds. The (3-glucosides of 
vanillin, salicylaldéhyde and quinol were obtained in this way and increased 
yields of glucosides were obtained by using glucose-1-phosphate instead of 
glucose. Grinding the leaves caused loss of synthetic activity, but cell-free 
enzyme preparations were obtained from broad bean {Vicia faba) and blue 
pine (Pinus sativa) seeds. Dialysis of these preparations caused inactivation 
but activity was restored by the addition of “yeast nucleotide” and adenosine 
triphosphate. Later work by Hutchinson et alA^^l has substantiated many of 
these observations. These workers were chiefly concerned with the formation 
of phlorin (phloroglucinol-p-glucoside) by apple leaf discs, which had been 
infiltrated with phloroglucinol and ^^C-glucose. Infiltration of leaves from a 
number of other plant species was also studied using phloroglucinol and 
other phenols. In all cases the corresponding glucosides were detected in the 
tissues. Pridham(^G) has recently studied the uptake of aqueous solutions at 
low molecular weight phenols by broad bean shoots. Catechol, quinol, 
resorcinol and phloroglucinol were all converted to mono-(3-glucosides by 
the plant, and hydroxyquinol and pyrogallol were also glucosylated but with 
the latter two compounds the number and position of the glucose residues
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has so far not been determined. Phenol was found to be highly toxic to the 
bean and glucoside formation could not be demonstrated.* (o-Hydroxy- 
benzyl)- p-glucoside, and not salicin, was produced when saligenin was fed 
to bean shoots. Similar results have been obtained by allowing bean seeds to 
germinate between layers of cotton wool soaked in solutions of the 
phenols Increased yields of glucosides were obtained in this way.

The glucose donor for glucoside synthesis in vivo is probably uridine 
diphosphate glucose (UDPG), a nucleotide which presumably occurs widely 
in plant t i s s u e s C a r d i n i  and his c o - w o r k e r s h a v e  been able to 
synthesize glucosides by incubating phenols with UDPG in the presence of 
an enzyme preparation from wheat germ. The use of other potential glucose 
donors such as glucose-l-phosphate, sucrose, cellobiose and maltose was also 
investigated but in all cases no synthetic activity was observed. Enzyme 
preparations from broad bean seeds will also catalyse the glucosylation 
of phenols by UDPG^^®h Uridine diphosphate derivatives of galactose, 
xylose, arabinose(^°) and glucuronic acid(^^> have been isolated from 
plant tissues and it is probable that these compounds take part in the 
formation of glycosides possessing the corresponding sugar residues.

The biosynthesis of a phenolic diglycoside was first reported by 
M i l l e r 25) treated gladioli corms and tomato plants with o-chloro- 
phenol and isolated o-chlorophenyl-p-gentiobioside. Miller also obtained 
2 : 2 : 2-trichloroethyl-j3-gentiobioside by treating various plant species with 
chloral hydrate (p-Hydroxyphenyl)-p-gentiobioside has been synthe
sized by incubating arbutin [(p-hydroxyphenyl)-(3-glucoside] with dialysed 
protein preparations from the inner bark of trembling aspen {Populus 
tremuloidesY^^l and from sweet almond and broad bean s e e d s I n  the 
case of the latter preparation activity was still present after extensive dialysis 
against water and acidic (pH 5 0) and alkaline (pH 8 5) buffers, and the 
p-glucosidase and synthetic activities of the preparation were both strongly 
inhibited by D-glucono-1^ 4 - l a c t o n e I n c u b a t i o n  of the protein solution 
with quinol and glucose, or quinol and gentiobiose, produced no gentiobio
side or arbutin. The evidence suggests that the mechanism involved is a 
transglucosylation catalysed by (3-glucosidase with arbutin molecules, acting 
as both glucosyl donors and acceptors, and that uridine coenzymes are not 
involved (see Fig. 1). Cardini and Yamaha^®®) detected (p-hydroxyphenyl)- 
(3-gentiobioside, in addition to arbutin, when quinol was incubated with 
UDPG in the presence of a wheat germ extract. The amount of gentiobioside 
formed was increased when arbutin was substituted for quinol and synthesis 
did not occur when UDPG was replaced by other potential glucose donors. 
P-Glucosidase activity was not apparent in the wheat germ preparations and 
recent work with ^^C-UDPG has proved beyond doubt that this nucleotide

* Nystrom et alPT) have recently demonstrated that phenyl-/3 -glucoside is formed when 
barley or wheat leaves are fed with traces of phenol.
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is the glucose donor for glucoside and gentiobioside formation in wheat germ 
extracts

There would appear to be two mechanisms for the biosynthesis of phenolic 
diglucosides but in vivo the pathway involving the uridine coenzyme is 
probably the more important.

The reported functions of phenolic glycosides in plant tissues are mostly 
hypothetical. Pfeffer<^^) stated that glycosides formed sugar reserves and this 
was to some extent supported by the work of BrideT^^) who showed that 
glucosides disappeared during the germination of seeds from annual plants.

— 0 OH OH
OH OH

OH OHOH OH

---- 0 OH
OH

OH OH

 0 - OH E  +  HO OH
OH

OH
OH

CHgOH
\ — O r —  0 — CHg

— 0 OH
OH

OH
F ig. 1. Suggested mechanism for the formation of (/j-hydroxyphenyl)-/3-gentiobio- 

side. (E=ja-glucosidase.)

Weevers(^^) observed a decrease in the salicin content of willow during 
budding and fruiting, but Wasicky(^^) suggested that the fluctuation of the 
glycoside contents of plant tissues was associated with osmoregulation rather 
than a metabolism of reserves.

Glycosides, according to Straub are by-products which are not reintro
duced into the metabolism. It is difficult to believe, however, that these com
pounds are merely waste products particularly in view of the many structurally 
different glycosidic residues which are known to occur. For example, galac
tose, glucose, arabinose, xylose, rhamnose and rutinose derivatives of 
quercetin are found in apple skint®’).

At the present time the role of glycosides as carbohydrate reserves is not 
clear. Under normal conditions glucose is readily available to the plant and 
glucosides are therefore probably not important sources of this sugar. They
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may, of course, be important under conditions of starvation. In some plant 
species glycosides could form soluble reserves of the less common sugars, 
such as L-rhamnose and L-arabinose.

The variety and complexity of the oligoglycosides suggests that these 
compounds are biochemically important although, here again, there is little 
experimental evidence to support this supposition. The biological reactivity 
of the aglycone in the plant may perhaps be determined by the glycosidic 
group, the latter only allowing interaction with specific enzymes. In the case 
of the strophanthidin glycosides the degree of toxicity to animals is deter
mined by the nature of the sugar residue

It is tempting to suggest that oligoglycosides can function as substrates for 
the biosynthesis of complex plant polysaccharides (heteroglycans). The 
biosynthesis of homoglycans, such as amylose, is now well understood(^®> 
but the mechanism of the formation of highly branched heteroglycans, such 
as the plant gums, remains obscure. These molecules may be synthesized from 
oligosaccharide “building-blocks” and not by a gradual build-up from single 
primer units, which because of steric effects might be difiicult. Such oligo
saccharides, however, have not been detected in a free state in plant tissues 
but they could conceivably be preformed as derivatives of phenols (or 
nucleotides) and then incorporated in toto into the heteroglycan by trans- 
glycosylation. In this connexion it is interesting to note that disaccharidases 
from Rhamnus sp. have been d e s c r i b e d T h e s e  enzymes are reported to 
hydrolyse primverosides and rutinosides into aglycone and disaccharide. A 
reversal of this type of reaction could play a role in the biosynthesis of 
heteroglycans by the pathway described.

One valid function of glycoside formation would appear to be detoxifica
tion of compounds which are harmful to the p l a n t A n  analogous 
reaction in the animal body is glucuronoside formation. Many phenolic 
compounds are phytotoxic. They are usually lipophilic in character but 
possess hydrophilic groups and are therefore surface active. Such compounds 
could interfere with the function of cell vacuoles, by interaction with the 
tonoplast membrane Some phenols also interfere with oxidative phos
phorylation and the related phenomenon of mitosis(^®).

The toxic effects of some phenols can be greatly reduced by glycosylation 
of one or more hydroxyl groups. This can readily be demonstrated by com
paring the germination of broad bean seeds on cotton wool soaked in equi- 
molar solutions of quinol and arbutin. It can be shown that both compounds 
readily enter the tissues and with arbutin germination proceeds normally but 
with quinol the seeds rapidly blacken and die<̂ ®).

A detoxification mechanism is no doubt essential for the plant in order that 
phenols and other harmful compounds which enter the tissues may be 
counteracted. These compounds could conceivably be derived from three 
different sources : (a) normal plant metabolism, (b) small amounts absorbed
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from the soil, (c) externally applied compounds, such as fungicides and 
growth regulators. With regard to the latter. Towers et al. have shown that
maleic hydrazide (a compound with phenolic properties) is converted to a 
glucoside by plant tissues and they suggest that this is the reason why 
relatively high concentrations of the reagent are needed for effective growth 
inhibition.

The solubilization of phenolic compounds is possibly another important 
aspect of glycoside biosynthesis. Many naturally occurring phenols are 
relatively insoluble in aqueous solutions at physiological pH values and 
glycosylation might therefore be necessary to allow translocation. An 
increase in hydrophilic properties would also prevent phenolic compounds 
from interfering with the tonoplast membrane A further possible function 
of glycoside formation could be the stabilization of labile compounds and 
in particular, phenols which are prone to oxidation.

Tannins and other phenolic compounds, such as chlorogenic acid, are 
reputed to be important factors in resistance to d i s e a s e S o m e  plant 
glycosides may also be latent antimicrobic substances. Invasion of the tissues, 
by micro-organisms, would release glycosidases by breakdown of the plant 
cells and these enzymes could then liberate phenols or other toxic compounds 
to combat the infection.

Our knowledge of the true role of glycosides in plant tissues is at present 
negligible, but it is hoped that future studies using isotopic tracers and 
modern analytical techniques will either prove or disprove some of the 
hypotheses that have been made. Further work on the structure and distribu
tion of glycosides with complex carbohydrate moieties would be of particular 
interest and might reveal important aspects of plant metabolism.
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D IS C U S S IO N
Dr. E. C. Bate-Smith asked if the given list of sugar residues found in glycosides was 
exhaustive or whether it was representative of a wider range.
Dr. J. B. Pridham said that the list was a representative one and included only common 
sugars found in combination.
Dr. J. B- Harborne stated that arabinose was rarely found in glycosidic combination 
with phenolics although it was very common in plant polysaccharides and asked whether 
Dr. Pridham had any observation to make regarding this.
Dr. J. B. Pridham agreed that at present arabinose had not been commonly found in 
phenolic glycosides but suggested that many extraction procedures which had been used 
would hydrolyse off these sugar residues particularly if they were in the furanose form. 
He felt that phenolic glycosides could act as readily transportable sources of rarer sugars 
for polysaccharide synthesis.
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The Formation of Acidic Derivatives of 
Phenolic Glucosides by Vicia faba  Seeds
B y J .  B. P r i d h a m  a n d  M a r g a r e t  J .  S a l t m a r s h . 
(Chemistry Department, Royal Holloway College, 
U niversity o f London, Englefield Green, Surrey)

P lan ts  read ily  convert foreign phenols in to  th e  
corresponding jS-D-glucosides p robab ly  th ro u g h  th e  
agency o f u rid ine d iphosphate  glucose (Pridham ,
1961). Careful exam ination  o f ex trac ts  of V .fa h a  
seeds which h ad  been tre a te d  w ith  saligenin, quinol, 
catechol an d  resorcinol show ed th a t ,  in  each case, 
sm all am ounts o f acidic sulphur-containing m aterials 
h ad  been p roduced  in  ad d itio n  to  th e  glucosides.

C hrom atographic frac tionation  o f a  m ethanolic 
e x tra c t of bean  seeds w hich h ad  been fed w ith  
resorcinol produced  a  com pound X  in  low yield. 
(The compovmd w as labile an d  in  aqueous or 
ethanolic  so lu tion  decom posed form ing resorcinol 
jS-glucoside.) O n p ap er chrom atogram s an d  e lec tro 
phoretogram s i t  b ehaved  as an  acidic com pound 
an d  hydrolysis w ith  0-5N-NaOH (70°) rap id ly  p ro 
duced resorcinol jS-glucoside an d  su lpha te  ions. 
Acidic hydrolysis o f X  yielded glucose an d  reso r
cinol an d  m éth y la tio n  (K uhn, T rischm ann & Low,

1955) followed b y  allcaline an d  acidic hydrolyses 
gave resorcinol m onom ethyl e ther an d  2,3,4-tri-O- 
m ethyl-D-glucose. A  glycosulphatase p repara tion  
an d  j8-glucosidase b o th  show ed negligible ac tiv ity  
tow ards X .

T he experim ental evidence in  th e  m ain  suggests 
th a t  X  is th e  6 '-su lphate  o f resorcinol ^g-glucoside 
b u t  som e o f its  properties, an d  in  p a rticu la r th e  
ac tion  o f alkali, a re  n o t characteristic  o f o ther 
glycoside 6-sulphates (Percival, 1949). S tudies 
w ith  6 '- to sy la rbu tin  have  to  som e e x te n t explained 
th e  ap p a ren t anom olous behaviour w ith  a lkali and  
th e  possible s tru c tu re  for X  an d  th e  o ther acidic 
derivatives w ere discussed w ith  reference to  th is 
m odel com pound.
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THE IDENTIFICATION OF NATURALLY OCCURRING 
CINNAMIC ACID DERIVATIVES

E. J. Bourne, Norma J. M acleod  and J. B. Pridham  
Chemistry Department, Royal Holloway College (University of London), Englefield Green, Surrey

{Received 18 January 1963)

Abstract—Boron trichloride demethylates and deesterifies naturally occurring methoxy and hydroxy 
cinnamic acid derivatives. In the presence of methanol, the halide produces the corresponding methyl 
cinnamate. The procedure, in conjunction with paper chromatography and electrophoresis, may be used 
to classify cinnamic acids in plant tissues into one or more of three groups.

IN T R O D U C T IO N

In recen t years much attention has been focussed on the derivatives of cinnamic acid 
which occur in higher plants. These compounds may play a role in disease resistance,^ 
they are plant growth factors® and are probably important intermediates in the biosynthesis 
of flavonoids and lignin.® From a botanical point of view, these derivatives also have 
taxonomic significance.^

The most commonly occurring cinnamic acids are ^-coumaric acid (I, R = H ), caffeic 
acid (II, R = H ), ferulic acid (II, R=CHg) and sinapic acid (HE, R '= H , R = R "= C H g).

r '

CHiCH.COgH CHzCH.COgH CH:CH.C02H

I I  m

In addition p-methoxycinnamic acid (I, R=CHg) and 3,4,5-trimethoxycinnamic acid 
(III, R=R* = R "= C H g) have recently been reported,® and an ester of cinnamic acid itself 
is formed when phenylalanine is fed to potatoes.®

In rare instances, the cinnamic acids occur in the free state in plant tissues (e.g. Asen 
and Emsweller’) but they are more usually present in combination with sugars or quinic
1 H. R . Angel, J. C. Walker and K. D. Link, Phytopathology 20,431 (1930).

G. Johnson and L. A. Schaal, Science 115, 627 (1952).
I. A. M. Cruickshank and T. Swain, / .  Exp. Botany 7,410 (1956).
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A. E. Flood and D. S. Kirkham in Phenolics in Plants in Health and Disease (ed. J. B. Piudham) p. 81, 
Pergamon Press, London (1960).

A. C. Hulme and K. L. Edney in Phenolics in Plants in Health and Disease (ed. J. B. Pridham) p. 87, 
Pergamon Press, London (1960).

® J. DE Roubadc and O. Lazar in Phenolics in Plants in Health and Disease (ed. J. B. Pridham) p. 35, 
Pergamon Press, London (1960).
C. F. Van Sumere in Phenolics in Plants in Health and Disease (ed. J. B. Pridham) p. 25, Pergamon 
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acid. Thus the carboxyl groups are often, esterified with glucose or quinic acid and 
occasionally with disaccharides. In  addition, the phenolic hydroxyl groups can also be 
glucosylated.®

These derivatives normally occur in low concentrations in the tissues and consequently 
are best identified by methods such as paper chromatography and electrophoresis and 
spectroscopy. Degradation of the ester derivatives can be achieved by hydrolysis with 
acid or alkali and by the use of enzymes such as /9-glucosidase and anthocyanase. The 
phenolic glycosides can be hydrolysed with acid or glycosidases,®

In view of the facile cleavage of ethers,® esters^® and glycosides^^ to the parent hydroxy 
compounds by boron trichloride a successful attempt has been made to convert naturally 
occurring cinnamic acid derivatives to the corresponding mono-, di- or tri-hydroxy 
cinnamic acids (isolated as methyl esters) with the aid of this reagent.

R E S U L T S  A N D  D IS C U S S IO N

Preliminary studies were designed to examine the effect of the reagent on cinnamic, 
p-coumaric, caffeic and sinapic acids. These compounds were treated with boron 
trichloride in methylene chloride for 2 hr at —78° followed by 20 hr at room temperature. 
Excess halide was removed by distillation under reduced pressure and the reaction products 
were then exhaustively distilled with methanol to remove borate.

Cinnamic acid itself under these conditions yielded a crystalline compound (IV) which 
gave the correct analysis for methyl cinnamate. The structure was confirmed by 
(i) hydrolysis, which produced cinnamic acid and methanol, (ii) the preparation of a 
dibromide derivative and (iii) comparative ultraviolet and infrared spectrophotometry.

Similarly, p-coumaric, caffeic and sinapic acids were converted by boron trichloride 
followed by methanol to methyl p-coumarate (V), methyl caffeate (VI) and methyl 3,4,5-tri- 
hydroxycinnamate (VII), respectively.

The paper chromatographic and electrophoretic properties of the three methyl hydroxy- 
cinnamates have been studied in some detail and compared with those of the parent 
cinnamic acids (Table 1). The best procedure for the resolution of mixtures of these 
compounds is paper chromatography using ethyl acetate-acetic acid-water solvent and 
molybdate-treated papers. This system clearly separates the three esters and has the 
added advantage that the molybdate complexes of the di- and tri-hydroxy derivatives 
are clearly discernible as brown spots on chromatograms. Paper electrophoresis, using 
borate and molybdate buffers, is also a useful procedure for separation and identification. 
On paper, the three esters exhibit characteristic fluorescences with ammonia under ultra
violet light and can also be located with diazotised p-nitroaniline.

The reaction of boron trichloride and methanol with ferulic, 3,4-dimethoxycinnamic 
and chlorogenic acids was also examined in small scale experiments. All these compounds 
gave rise to methyl caffeate (VI), which was identified in each case by paper chromato
graphy and electrophoresis.

The method has been applied to plant material containing cinnamic acid derivatives. 
Thus, powdered coffee beans, which contains chlorogenic acid,^® gave rise to (VI) and 
compounds (V) and (VI) were produced by treating a crude extract of Antirrhinum majus
® J. B. H a r b o r n e  and J. J. C o r n e r , Biochem. J. 81, 242 (1961).
® W. G e r r a r d ,  The Organic Chemistry o f  Boron, Academic Press, London (1961).

W. G e r r a r d  a n d  M. A. W h e e l a n s , J. Chem. Soc. 4296 (1956).
T. G. B o n n e r , E. J. B o u r n e  and S. M c N a l l y , J. Chem. Soc. 2929 (1960).
R. G. Moores, D. L. McDermott and T. R. Wood, Anal. Chem. 20, 620 (1948).
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T a b l e  1. C h r o m a t o g r a p h i c  a n d  e l e c t r o p h o r e t i c  p r o p e r t i e s  a n d  c o l o u r  r e a c t i o n s  o f  c i n n a m ic
ACIDS a n d  m e t h y l  c in n a m a t e s

Compound

R / values in :

BEW EAW

Plain
paper

Borate-
treated
paper

Plain
paper

Molybdate-
treated
paper

p-Coumaric acid 089 036 096 096
Caffeic acid 071 003 089 029
Sinapic acid 086 028 090 089
Methyl p-Coumarate 094 096 097 096
Methyl caffeate 086 061 092 068
Methyl 3,4,5-trihydroxycinnamate* 080 048 087 034

Colour with

Compound
Ms A values t in: in U.V. 

light and 
NHa

diazotised
p-nitroaniline

+N aO HBorate Molybdate Acetate

p-Coumaric acid 098 044 035 Violet Mauve
Caffeic acid 104 072 020 Light blue YeUow-brown
Sinapic acid 0 64 028 021 Green Red
Methyl p-Coumarate 0 38 0 0 Violet Mauve
Methyl caffeate 045 078 0 Light blue Yellow-brown
Methyl 3,4,5-trihydroxycinnamate* 061 082 0 Blue Brown

* This compound tends to streak on paper chromatograms and electrophoretograms.
•f Mobility relative to that of salicylic acid.

flowers with boron trichloride and methanol. These flowers contain glucose esters of 
/j-coumaric, cafleic and ferulic acids.® The action of boron trichloride on 0-glucosides of 
cinnamic acids has not been investigated but there is no doubt that these would also be 
cleaved by the reagent (cf. Bonner, Bourne and McNally^^).

The procedure described is an additional aid to the identification of cinnamic acids in 
plants. The method classifies those compounds present in the tissues into one or more of 
three hydroxycinnamic acid “families” and it is extremely simple to carry out.

E X P E R IM E N T A L

Paper Chromatography
The solvents used were: BEW (butan-l-ol, ethanol, water 40 : 11 : 19, v/v), EAW 

(ethyl acetate, acetic acid, water 9 : 2 : 2 ,  v/v). Whatman No. 3 paper was used; impregna
tion with molybdate and borate was achieved by dipping papers into OTM sodium 
molybdate and 0 IM sodium borate solutions, respectively, blotting and air-drying.

Paper Electrophoresis
This was carried out, as described by Pridham,^® with the following electrolyte solutions : 

0-2M sodium borate (pH 10-0), 8 -lxlO"®M ammonium molybdate (pH 5 2) and 0-2M 
sodium acetate (pH 5 2).

J. B. PiUDHAM, J. Chromatog. 2, 605 (1959).
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Location o f Compounds
Chromatograms and electrophoretograms were viewed under ultraviolet light 

(“Chromatohte” , Hanovia Ltd., Slough, Bucks) after exposure to ammonia vapour. They 
were also sprayed with diazotised p-nitroaniline followed by N  NaOH solution.^^

Absorption Spectra
Ultraviolet spectra were measured with a Unicam SP.500 spectrophotometer using 

1 cm silica cells. Infrared measurements were made with a Perkin-Elmer (model No. 137) 
spectrophotometer.

Standard Conditions for Reaction with Boron Trichloride
The dried cinnamic acid was dissolved or suspended in methylene chloride and placed 

in a flask fitted with a silica gel trap. The flask was cooled to —78° and boron trichloride 
(12 ml) at the same temperature added. After 2 hr at —78° the reaction mixture was 
allowed to stand for approximately 20 hr at room temperature. Excess boron trichloride 
was then removed under reduced pressure and the borate ions removed by repeated 
distillation with dry methanol. The mixture was then concentrated to dryness under 
reduced pressure.

Reaction with cinnamic acid
Cinnamic acid (4 3 g) in methylene chloride (80 ml) under the above conditions yielded 

a residue which was distilled in a Jackson unit at OT mm pressure. A pale yellow oil came 
over at 68-72° and on cooling, crystals (IV, 2 9 g) m.p. 35°, were produced. The compound 
(TV) gave a positive ester test with ferric chloride and hydroxylamine and had ultraviolet 
and infrared spectra identical to those of methyl chmamate (lit. m.p. 34-7°̂ ®), and a mole
cular weight determination (166; determined cryoscopically in benzene) confirmed this. 
(Found: C, 74 5; H, 6  3; OMe, 19 1. Calc, for CioHioOg*. C, 741; H, 6  2; OMe, 191%.)

Compound (IV) (OT g) was heated on a boiling water bath for 2 hr with 0-025N NaOH 
(30 ml). The hydrolysate was then distilled and the methanol, which came over in the 
distillate, was characterized by the preparation of the 3,5-dinitrobenzoyl derivative 
(m.p. 108°; lit. m.p. 108°̂ ®). The residue remaining after distillation was dissolved in water 
and acidified with 2N HgSO^. Cinnamic acid (m.p. and mixed m.p. 133°) crystallized out.

Treatment of (IV) (0T5 g) with bromine in carbon tetrachloride followed by concentra-^ 
tion of the reaction mixture yielded crystalline methyl a,/9-dibromodihydrocinnamate 
(0  08 g) which on recrystallization from light petroleum (b.p. 60-80°) had m.p. 117° 
(lit. m.p. 117°!’). (Found: C, 37 8 ; H, 3 5; Br, 48 8 . Calc, for CioHioOgBrg: C, 37 3; 
H ,3 1 ;B r,4 9 -6 % ).

Reaction with ^-Coumaric Acid
p-Coumaric acid (4 9 g) in methylene chloride (80 ml), when treated with boron tri

chloride and methanol, yielded a compound (V), which was removed from the reaction 
mixture by distillation at 75-80° (0 1 mm). The resulting oil, on cooling, yielded crystals 
(3 65 g, m.p. 137°). (Found: C, 67 3; H, 5 6 . Calc, for CioHjoOg; C, 67 4; H, 5 7%).

T. S w a i n , Biochem. J. 53, 200 (1953).
J. Kendall and J. E. Booge, J. Am. Chem. Soc. 38,1712 (1916).
G. B. Malone and E. E. Reid, J. Am. Chem. Soc. 51, 3424 (1929).
A. M i c h a e l , Ber. 34, 3640 (1901).
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Hydrolysis of (V) with 0-025N NaOH followed by acidification yielded p-coumaric 
acid (identified by paper chromatography (BEW solvent) and paper electrophoresis (acetate 
buffer). The ultraviolet and infrared spectra of (V) were consistent with it being methyl 
p-coumarate (lit. m.p. 137°̂ ®).

Reaction with caffeic acid
Chromatographic resolution (cellulose column, BEW solvent) of the mixture obtained 

by reacting caffeic acid (1 0 2  g) in methylene chloride (2 0  ml) with boron trichloride and 
methanol gave a fluorescent compound (VI, 0 62 g) which, after recrystallization from 
aqueous ethanol, had m.p. 152° (lit. m.p. for methyl caffeate is 152°-3^®). (Found: C, 61-7; 
H, 5 0. Calc, for C 10H 10O4 ; C, 61-9; H, 5-2%). Alkaline hydrolysis of (VI) yielded caffeic 
acid, which was identified by paper chromatography (BEW solvent) and paper electro
phoresis (acetate buffer). The infrared and ultraviolet spectra confirmed the identification 
of (VI) as methyl caffeate.

Reaction with Sinapic Acid
Sinapic acid (213 g) in methylene chloride (40 ml) was treated with boron trichloride 

and methanol. The mixture was fractionated on a cellulose column (BEW solvent) and a 
fluorescent compound (VII, TOI g) obtained which was further purified on thick paper 
chromatograms. Hydrolysis of (VII) with N  H 2SO4 (2 hr, 100°) produced a phenolic 
compound which formed a brown molybdate complex and which tended to streak on 
paper chromatograms and electrophoretograms but nevertheless had the characteristics 
expected of a trihydroxycinnamic acid.

Treatment of (VII) with acetic anhydride and anhydrous zinc chloride yielded an 
acetate which, after repeated recrystallizations from glacial acetic acid and finally from a 
chloroform-light petroleum (b.p. 60-80°) mixture, had m.p. 170° (lit. m.p. for methyl 
3,4,5-triacetoxycinnamate is 168°®°). (Found: C, 57 4; H, 4 8 . Calc, for CigHigOg: 
C, 57-1; H, 4-8%).

Reactions with Ferulic, 3,4-Dimethoxycinnamic and Chlorogenic Acids
Approximately 0 05 g of each of the above compounds in methylene chloride (ca. 

20 ml) was allowed to react with boron trichloride and methanol. The reaction mixtures 
were then placed directly on paper chromatograms (BEW and EAW solvents) and electro
phoretograms (borate, molybdate and acetate buffers). In all three cases, the major product 
was methyl caffeate (VI).

Reaction with Coffee Bean Powder
The green beans were frozen in liquid nitrogen and then ground to a fine powder. 

This was dried at 60° under reduced pressure and then treated with the halide and methanol. 
The concentrated reaction products were, taken up in chloroform and shown to contain 
methyl caffeate by chromatographic analysis.

T. ZiNCKE and F. Leisse, Ann. Chem. Liebigs 322, 220 (1902).
F. Mauthner, j .  prakt. Chem. 142, 33 (1935).
T. B o e h m  a n d  K. W. R o s e n m u n d ,  Ann. Chem. Liebigs. 437, 125 (1924).
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Reaction with Antirrhinum majus Cinnamic Acid Derivatives
An aqueous methanolic (80%) extract of flowers from this plant was concentrated to 

dryness at 60° under reduced pressure. Treatment and examination, as with the coffee 
bean powder, showed that methyl p-coumarate (V) and methyl caffeate (VI) had been 
formed.
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CHAPTER 7 

HYDROLYTIC ENZYMES 

J. B. Pridham

Chemistry Departm ent, Royal Holloway College, University of London,
I Englefield Green, Surrey
i

! The hydrolytic cleavage of covalent bonds such as C—O (esters and 
glycosides), C—N (proteins and peptides) and O—P (phosphates) is 
catalysed by a group of hydrolytic enzymes, or hydrolases. In many 
instances, these enzymes can also effect synthesis by a reversal of their 

.form al hydrolytic action.
This review is intended to cover in general terms, the reaction of plant 

hydrolases with phenolic compounds and their derivatives. No enzymes 
in this group have so far been discovered which will react with the aromatic 
nuclei of phenolics. In fact, the hydrolytic cleavage of C—C bonds is 
rare and only occurs with some aliphatic carbon chains.d) Hydrolases 
will, however, react with substituted phenolic hydroxyl groups and other 
substituted functional groups which may be present in phenolic compounds. 
Thus suitable phenolic derivatives will act as substrates for aryl sulphatases, 
esterases and glycosidases.

A R Y L  S U L P H A T A S E S

These enzymes occur mainly in animals and microorganisms and are, at 
present, of no great interest to workers in the plant phenolics field as 
naturally occurring phenolic sulphates such as persicarin( )̂ and persicarin-7- 
methyl ether( )̂ are quite rare. Much of the work on the sulphatases has 
been carried out by Dodgson and Spencer and their associates.There is 

' little reason to suppose that the biosynthesis of sulphates occurs by a 
reversal of aryl sulphatase activity. Activated sulphate derivatives such as 

'^\denosine-3'-phosphate-5'-sulphatophosphate (PAPS)( )̂ are more likely to 
be involved in such reactions in vivo.

E S T E R A S E S

The true esterases, i.e. those which hydrolyse simple esters are common 
in animal tissues but are infrequently found in higher plants, although wheat 
germ(G) and citrus esterases<’  ̂ have been reported. Lipases, the group of 
esterases which hydrolyse water-insoluble esters, are widespread in plant 
tissues.

73
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Aspergillus niger and other moulds yield mixtures of esterases known as | 
tannases. These preparations have been particularly useful to organic 
chemists who are interested in the structures of hydrolysable tannins. 
Crude tannase from A. niger will hydrolyse both aliphatic and depside 
ester linkages but the preparation shows a high specificity towards the 
acyl moiety of the ester. For example, it will hydrolyse the methyl esters 
of 3,4,5-trihydroxy-, 3,4-dihydroxy- and 3,5-dihydroxy-benzoic acids but 
not those of salicylic acid and 2,4-dihydroxy- and 2,5-dihydroxy-benzoic 
acids.

Toth and B a r s o n y d o >  claimed to have isolated a specific depsidase from 
crude tannase by chromatography. Haslam et a/.di) found evidence for 
the existence of a separate aliphatic esterase and a depsidase in tannase | 
but were unable to achieve any separation of these activities. The Sheffield i 
group were, however, able to obtain a tannase preparation free from | 
glycosidases by ion-exchange chromatography. This was used to investi-^^ 
gate the structures of g a llo t a n n in s ^ ^ ^ )  and it was clearly shown that they 
had glucose cores esterified with gallic acid residues and not oligosaccharide 
cores as claimed by White(^ )̂ and Grassmann et

Nierensteinds) claimed that esters could be synthesized by a reversal 
of tannase action. Thus he was able to form m-digallic acid by the con
densation of two molecules of gallic acid. The physiological significance 
of this reaction is doubtful. Ester linkages are more likely to be synthesized 
in vivo via activated acyl derivatives. Some fungi can utilize tannin as a 
carbon source and here the presence of a tannase is obviously important. 
Tannases have so far not been reported in higher plants.

G L Y C O S ID A S E S

The discussion with this group of enzymes will be chiefly limited to the 
simple glycosidases, i.e. those which hydrolyse alkyl and aryl glycosides

Glycosyl—0 R +  É H  Glycosyl—E +  R—OH

Glycosyl—E4- HO—R ' :<± Glycosyl—O R '-h EH

F i g . 1 . ^

and low molecular weight oligosaccharides. The enzymes which hydrolyse 
polysaccharides and those which are involved in transfer reactions with 
nucleotide derivatives of sugars, such as uridine diphosphate glucose 
(UDPG) may also be regarded as glycosidases. These, however, will not 
be dealt with in any detail.

The enzymic hydrolysis of glycosides occurs by fission of the bond 
between C—1 of the glycone and the glycosidic oxygen atom.(^°) The 
overall reaction is shown in Fig. 1. R in the glycosyl donor molecule may
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be an alkyl, aryl or glycosyl group. If R' in the acceptor molecule is H 
then normal hydrolytic cleavage of the glycoside occurs with the liberation 
of free reducing sugar. Where R' is an alkyl or glycosyl group a new 
glycoside bond is formed by transglycosylation. Most glycosidases exhibit 
competing hydrolytic and transferase activities, hydrolysis really being a 
special form of transglycosylation with water acting as the acceptor 
molecule.

Hydrolase Activity

The existence of glycoside-hydrolysing enzymes has been recognized 
for 150 years although a great many questions remain unanswered regard
ing their mode of action. This is mainly because they frequently occur in 
complex mixtures which are difficult to fractionate. At the present time 
only one crystalline glycosidase is known, namely the j3-galactosidase 
from E. coliŜ '̂ ^

The most common sources of glycosidases are the Rosaceous plants and 
in particular sweet almond seeds from which almond emulsin is obtained. 
The properties of this complex mixture of enzymic proteins has been 
extensively r e v i e w e d . T h e  main enzymes present in the emulsin are 
jS-D-glucopyranosidase, jS-D-galactopyranosidase, a-D-galactopyranosidase, 
and a-D-mannopyranosidase. There is some controversy regarding the 
j8-glucosidase and j8-galactosidase. Helferich beheved that a single 
enzyme was responsible for both activities. This was disputed^®) but recent 
e v i d e n c e (^ 4 )  again suggests that one active site is responsible for both acti
vities. Almond emulsin also contains minor j8-D-glucopyranuronosidase and 
2-acetamido-2-deoxy-j8-D-glucopyranosidase components, and will hydro
lyse a- and j8-L-arabinopyranosides, jS-D-xylopyranosides and a-D-lyxo- 
pyranosides. It is not necessary to postulate the existence o f separate 
enzymes in the case of the pentosides as these may well be hydrolysed by 
the major hexosidase components with the corresponding structural 
specificities.

In general terms the specificity of a glycosidase is directed towards four 
structures in the substrate :

1. Configuration at the anomeric carbon atom.
2. Shape of the sugar ring.
3. Arrangement and substitution of the hydroxyl groups on the sugar 

ring.
4. Structure of the aglycone.

Aglycone specificity is normally much less stringent than glycone specifi
city.
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In the case of purified almond j8-glucopyranosidase the enzyme will not 
hydrolyse a-glucopyranosides, jS-glucofuranosides or j3-thioglucopyrano- 
sides. Absolute specificity for the configuration of the groups on C—2, 
C—3, C—4 and C—5 exists and the enzyme will not tolerate substitution 
of the hydroxyl groups on C—2, C—3 or C—4. Substitutions at C—5 or 
C—6 affect the rate of hydrolysis but do not normally result in complete 
inhibition. In general, the larger the substituent at C—6 the slower the 
rate of hydrolysis. jS-Glucopyranosidase has a low degree of specificity with 
regard to the aglycone although differences in structure do affect the rate 
of reaction. For example, aryl-]8-glucopyranosides are usually hydrolysed 
more rapidly than alkyl-jS-glucopyranosides and substitution of the agly
cone moiety in an aryl-jS-D-glucopyranoside with an electron-attracting group 
facihtates enzymic hydrolysis.(̂ 5) With other glucopyranosidases there are 
wide variations in aglycone specificities. Thus the a-D-glucopyranosidase 
from Candida tropicalis^^^^ will hydrolyse starch, maltose, sucrose, methyl- 
a-D-glucopyranoside and phenyl-a-D-glucopyranoside. Stachybotyris atra
j 8 - D - g l u c o p y r a n o s i d a s e ( ^ 7 )  on the other hand exhibits a high affinity for
aryl-jS-D-glucopyranosides.

Transferase Activity 
Transglycosylation with the formation of new glycosidic bonds occurs 

when the acceptor molecule is an alcohol. This was first observed by

o c :  -  a : :
F ig . 2 .

Rabaté(28) who showed that an emulsin from Salix purpurea would transfer 
glucose from the phenolic hydroxyl group of saligenin to the primary 
hydroxyl group (Fig. 2), and also that glucose could be transferred from 
phenyl-j8-D-glucopyranoside to primary alcohols. Since these original 
observations transglycosylation reactions involving many glycosidases 
have been studied in great detail. This literature has recently been reviewed 
by Jermyn<29) and Dedonder.<30) It is interesting to note that there is 
always retention of configuration at C—1 of the transferred glycone moiety 
in these reactions.*

Glycosidases show some specificity towards acceptor molecules. 
Courtois and Leclerc,^®^) for example, have shown that almond ]8-gluco- 
pyranosidase will transfer glucose from phenyl-^S-D-glucopyranoside to

* (In the case of transfer from U D PG  inversion at C— 1 of the glucosyl residue may 
occur).<®i)
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various sugars, simple primary and secondary alcohols but not tertiary 
alcohols.

Miwa and other Japanese workers using a number of different glycosi
dases, have shown that each enzyme exibits characteristic affinities towards 
different acceptor molecules. This work has been summarized by Jermyn.(^7)

Attempts to glucosylate phenolic hydroxyl groups using higher plant 
glycosidases and “low energy” potential glucose donors have failed.i^ -̂se) 
In other words, phenols would appear to be rather poor acceptor mole
cules. Pridham,(37) however, has been able to transfer glucose from 
maltose to resorcinol with the formation of m-hydroxyphenyl-a-D-gluco- 
pyranoside and m-hydroxyphenyl-a-isomaltoside using an A. niger enzyme 
preparation. Other di- and tri-hydric phenols also acted as acceptors in 
this system. It is at present uncertain whether the enzyme responsible for 
this reaction falls into the class of simple glycosidases as defined on page 
74. At least no dialysable co-factor appeared to be involved in the 
reaction and transfer from UDPG to resorcinol could not be demons
trated.

Mechanism o f  Glycosidase Action
The glycosidases are related in a number of ways. They are usually 

acidic proteins and have no prosthetic groups or coenzymes. Maximum 
hydrolytic and transferase activities normally occur in neutral or weakly 
acidic solutions and hydrolysis proceeds by hexose—0 bond fission.(i®’ 
With regard to the active sites on these enzymes, few have been examined 
in detail, but a variety of acidic and basic groups have been implicated At 
the present time there is widespread behef that the majority of simple 
glycosidases have a similar mechanism of action and probably function 
as acid-base catalysts. In other words, the glycoside undergoes attack by 
nucleophilic and electrophilic groups on the enzyme surface which results 
in electron displacement and rupture of the glycosidic bond.

A recent, attractive mechanism for E. coli j3-galactopyranosidase activity, 
based on Koshland’s double displacement theory(38) has been proposed by 
Wallenfels and Malhotra.(®®) This enzyme is a typical glycosidase and 
pH-activity and inhibitor studies indicated that sulphydryl and imidazole 
groups were present on the active site. It is suggested that the enzyme- 
substrate complex is formed as shown in Fig. 3, the galactosyl residue being 
held onto the enzyme surface by hydrogen bonds between carbonyl groups 
of alternate peptide bonds and hydroxyl groups on the sugar. Six to seven 
amino acid residues are probably present between the cysteine and the 
histidine. Hydrolysis of the galactoside is effected by nucleophilic attack 
by the imidazole nitrogen on C—1 of the sugar and simultaneous hydrogen 
bond formation between the glycosidic oxygen atom and the sulphydryl 
group (Fig. 4). Bond fission occurs and free galactose or a new galactoside
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is then produced by a second nucleophilic attack by the acceptor molecule 
(water or an alcohol). It should be noted that with this mechanism the 
aglycone group and the acceptor molecule occupy the same position on 
the enzyme surface. The two reactions produce a double inversion at 
C—1 and the j8-configuration of the original galactoside is thus retained.

F ig .  3. A possible structure of the jS-galactosidase-substrate c o m p le x .

With reference to this mechanism and assuming that other glycosidases 
function in a similar manner, it is interesting to speculate why phenols 
cannot generally act as acceptor molecules in glycosylation reactions. The 
answer may of course be that the phenol and the glycosy 1-enzyme complex 
are sterically incompatible. If, however, aglycones and acceptors occupy

{
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F ig .  4. Proposed mechanism for j3-galactosidase action.(39)

the same position on the enzyme surface this argument may not be valid. 
A second possibility is based on the fact that the electron density at the 
oxygen atom of a phenolic hydroxyl group is lower than that of an oxygen 
in an alcoholic hydroxyl group. In other words, if the phenol is a weak 
nucleophile the formation of the new glycoside bond may be hindered.
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P H Y S IO L O G IC A L  IM P O R T A N C E  O F  G L Y C O S ID A S E S  

It is normally assumed that plant glycosidases can and do hydrolyse 
glycosides in vivo. For example, Freudenberg et believe that in lignin 
biosynthesis the first stage is the liberation of coniferyl alcohol from 
coniferin by a jS-glucopyranosidase. Glycosidically bound sugars may also 
function as energy r e s e r v e s . In this case one might again assume that 
glycosidases liberate these sugars before they are metabolized by the plant. 
The evidence which supports glycosidase activity in vivo is, however, only 
circumstantial and it is not known with any certainty if glycosidases and 
glycosides ever come into contact in normal healthy tissues. Where cells 
are mechanically damaged or diseased, contact is certain and subsequent 
hydrolysis with the liberation of antimicrobic aglycones could in these 
instances be an important function of glycosidases. The exact significance 
of other carbohydrases, such as the amylases and invertase, in plant tissues 
is also not clear.

The participation of simple glycosidases in the biosynthesis of glycosidic 
bonds in living plant tissues seems very unlikely. The equilibrium constants 
for reactions of the type shown in Fig. 1, normally favour hydrolysis and 
not synthesis. In the presence of high substrate concentration, however, a 
simple transfer reaction could result in glycoside synthesis. Thus l̂ -jS- 
fructosylsucrose might well arise by the action of sucrase on sucrose in the 
cambial tissues of aspen. In the case of the phenolic glycosides it is 
almost certain that biosynthesis in higher plants is effected via “high 
energy” (35,42) sugar derivatives such as UDPG. It is possible in vitro to 
synthesize a diglucoside from a monoglucoside using a simple glycosidase 
(e.g. to convert arbutin to /)-hydroxyphenyl-jS-gentiobioside with almond 
e m u ls in (36)) but, here again, in vivo the second glucose residue is probably 
derived from UDPG.(34.43)
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: T he first claim  th a t  phenolic glucosides w ere
/formed w hen phenols w ere fed to  p lan ts  w as m ade 

y  b y  Ciam ician & R av en n a  (1916). These w orkers 
rep o rted  th a t  saligenin (o-hydroxybenzyl alcohol) 
w as converted  in to  sahcin (o-hydroxym ethyl- 
pheny l j8 -D-glucopyranoside) b y  m aize seedlings. 
O ther feeding experim ents w ith  a  v a rie ty  o f phenols 
have  since been carried  o u t an d  i t  is now  clear th a t  
g lucosylation o f phenols is a  com m on reac tion  in  
p la n t tissues. These studies, leading to  th e  im plica
tio n  o f u rid ine d iphosphate  glucose in  th e  reaction , 
have  been  review ed b y  P rid h am  (1960a). More 
recen t advances have  included feeding com narin  
an d  o-coum aric acid to  w hite  clover w ith  th e  fo rm a
tio n  of m ehlotyl- an d  o-coum aryl-glucosides respec
tive ly  (Kosuge & Conn, 1959) an d  allowing th e  
leaves o f various p la n t species to  tak e  u p  cinnam ic 
acid  derivatives (H arborne & Com er, 1961). I n  th is  
la t te r  case th e  corresponding glucose esters w ere 
th e  m ain  products, b u t w ith  caffeic acid th e  3- and  
4-)3-glucosides w ere also form ed. Y am ah a  & 
Cardini (1960a) have  now  stud ied  in  some de ta il th e  
enzym e from  w heat germ  w^hich is specific for th e  
fo rm ation  of glucosides from  urid ine d iphosphate  
glucose an d  phenols w ith  1,4-dihydroxy groupings 

y  (cf. C ardini & Leloir, 1957 ; P rid h am  & S altm arsh ,
1960) and  th e  enzym e w hich transfers glucose from  
urid ine d iphosphate  glucose to  a rb u tin  w ith  th e  
fo rm ation  o f a  jg-gentiobioside (Y am aha & Cardini, 
19606; cf. P ridham , 1957, 19606; A nderson, H ough 
& P ridham , 1960). T he w heat-germ  enzym e will 
also tran sfe r glucose from  adenosine d iphosphate  
glucose to  quinol (TriveUoni, R econdo & Cardini, 
1962). M arsh (1960) has transferred  glucuronic acid 
from  urid ine d iphosphate  glucuronic acid  to  
quercetin  using a n  enzym e from  F rench  beans an d  
B arber (1962) has converted  th is  flavonol in to  th e  
glycoside ru t in  w ith  an  enzym e p repara tion  from

m ung beans in  th e  presence o f urid ine d iphosphate  
glucose (or thym id ine  d iphosphate  glucose) an d  
thym id ine  d iphosphate  rham nose. T he fo rm ation  
of phenolic a-glucosides in  th e  absence o f nucleo
tides has been  observed w ith  A spergillus niger 
ex trac ts , m altose being used  as a  glucose donor 
(Pridham , 1961). A cidic derivatives o f phenoHc 
glucosides are  also p roduced  w hen broad-bean  
seeds are  tre a te d  w ith  sim ple phenols (P ridham  & 
S altm arsh , 1962).

T his s tu d y  h as  been u n d ertak en  to  estabhsh  th e  
n a tu re  o f th e  glucosides form ed b y  feeding sim ple 
phenols to  th e  b road  b ean  {Vicia faba) an d  to  com 
p are  these p roduc ts w ith  those ob ta ined  from  
experim ents in  vitro. A ll possible steps have  been  
ta k e n  to  determ ine accura te ly  th e  s truc tu res  o f th e  
phenolic glucosides produced, b u t in  some cases 
low  yields or in s tab ih ty  of th e  com pounds, or b o th , 
have  p reven ted  a  com plete chem ical an d  physical 
identification. W e consider th a t  inadequa te  charac
te riza tio n  m ay  have led  to  error in  some previous 
publications. F o r exam ple, some d o u b t exists ab o u t 
th e  p ro d u c t o f glucosylation  o f saligenin, w here 
isom eric monoglucosides could be form ed by  
reaction  w ith  th e  phenolic or th e  p rim ary  hyd roxy l 
group.

A  prelim inary  accoun t o f th is  w ork  h as  been 
published  (P ridham  & S altm arsh , 1960).

M ETH O D S

General methods. M.p. values are unoorreoted. Ultra
violet-absorption spectra were measured with a Unicam 
SP.500 spectrophotometer (1 cm. cell). Free phenohc 
hydroxyl groups were detected by a bathochromic shift in 
the presence of base (Mansfield, Swain & Nordstrom, 1953) 
and ene-diol groupings were revealed by a hypsochromic 
shift on subsequent addition of borate ions to the alkaline
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solution (Swain, 1954). Infrared measurements were made 
with a Unicam SP. 100 double-beam spectrophotometer. 
In  the enzyme-catalysed reactions control incubations with 
boiled-enzyme preparations were always carried out.

Paper chromatography. Phenolic compounds and sugars 
were examined on Whatman no. I and no. 3 papers 
respectively by the descending technique. The solvent 
systems were: A, butan-1 -ol-ethanol-water (40:11:19, by 
vol.); B, ethyl acetate-acetic acid-water (9:2:2, by vol.); 
C, WW-dimethylformamide-benzene (4:1, v/v; stationary 
phase), light petroleum (b.p. 60-80° ; mobile phase) (Wick- 
berg, 1958); D, WY-dimethyl sulphoxide-benzene (4:1, v/v; 
stationary phase), di-isopropyl ether (mobile phase) (Wick- 
berg, 1958). Molybdate-buffered papers were prepared as 
described by Pridham (1959). The stability of glucosides to 
oxidation was investigated by spotting these compounds on 
the starting lines of chromatograms, spraying with an 
aqueous M-PeClg solution and allowing them to dry at room 
temperature. These chromatograms were then developed 
with solvent A  and treated with spray A .

Paper electrophoresis {see Pridham, 1959). IWiatman no. 3 
paper was used with the following buffer solutions : A, 0 - 2  m- 
sodium borate, pH 10 0; B, 0-05M-glycine, pH 10 0; C, 
8  nm-ammonium molybdate, pH 5 2; D, 0 2M-sodium 
acetate, pH 5 2.

Location of compounds. Phenolic compounds were 
detected on paper chromatograms and electrophoretograms 
by the use of diazotized p-nitroaniline-NaOH (spray A ; 
Swain, 1953) and by examination under u.v. light, a 
Chromatohte (Hanovia Ltd., Slough, Bucks.) being used. 
p-Anisidine hydrochloride (spray B; Hough, Jones & 
Wadman, 1950) was used for reducmg sugars and uiea 
hydrochloride (spray C; Isherwood, 1954) for ketoses.

Feeding experiments. Vicia fa ia  (var. Johnson’s Longpod) 
seeds were steeped in water (24 hr.) and then placed between 
layers of cotton wool soaked in an aqueous solution (1 %, 
w/v) of the phenol for 3 days. Treatment of 6 -day-old maize 
seedlings {Zea mays, var. Golden Harvest) with sahgenin 
was carried out by a similar procedure. With whlow {Salix 
daphnoides), cut ends of shoots were placed in aqueous 
solutions of sahgenin (1 %, w/v) for 48 hr. before 
examination.

Isolation of phenolic glucosides. The testas were removed 
from the treated bean seeds and the cotyledons and 
embryos macerated with aqueous (90%, v/v) methanol. 
The resulting slurries were centrifuged (3000 rev./min. for 
15 min. at 5°) and the supernatants were then concentrated 
and examined on paper chromatograms (solvents A  and B) 
for the presence of phenohc glucosides (u.v. hght and spray 
A). Maize seedlings and wihow shoots were extracted by a 
similar method. Fractionations of the extracts were 
achieved on cehulose columns or on Whatman no. 3 paper 
(solvent A).

Acidic hydrolysis. The glucosides were heated with 
15 n-HGI at 100° for 4 hr. and the solutions then evapor
ated to dryness over NaOH pellets in a vacuum desiccator. 
The hydrolysates were examined on paper chromatograms 
with solvents A  and B  (sprays A  and B).

Enzymic hydrolysis. The glucosides were treated with 
almond j3-glucosidase (Sigma Chemical Co.; 1%, w/v, in 
0 02M-8odium acetate buffer, pH 5-5) at 27° for 48 hr. and 
the digests then examined chromatographically in the same 
way as the acidic hydrolyses. Complete hydrolysis of com
pound (XV) was effected with yeast invertase (British Drag

HousesLtd. concentrate, 0-2 ml.) in 0-1 M-sodium phosphate 
buffer, pH 7 5 (0 2 ml.), at 25° for 30 min.

Méthylation of compound (VI). Diazomethane (10 ml.) 
prepared by Nierenstein’s (1930) method was added to 
freeze-dried (VI) ( 1 0  mg.) in dry methanol (10 ml.) and 
kept at 0° for 18 hr. Acetic acid was then added dropwiso 
until the yellow colour of the solution disappeared. After 
concentration to dryness the methylated product was 
heated with methanolic (7 %, w/v) HCl and evaporated to 
dryness again over NaOH pellets in a vacuum desiccator. 
The hydrolysate was examined on paper chromatograms 
with solvents C and D and compared with authentic 2,4- 
and 2,5-dimethoxyphenols.

Preparation of 2,5-dimethoxyphenol sulphonate. Cone. 
H2SO4 (3 ml.) was added to quinol dimethyl ether ( 6  g.) and 
the mixture heated on an oil bath at 110-120° for 1 hr. The 
reaction mixture, after cooling, was poured into ice-water 
and NaHCOg added to give pH 6-7. The solution was then 
heated to boiling point and saturated with NaCl and 
filtered. On cooling, white crystals of sodium 2,5-dimethoxy- 
benzenesiilphonate were obtained The p-toluidine deriva
tive had m.p. 203° [Gallent (1958) found m.p. 202-203°].

Preparation of 2,5-dimethoxyphenol. Sodium 2,5- 
dimethoxybenzenesulphonate ( 6  g.) was fused with NaOH 
(10 g.) and KOH (4 g.) in an iron crucible. The fusion pro
duct was dissolved in water, the pH adjusted to 5-6 with 
conc. H 0SO4 and the solution extracted with ether. Con
centration of the ethereal extract gave an oil in low yield. 
This compound behaved as a typical dimethoxyphenol in 
solvents A, 0  and D and gave a blue azo dye with spray A.

Separation of compounds (IX) and (X). Initial purifica
tion of the mixed glucosides was achieved in thick-paper 
chromatograms with solvent A. The resulting mixed 
fraction (IX and X) was then resolved by paper electro
phoresis with buffer A, compound (IX) having (rate of 
movement relative to salicylic acid; Pridham, 1959) 0 29 
and (X) 0. The bands were eluted from the electro
phoretograms with water.

o-Hydroxyhenzyl ^-glucoside. This was prepared by the 
method of Anderson et al. (1960).

p-Hydroxy-andm-hydroxy-benzyl ̂ -glucosides. These were 
synthesized from glucose and the corresponding phenol by 
the biochemical method of Bourquelot & Hérissey (1913).

Wheat-germ enzyme. This was prepared by Yamaha & 
Cardini’s (1960 a) method and the fraction 1 obtained by 
these workers used for the synthesis of glucosides.

Broad-bean enzyme. Dormant bean seeds with testas 
removed (35 g.) were macerated with 0 05M-sodium phos
phate buffer, pH 7 0 (105 ml.), a t 0°. The slurry was left to 
stand for 2 hr. at 5°, centrifuged (16 000 g  at 0° for 20 min.) 
and the supernatant was dialysed against 0-05M-sodium 
phosphate buffer, pH 7 0, at 5°.

Glucose transfer to phenols in vitro. The phenol (10 mg.) 
was incubated with UDP-glucose ( 6  mg.), enzyme (wheat 
germ or broad bean; 0 1 ml.) and O-OSM-tris-HCl buffer 
(0-1 ml., pH 7-4) a t 37° under toluene. The final pH of the 
reaction mixture was 7 2. Paper-chromatographic examina
tion (solvents A and B) was carried out after incubation for 
5 hr.

Transfer of glucose to phenols was also achieved by incu
bating (at 37°) wheat-germ enzyme (0 1 ml.) with 0-05M- 
tris-HCl buffer (0-1 ml., pH 7 4), ATP (2 4 mg.), UTP 
(14 mg.), a-D-glucose 1 -phosphate (2 - 1  mg.) and the 
phenol (13 mg.) in the presence ofMgClg (0 5 mg.) and NaF
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(2-0 mg.). The reaction mixtures were again examined on 
paper chromatograms (solvents A and B) after 5 hr. In one 
experiment a-n-glucose 1 -phosphate in the above reaction 
mixture was replaced by a-D-galactose 1-phosphate in an 
attempt to transfer galactose to quinol and resorcinol.

Resorcinol (10 mg.) was also incubated (at 37°) separately 
with a-D-glucose 1-phosphate, methyl a-D-glucoside, 
maltose and cello biose ( 6  mg. each) in the presence of wheat- 
germ enzyme ( 0  1 ml.) and 0-05M-tris-HCl buffer (0 1 ml., 
pH 7-4) and the digests were examined chromatographically 
(solvents A  and B) after 5 hr.

Attempted transfer of glucose to phenols with almond 
^-glucosidase. ^-Glucosidase (Sigma Chemical Co.; 0 2 ml.; 
1%, w/v, in 0-05M-sodium acetate buffer, pH 5-6) was 
incubated separately with arbutin (14 mg.), cellobiose 
(16 mg.), methyl ^-D-glucoside (10 mg.) and D-g1ucose 
(9 mg.) in the presence of quinol, resorcinol or 1,2,4-tri- 
hydroxybenzene (1-4 mg. each) at 27°. The digests were 
examined on paper chromatograms after 8 , 24 and 72 hr. 
(solvents A and B).

Attempted transfer of fructose to phenols with yeast 
invertase. The phenol (10 mg.), sucrose (20 mg.), invertase 
(British Drug Houses Ltd. concentrate; 0 2 ml.) and 0-1M- 
sodium phosphate buffer, pH 7 5 (2 ml.), were incubated at 
25° and samples taken and examined chromatogi-aphically 
(solvents A  and B) after 5 min., 3 hr. and 20 hr. ; a high pH 
was chosen in the hope that increased ionization of the 
phenolic hydroxyl groups would facilitate the transfer 
reaction. Only with saligenin was a glycosylated product 
(XV) obtained and this was isolated from the reaction 
mixture by chromatography on thick paper (solvent A). ■ 
The hydrolysis products obtained on heating (XV) with 
O OIN-H2SO4 at 1 0 0 ° for 1 0  min. were examined on paper 
chromatograms (solvents A and B).

R E SU L T S

Feeding exgjeriments
Prelim inary  experim ents show ed th a t  broad- 

bean  seeds th a t  h a d  been allowed to  germ inate  for 
24 h r. before feeding w ith  phenols gave th e  h ighest 
yields o f glucosides, in  com parison w ith  organs of 
th e  m a tu re  p lan t. I n  addition , seed ex trac ts  con
ta in ed  fewer in terfering  phenolic substances th a n  
ex trac ts  of th e  green p a rts  o f th e  p la n t an d  th is  
fac ilita ted  th e  iso lation  of th e  g lucosylated p ro 
ducts. T he m ain  p roperties of th e  glucosides form ed 
in  th e  feeding experim ents are  sum m arized in  
T able 1. Q uinol gave a  h igher y ield  of th e  cor
responding monoglucoside, a rb u tin  (I ; 300 mg. 
from  1 1 0  g. d ry  w t. of seeds) th a n  an y  o ther phenol 
th a t  w as used for feeding. A rbu tin , unlike th e  o ther 
glucosides, w as ob ta ined  in  a  crystalline form  
from  w ate r: m .p . a n d  m ixed  m .p . 199°, [a ]^  — 62° 
(c 1 8  in  w ater) (F ound: C, 49 7; H , 6  3. Calc, for 
Ci2Hig0 7 ,H 2 0 : C, 49 7; H , 6-2% ), an d  w as also 
characterized  b y  pap er ch rom atography  and  
electrophoresis against au th en tic  a rb u tin  an d  b y  
com parative  u .v . an d  i.r. spectropho tom etry . The 
p en ta -ace ta te  o f (I) h a d  m .p. an d  m ixed m .p . 146-5° 
(Foim d: C, 54-3; H , 5-6. Calc, for CaaHjoOia: C,

54-8; H , 5-4% ). T he i.r. spectrum  of th e  pen ta- 
ace ta te  w as iden tical w ith  th a t  of au th en tic  
p -hyd roxypheny l )3-D -glucopyranoside pen ta -ace
ta te . T he unequivocal identification  of (I) supports 
th e  s truc tu res proposed for th e  o th e r glucosides, 
w hich could only be exam ined b y  less rigorous 
m ethods.

T he m ono jS-glucoside (II), ob ta ined  b y  feeding 
w ith  resorcinol, w as iso lated  as a freeze-dried pow der 
an d  h ad  paper-chrom atographic  an d  electrophoresis 
properties iden tical w ith  those  o f au th en tic  m- 
hydroxypheny l )3-glucoside.

Sim ilarly, com pound (III), w hich w as derived 
from  catechol, w as electrophoretically  an d  chro
m atographically  indistinguishable from  0 -hydroxy- 
pheny l ^-glucoside.

Two m ono ^-glucosides, com pounds (IV) an d  (V), 
in  th e  approx im ate  p roportions o f 3 :1  (as judged  
v isually  from  pap er chrom atogram s) w ere p roduced 
in  low yields b y  seeds fed  w ith  pyrogallol. Com
p ound  (IV) gave a  red -b ro w n  colour on  m olybdate- 
tre a te d  paper chrom atogram s an d  on  m olybdate  
electrophoretogram s (buffer C). T his reaction , in 
conjunction  w ith  th e  Rp  an d  M g^ values (Table 1) 
is h ighly  characteristic  o f com pounds contain ing an  
ene-diol grouping (P ridham , 1959). T he spectrum  
o f (IV) is also characteristic  o f an  ene-diol an d  th e  
s tru c tu re  of th is  com pound m u st therefore be  2,3- 
d ihydroxyphenyl ^-glucoside. Com pound (V) gave 
negative ene-diol reactions an d  is p resum ab ly  2 ,6 - 
dü iydroxyphenyl )3-glucoside.

E x tra c ts  p repared  a fte r feeding 1 ,2 ,4 -trihydroxy- 
benzene to  bean  seeds contained  th ree  com pounds,
(VI), (V II) an d  (V U I), in  th e  approx im ate  p ro p o r
tions o f 6 : 2 : 1 ; w hich behaved  as monoglucosides 
on pap er chrom atogram s an d  electrophoretogram s. 
Insufficient am oun ts o f (V III) could be ob ta ined  for 
hydrolysis studies an d  th is  com poim d seem ed to  be 
m uch  m ore un stab le  th a n  (VI) or (V II). C om pound
(V II) behaved  as an  ene-diol in  th e  presence of 
m olybdate  ions, unlffie com pound (VI). A ttem p ts  
to  de tec t th e  ene-diol grouping in  (V II) b y  spectro 
ph o to m etry  failed owing to  th e  in s tab ility  o f th e  
com poim d. T rea tm en t of all th ree  glucosides w ith  
d ilu te  aqueous ferric chloride so lu tion  show ed th a t  
only (VI) w as n o t oxidized, an d  therefore  p re 
sum ably  d id  n o t possess a  p o ten tia l quinonoid  
s truc tu re . M éthylation  followed b y  hydrolysis of 
(VI) yielded a  com pound th a t  co-chrom atographed 
w ith  2 ,4-dim ethoxyphenol an d  gave an  azo dye of 
th e  sam e colour w ith  sp ray  A .  This m e th y la ted  
phenol could be easily d istinguished from  2,5- 
d im ethoxyphenol b y  th e  use of ‘tw o organic-phase’ 
ch rom atography  (solvents C an d  D ). T he evidence 
strongly  suggests th a t  com poim ds (VT) an d  (V II) 
are  2,4- an d  3 ,4-dihydroxyphenyl jg-glucosides 
respectively . C om pound (V III) m ay  well be th e  
2,5 isomer.
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o-H ydroxybenzyl )3-glucoside (IX ) w as th e  m ain  

p ro d u c t form ed on feeding saligenin to  germ inating  
beans. C om pound (IX ) an d  au th en tic  o-hydroxy
benzyl )3-glucoside (A nderson et al. 1960) behaved  
iden tically  on  p ap er chrom atogram s an d  elec tro
phoretogram s an d  gave th e  sam e red  coloration 
w ith  th e  diazonium  sp ray  reagen t {A). A  trace  of 
salicin (X) w as also de tec ted  as a  u .v .-absorbing 
spo t on  a  p ap er electrophoretogram  (buffer A )  o f 
th e  seed e x trac t. F ailu re  o f com pound (X) to  reac t 
w ith  sp ray  A  ind ica ted  th e  absence of a  free 
phenolic hydi’oxyl group, as d id  u .v . spectropho to 
m e try , w hich on th e  o th e r h an d  show ed th e  p re 
sence of a  free phenolic h y d roxy l group in  th e  m ajo r 
p ro d u c t (IX ) (cf. R ab a té  & R am art-L ucas, 1935). 
The electrophoresis an d  chrom atographic behaviour 
of com pound (X) w as iden tical w ith  th a t  of au th en 
tic  salicin. o-H ydroxybenzyl j8 -glucoside w as also 
th e  m ajo r glucoside form ed w hen willow shoots and  
m aize seedlings w ere allowed to  tak e  up  saligenin. 
I n  th e  la t te r  case no  salicin w as detec ted  ; w ith  th e  
willow, salicin w as p resen t b u t was, o f course, also 
found  in  th e  con tro l shoots.

?w -Hydroxybenzyl alcohol was hkewise converted  
in to  th e  corresponding alcoholic glucoside (m- 
hydroxybenzy l jS-glucoside, X I) b y  th e  bean. No 
definite evidence w as ob ta ined  for th e  presence o f 
th e  isom eric phenolic glucoside in  th e  seed ex trac ts . ' 
T he glucoside ob ta ined  b y  incubating  m -hydroxy- 
benzyl alcohol w ith  excess o f d-glucose an d  )3- 
glucosidase (B ourquelo t & H érissey, 1913) gave th e  
sam e colour w ith  sp ray  reagen t A  and  h a d  identical 
chrom atographic , electrophoresis an d  spectral 
p roperties w ith  com pound (X I). H ydrolysis of 
b o th  com pounds gave glucose an d  m -hydroxybenzyl 
alcohol.

I n  con trast, p -hydroxybenzy l alcohol w as con
v erted  largely  in to  p  -hydroxym ethylphenyl j8 - 
glucoside (X II) . T he absence o f a  free phenolic 
h y d roxy l group in  th is  com pound w as ev iden t from  
electrophoresis an d  spectrophotom etric  stud ies. 
A  sm all am o u n t of a  com pound (X III) th a t  gave a  
p in k -p u rp le  colour w ith  sp ray  A  also accom panied 
(X II). Insufficient quan tities o f (X III) w ere p re 
sen t for de ta iled  studies b u t i t  behaved  in  an  id en ti
cal m an n er w ith  th e  glucoside ob ta ined  from  
p -hydroxybenzy l alcohol (by B ourquelo t & H éris
sey ’s, 1913, m ethod) on paper chrom atogram s and  
elec trophoretogram s. T he syn thetic  com pound h ad  
^max. 279 rap  sh ifting  to  290 rap  on  add ition  of 
alkali, an d  on hydrolysis w ith  acid and  )3 -glucosidase 
yielded glucose an d  p-hydroxybenzy l alcohol. I t  is 
therefo re  assum ed th a t  th is  glucoside an d  com 
pound  (X III )  are  p -hydroxybenzy l jS-glucoside.

A  com pound (X IV ) w ith  Â âx. 294 rap  w as foim d 
in  ex trac ts  of beans th a t  h ad  been  fed w ith  p -n itro - 
phenol. T he com pound w as electrophoretically  
im m obile w ith  aU th e  buffers used, an d  could

be de tec ted  on p ap er w ith  a  sp ray  reag en t for 
n itro  com pounds (M addy, 1959). T his evidence, 
toge ther w ith  hydrolysis studies, suggests th a t  
(X IV ) is jo-nitrophenyl )3-glucoside. 2,4-D initro- 
pheno l-trea ted  seeds d id  n o t p roduce detec tab le  
glucosides.

Olucosylation hy wheat-germ and bean enzymes with  
urid ine diphosphate glucose and other donors

A  w heat-germ  enzym e (cf. Y am ah a  & C ardini, 
1960 a) w ith  U D P-glucose p roduced  th e  correspond
ing m ono jg-glucosides w hen incubated  w ith  quinol, 
resorcinol an d  catechol. W ith  saligenin, an d  m- 
hydroxybenzy l alcohol, only  th e  alcoholic groups 
w ere glucosylated, giving o-hydroxy-(IX ) an d  m - 
hydroxy-(X I)-benzy l j8 -glucoside. N o glucoside 
fo rm ation  could be detec ted  w ith  p  -hydroxybenzyl 
alcohol. Pyrogallol gave one glucoside th a t  w as 
iden tical w ith  2 ,3 -d ihydroxyphenyl )3-glucoside 
(IV) ; 2 ,4-düiydroxyphenyl /3-glucoside (VI) w as th e  
only com pound ob ta ined  from  1,2 ,4 -trihydroxy- 
benzene. W hen  U D P-glucose w as replaced b y  
po ten tia l glucose donors such as a-D-glucose 1-phos
ph a te , m altose, cellobiose or m ethy l a-D-glucoside, 
glucose tran sfe r could n o t be  dem onstra ted  w ith  
resorcinol as an  acceptor. W hen  A T P , U T P  an d  
a-D-glucose 1-phosphate w ere used  to  replace U D P- 
glucose, how ever, mono-)3-glucoside fo rm ation  was 
observed w ith  quinol, resorcinol, catechol an d  sa li
genin as acceptor substrh tes. ( W ith  th e  last-nam ed, o- 
hydroxybenzy l j8 -glucoside, IX , w as again  form ed.) 
A ttem p ts  to  synthesize phenolic galactosides b y  
replacing a-D-glucose 1-phosphate  b y  a-D-galactose
1-phosphate failed. A  phosphate  buffer e x tra c t of 
do rm an t b road-bean  seeds also g lucosylated  quinol, 
resorcinol, catechol an d  saligenin in  th e  presence of 
U D P-glucose, giving th e  sam e p roducts as th e  
w heat-germ  enzym e. This p rep a ra tio n  was, how 
ever, less ac tive  th a n  th e  w heat-germ  enzym e.

Experim ents with em ulsin and invertase
In cu b a tio n  o f quinol, resorcinol an d  1,2,4-tri- 

hydroxybenzene w ith  cellobiose, a rbu tin , m e th y l 
jS-D-glucoside or h igh  concentrations of D-glucose in  
th e  presence o f )3-glucosidase (cf. B ourquelo t & 
H érissey, 1913) d id  n o t p roduce glucosides, an d  
fructose could n o t be tran sfe rred  from  sucrose to  
quinol or 1 ,2 ,4-trihydroxybenzene b y  y eas t in v e r t
ase. T his la t te r  enzym e did, how ever, p roduce a  
fructoside (XV) w ith  saligenin, w hich gave a  p in k  
colour w ith  th e  d iazonium  sp ray  A ,  th u s  indicating  
th e  presence of a  free phenolic hyd roxy l group. This 
w as suppo rted  b y  th e  spectrum , Â ,., 2 1 A rap, 
changing to  291 rap  w ith  alkali. The com pound 
could also be located  on  chrom atogram s as a  b lue 
spo t [Rp 0 6 8  in  so lven t A ,  cf. com pound (IX ), 
T able 1] w ith  u rea  hydrochloride, a  specific reagen t
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fo r ketoses, an d  on  hydrolysis w ith  yeast invertase  
i t  yielded saligenin an d  fructose (the com pound was 
n o t hydro lysed  b y  jS-glucosidase). These hydrolysis 
p roduc ts  w ere also rap id ly  released w hen (XV) w as 
hea ted  w ith  O-OlN-sulpluuic acid  (o-hydroxybenzyl 
)3-glucoside is stab le  u n d er these  conditions). T his 
evidence strong ly  suggests th a t  (XV) is o-hydi'oxy- 
benzy l jS-fructofiuanoside.

D ISC U SSIO N

T his s tu d y  has show n th a t  th e  m ajo r p rim ary  
p roduc ts form ed by  feeding b road-bean  seeds w ith  
mono-, di- an d  tr i-hyd ric  phenols are  th e  co r
responding mono-jS-glucosides. T he fo rm ation  of 
ohgoglucosides or g lucosylation  o f m ore th a n  one 
hyd roxy l group canno t be a ltoge ther excluded in  
view  of th e  difficulty in  de tec ting  sm all am oun ts of 
these  higher-m olecular-w eight com pounds in  th e  
com plex ex trac ts .

W ith  enzym e p repara tions from  w heat-geim  an d  
broad-bean  seeds w ith  U D P-glucose as th e  glucose 
donor, phenols were also g lucosylated in  vitro and  
th e  resu lting  p roduc ts closely resem bled those 
ob ta ined  from  th e  experim ents in  vivo. T he reaction  
w ith  th e  di- an d  tr i-h y d iic  phenols in  vitro did, 
how ever, ap p ear to  be m ore specific an d  only one 
isom er in  each case resu lted , th is  corresponding to  
th e  m ajo r com ponent p roduced  in  th e  feeding 
experim ents. G lucosylation o f phenols has also been 
achieved w ith  U T P , a-D-glucose 1-phosphate and  a 
w heat-germ  ex trac t, i.e. u tü iz ing  th e  U D P-glucose- 
pyrophosphorylase o f th e  germ . A ttem p ts  to  sy n 
thesize phenolic glucosides b y  sim ple transferase 
reactions involving alm ond jS-glucosidase an d  Tow 
en erg y ’-po ten tia l glucose donors failed. Sim ilar 
unsuccessful experim ents have  been recorded in  th e  
p a s t v n th  glucose-containing disaccharides, aryl- 
an d  alkyl-glucosides an d  glucose as donors (Cardini 
& Y am aha , 1958; P ridham , 19606; A nderson et al.
1960). Such system s will, o f course, glucosylate 
arom atic  an d  aliphatic  alcohols (R abaté , 1935; 
A nderson et al. 1960; D edonder, 1961 ; Je rm y n ,
1961). F ruc to sy la tion  o f phenolic h y d roxy l groups 
also could n o t be  effected w ith  sucrose an d  y eas t 
invertase  a lthough  here  again  th is  enzym e read ily  
transfers fructose to  o th e r sugar molecules an d  to  
sim ple ahp h a tic  alcohols (E delm an, 1956; 
D edonder, 1961) an d  now, as we have  show n, to  
sahgenin, form ing o-hydroxybenzyl )S-fructo- 
furanoside.

U D P-glucose occurs w idely in  p la n t tissues 
(G insburg, S tu m p f & H assid , 1956; R ow an, 1959; 
Ziegler, 1960; D u tto n , C arru thers & Oldfield, 1961), 
an d  A bdel-W ahab & El-Eonaw i (1959, 1960) have  
p resen ted  evidence w hich suggests th a t  i t  occurs 
in  Vicia faha. W e also have chrom atographic ev i
dence for th e  existence o f th is  nucleotide in  th e

broad  bean. I t  is probable  therefore  th a t  U D P - 
glucose is a  donor m olecule for th e  g lucosylation  o f 
phenols in  th e  bean , and  indeed in all h igher p lan t 
tissues a lthough  o th e r nucleotide derivatives, such 
as thym idm e d iphosphate  glucose (B arber, 1962), 
m ay  also be involved in  th is  reaction .

M any different ty p es o f phenols can  be glucosyl
a te d  b y  p la n t tissues. T his m ay  be due to  th e  
presence in  th e  cells o f a  num ber o f d ifferent en 
zym es (or d ifferent active sites on one enzyme) w ith  
re la tive ly  h igh  acceptor specificities or to  a  single 
enzym e o f low specificity. T he form er hypothesis a t  
jjresen t seem s m ore hkely in  view  o f th e  isolation 
from  w heat germ  of an  enzym e w hich is specific for 
th e  g lucosylation o f phenols w ith  1,4-dihydroxy 
groupings. Crude w heat-germ  ex trac ts  w ith  U D P - 
glucose will glucosylate phenols w ith  o ther hydroxy l 
arrangem ents (Y am aha & Cardini, 1960a). A  m u lti
enzym e system  in  w hich th e  com ponents have  d if
fe ren t ac tiv ities could also accoun t for th e  d if
fe ren t am oun ts o f th e  isomeric monoglucosides 
produced  on feeding di- an d  tri-hydric  phenols an d  
phenolic alcohols to  bean  seeds. W ith  a  single 
enzym e these resu lts m igh t be explained by  s tereo - 
specificity or by  th e  re la tive  chem ical re ac tiv ity  of 
hyd roxy l groups in  th e  polyhydric  com pound. 
H y droxy l reac tiv ity  an d  stereospecificity w ould 
p resum ab ly  also p lay  im p o rtan t roles w ith  a  m u lti
enzym e system . P re lim inary  feeding experim ents 
w ith  pyrogallol, saligenin an d  p -hydroxybenzy l 
alcohol first led us to  believe th a t  th e  m ost strong ly  
dissociated hydi'oxyl group w as m ost read ily  
g lucosylated  b u t th is  th eo ry  becam e unsatisfac to ry  
w hen a  num ber o f o ther phenols w ere te s ted  in  vivo 
an d  in  vitro. (W ith  saligenin, hydrogen-bond  fo rm a
tio n  betw een th e  hydrogen  of th e  phenolic h y d roxy l 
group an d  th e  alcoholic oxygen a to m  strong ly  
ac tiva tes th e  alcohol group, an d  one w ould expect 
th is  on  pure ly  chem ical groim ds to  be read ily  
glucosylated, as w as th e  case.)

I t  should also be rem em bered th a t  resu lts  from  
feeding experim ents an d  experim ents w ith  crude 
enzym es in  vitro could be m isleading owing to  th e  
in s tab ility  o f th e  phenolic glucosides to  o ther 
enzym e system s such as th e  hydrolases an d  phenol 
oxidases.

I t  is o f in te re st to  consider th e  b iosynthesis of 
salicin as our resu lts suggest th a t  saligenin is n o t th e  
precursor. C iam ician & R av en n a  (1916) c lahned 
th a t  sahcin w as form ed b y  m aize seedlings th a t  h ad  
been tre a te d  w ith  saligenin. O ur own experim ents 
w ith  m aize an d  S a lix  daphnoides strongly  suggest 
th a t  o-hydroxybenzyl /?-glucoside is th e  m ajo r 
p ro d u c t form ed from  saligenin. W ith  m aize, no 
salicin could be  detec ted . Salicin occurs n a tu ra lly  
in  Sa lix  daphnoides, b u t here no m arked  increase 
w as observed. These differences in  resu lts  may. be 
due to  th e  fac t th a t  C iam ician & R av en n a  (1916)
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used a  m ethod  th a t  d id  n o t clearly  distinguish 
betw een  th e  tw o isomeric glucosides of saligenin. 
A ccording to  Y am aha  & C ardini (1960a) w heat- 
germ  ex trac ts  incubated  w ith  U D P-glucose and  
saligenin produce a  com pound w ith  sim ilar chro
m atograph ic  p roperties to  salicin. H ere  again  our 
ow n experim ents w ith  w heat-germ  an d  broad-bean 
enzym es show ed clearly th a t  th e  m ajo r p roduc t is 
th e  isomeric glucoside and  th a t  little , if  any , salicin 
is p roduced. I t  is possible therefore th a t  in  vivo 
saligenin is n o t th e  precursor o f salicin, alw ays 
assm ning th a t  our feeding experim ents allowed th e  
phenol to  reach  th e  correct site for salicin synthesis 
in  th e  p lan t. Ib rah im  & Towers (1959) suggest th a t  
salicylic acid  m ay  be a  com m on m etabo lite  of 
p lan ts, an d  K lam b t (1962) has show n th a t  benzoic 
acid  can be converted  in to  salicylic acid and  salicylic 
acid  jg-glucoside b y  several species of p lan ts. I t  is 
conceivable therefore th a t  salicin b iosynthesis p ro 
ceeds v ia  th e  corresponding glucoside followed b y  
reduction  of th e  carboxyl group to  a  p rim ary  
alcohol group. I n  th is connexion, i t  can  be no ted  
th a t  helicin (o-form ylphenyl jg-D-glucoside), gaul- 
th e r in  (o-carboxym ethylphenyl 6-0-jS-D-xylosyl-)3- 
D-glucoside) an d  vio lu tin  (o-carboxym ethylphenyl 
6 -0 -/^-L-arabinosyl-/g-D-glucoside) occur natm -ally in  
p lan ts  (M cllroy, 1951); a  glycoside of salicylic acid 
has so fa r n o t been foim d, how ever.

SIB IM A R Y

1. T he s truc tu res  o f th e  m ono /3-glucosides 
form ed b y  germ inating  broad-bean  seeds in  th e  
presence o f various phenols have been studied.

2. E nzym e p repara tions from  w heat-germ  and  
broad-bean  seeds will glucosylate phenolic an d  
alcoholic hyd roxy l groups in  th e  presence of u iid ine  
d iphosphate  glucose (or for w heat-germ  enzym e, 
w ith  urid ine trip h o sp h a te  an d  a-D-glucose 1- 
phosphate). T he p roducts ob ta ined  w ith  these 
enzym es closely resem ble those produced  in  th e  
experim ents in  vivo.

3. The n a tu re  of th e  phenol-glucosylating system  
in  p lan ts  is considered.

4. Saligenin in  vivo an d  in  vitro m ain ly  gives rise 
to  o -hydroxybenzyl j8 -glucoside, an d  n o t sahcin. 
T he b iosynthesis o f th is  la t te r  com pound is 
discussed.
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Deamination of p-(3,4-Dihydroxyphenyl)-L- 
alanine by Plants
B y  N o b m a  j .  M a c l e o d  an d  J .  B . P e i d h a m . 
[Chemistry Department, R oyal Holloway College 
{U niversity o f London), Englefield Green, Surrey]

N eish  (1961) has iso la ted  an  enzym e, ty rase , 
from  m onocotyledons w hich deam inates L-tyrosine 
w ith  th e  fo rm ation  o f frans-p-coum aric acid. A n 
am m onia-lyase h as  also been  found  in  m onoco ty 
ledons an d  dicotyledons w hich converts L-phenyl- 
alan ine in to  im ns-cinnam ic acid  (K oukol & Conn,
1961).

W e have  recen tly  show n th a t  buffered ex trac ts  o f 
acetone pow ders from  dandelion  {Taraxacum  
officinale) leaves possess j8-(3,4-dihydroxyphenyl)- 
L-alanine (DOPA) am m onia-lyase ac tiv ity . T he 
im ns-caffeic acid  p roduced  from  D O P A  b y  th is  
enzym e has been characterized  b y  ex tensive pap er 
chrom atographic  an d  elec trophoretic studies, u lt r a 

v io let spectropho tom etry  an d  b y  ca ta ly tic  h y d ro 
genation  to  )3-(3,4-dihydroxyphenyl)propionic acid. 
T he op tim um  p H  for th e  enzym e reaction  is 8 -8 .

T he D O PA  am m onia-lyase activ ities of several 
p la n t species have  been com pared. T he ac tiv ity  in  
barley  {Hordeum vulgare) an d  dandelion  is re la 
tive ly  high, w hereas in  p o ta to  {Solanum tuberosum) 
tu b e r  tissue  i t  is negligible. T he ac tiv ity  in  b road- 
bean  {Vicia faha) tissues is also low  an d  i t  is sug
gested  th a t  th is  m ay , a t  leas t in  p a r t , be  re la ted  to  
th e  h igh  concen tra tion  o f D O PA  found  in  th is 
p lan t.

We are indebted to Professor E. J. Bourne and Drs 
E. 0. Bate-Smitb and T. Swain for their interest and to the 
Agricultural Research Council and the United States 
Department of Agriculture for financial assistance.
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THE PHENOL GLUCOSYLATION REACTION IN THE 
PLANT KINGDOM

J. B, P r id h a m
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Abstract—The ability of various plant tissues to convert quinol and resorcinol to the corresponding mono-j8 - 
D-glucopyranosides in vivo has been studied. This activity is prominent in the angiospeims (except for some 
water plants) and gymnosperms and appears to be entirely absent in the algae and fungi. The significance of 
these findings is discussed.

IN T R O D U C T IO N

S e v e r a l  workers have clearly demonstrated that foreign phenols when introduced into the 
leaves and seedhngs of higher flowering plants are rapidly converted to mono-jS-D-gluco- 
pyranoside derivatives.^"® The D-glucose donor for these reactions in vivo is almost certainly 
a nucleoside pyrophosphate derivative, probably uridine diphosphoglucose (UDPG), the 
reaction proceeding as follows:

UDPG +  Ar. OH  Phenol glucosyltransferase QG +  UDP

Evidence in favour of such a reaction occurring in vivo is :

(1) glucosylation of phenols can be effected in vitro using UDPG and plant extracts 10-12

(2) UDPG would appear to be ubiquitous in higher plants
(3) a reaction involving a ‘high energy’glucose donor would be energetically favourable. 

All attempts to carry out enzymic synthesis of D-j6-D-glucopyranosides of phenols 
using “ low energy” glucose donors (e.g. a-D-glucose-1-phosphate or glucose disac
charides) and plant enzymes have, so far, failed.
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The following investigation was mainly undertaken in order to discover whether lower 
plants could glucosylate phenolic hydroxyl groups and also to survey the occurrence of this 
activity in gymnosperms and a wide variety of angiosperms.

R E S U L T S  A N D  D IS C U S S IO N

Table 1 shows clearly that the abihty to glucosylate phenols is possessed by most angio
sperms and that it is not confined to leaves and developing seedlings. Within this group,

Table 1. Formation of jS-D-oLucopYRANOsiDES of quinol and resorcinol by plants

Plant
Organ or 

tissue tested

Glucoside formed from*
t--------------- *--------------- \

Quinol Resorcinol

Anhenatherum elatius (L.) leaf 4-
Beauv. ex J. & C. PresL

Castanea sativa Mill. leaf + + + 4-
Citrus sirensis Osbeck leaf + + + +
Cotyledon paraguayense E. Walther stem slices + + + 4-
Cotyledon sp. leaf slices + +
Darlingtonia californica Torr. leaf + 4-
Deschampsia flexuosa (L.) Trin. leaf + + + 4-
Drosera capensis L. leaf + +
Elodea canadensis Michx. whole organism — —
Ficus elastica Roxb. leaf + + -t- 4-
Ilex aguifolium L. leaf + + + 4-
Iris germanica L. leaf + +  . + 4-
Lemna minor L. whole organism — —
Narcissus jonquilla L. leaf + +
Nepenthes hookeriana Lindl. leaf + + + 4-
Nymphaea alba L. shoot + + + 4-
Paphiopedilum insigne Pfitz. leaf + + + 4-
Polygonatum multiflorum (L.) All. rhizome + + 4-
Quercus robur L. leaf + + + 4-
Solanum tuberosum L. tuber slices 4- +
Taraxacum officinale Weber leaf 

floret 
tap root

+
+
+

+ +
4-
4-

4-

Utricularia vulgaris L. whole organism — —
Viscum album L. leaf + + 4- 4-

Gymnosperms
Cycas revoluta Thunb. leaf + + 4- 4-
Cupressus lawsoniana A. Murray leaf + + 4- 4-
Ginkgo biloba L. leaf + + 4- 4-
Larix (Mill.) sp. leaf + + 4- 4-
Pinus radiata D. Don leaf + + 4- 4-

Ferns
Equisitum arvense L. branch + + 4- 4-
Polypodium (L.) sp. leaf + 4-
Polystichum setiferum (Forsk.) Woynar leaf + 4-

Mosses
Acrocladium cuspidatum (Hedw.) Lindb. shoot ± ±
Atrichum undulatum (Hedw.) P. Beauv. shoot + 4-
Brachythecium rutabulum (Hedw.) B. & S. shoot — —

Cratoneuron commutatum (Hedw.) Roth. shoot — —

Ctenidium molluscum (Hedw.) Mitt. shoot ± ±
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Organ or 
tissue tested

Glucoside formed from*

Plant Quinol Resorcinol

Drepanocladiis fhiitans (Hedw.) warnst. shoot ± ±
Funaria hygrometrica Hedw. shoot +
Leucobryiun glaiicum (Hedw.) Schp. shoot ± ±
Philonatis fontana (Hedw.) Brid. shoot + +
Pseudoscleropodium purum (Hedw.) Fleisch. shoot — —
Sphagnum papillosum Lindb. shoot ± ±

Liverwort
Marchantia polymorpha L. thallus + +

Algae
Ascophyllum nodosum Le Jol. thallus — —
Dilsea edulis Stackhouse thallus — —
Fucus serratus L. thallus — —
Fucus vesiculosus L. thallus — —
Gigatina stellata Batt. thallus - —
Halidrys siliquosa Lyngb. thallus — —
Laminaria digitata Lamouroux thallus — —
Pelvetia caniculata Decaisne & Thuret thallus — —
Ulva lactuca L. thallus — —
Ur one ma gigas Vischer whole cells - -

Fungi
Aspergillus niger van Tiegh. mycelium — —
Psalliota campestris (Fr.) Quel. fruiting body

* —, no glucoside detected; ± ,  traces present; + ,  small amounts; + + ,  high concentrations 
formed.

plants giving a positive reaction included monocotyledenous and both woody and herbaceous 
dicotyledenous species some of which are succulents or parasites. The results with three 
species of water plants, however, were unexpectedly negative. Neither Utricularia vulgaris 
nor Lemna minor could under any circumstances be induced to form glucosides; with Elodea 
canadensis glucosylation was doubtful, although traces may have been formed when resorcinol 
was fed in 0 25 % concentration. Attempts to synthesize m-hydroxyphenyl-j8 -D-glucopyrano- 
side using an enzyme preparation from Lemna with UDPG and resorcinol also failed.

All the gymnosperms that were tested also converted quinol and resorcinol to the corres
ponding mono-jS-D-glucosides, and the activities exhibited by the leaves of these species 
appeared to be as high as those of the angiosperms. The species of ferns that were examined 
were also able to form glucosides but, in general, the activity appeared to be somewhat lower 
than that of the flowering plants. Some activity was present in most of the mosses that were 
tested but was extremely low in the majority of cases. Incubating an acetone powder 
prepared from Cratoneuron commutatum with UDPG and resorcinol produced no glucoside.

No glucosylation reactions were observed with fungi or with algae from fresh or salt 
water habitats, but the liverwort, Marchantia polymorpha, did exhibit definite activity. 
These latter results confirm the findings of Roy^^ who was unable to demonstrate the forma
tion of phlorin (3 ,5 -dihydroxyphenyl-j8-D-glucopyranoside) when species of Ulva, Fucus, 
Laminaria, Agardhiella and Polysiphonia were treated with phloroglucinol and ^'^-C-labelled 
glucose. Marchantia produced a small amount of phlorin under similar conditions (cf.^).

It would appear from the results in Table 1 that a marked ability to glucosylate phenols is

15 c. Roy, M.Sc. Thesis, McGill University, Montreal, Canada (1959).
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characteristic of the majority of higher plants, but that this reaction is absent or occurs at a 
very slow rate in Bryophytes and Thallophytes. The failure of a particular species to gluco- 
sylate quinol or resorcinol can presumably be accounted for by the absence of the necessary 
enzyme and/or the glucose donor. There is every reason to suppose that nucleoside diphos- 
phoglucose derivatives are common constituents of aU plant hfe and therefore the inability 
to form glucosides is probably due to an enzyme deficiency. This is certainly borne out by 
the present in-vitro experiments with acetone powders from Lemna and Cratoneuron. Other 
factors which could interfere with studies of this kind using whole organisms or plant organs 
are: (1) poor uptake of the phenol by the tissue and (2 ) inhibition of the enzyme system by 
the phenol. In this particular study no difficulties in uptake were apparent, and where species 
exhibited an initial negative activity, the experiment was repeated using lower concentrations 
of the phenol in order to try and obviate possible toxic effects.

If, as has often been suggested, glucosylation serves as one method for the detoxification 
of harmful phenolic compounds which could either arise from normal plant metabolism or 
from the environment,^^ it would be interesting to know if the lower forms of plant hfe have 
other methods for deahng with these compounds. For example, this study with species of 
Aspergillus ?in6.Psalliota and investigations by Towers^^ and Roy^^ with Aspergillus giganteus 
Wehmer and species of Pénicillium and Rliizopus suggest that fungi are unable to transfer 
glucosyl residues to phenols in vivo, and it is probable that detoxification of these compounds 
by fungi occurs by oxidative processes.^® On the other hand, can the seaweeds, which are 
rich in sulphated polysaccharides, detoxify phenols by a sulphation process similar to that 
occurring in animal tissues?^®

Reports of phenohc glucosides or other glycosides occurring naturally in many of the 
lower groups of plants are very few in number although it must be stressed that detailed 
investigations of these plants has not so far been carried out. It would be also interesting to 
know whether the activity of the enzyme system responsible for the glucosylation of quinol 
and resorcinol is related to the concentration of naturally occurring phenohc glucosides in 
the tissue. It should not necessarily be assumed that such a relationship exists, since enzymes 
specific for the glucosylation of phenols other than quinol and resorcinol may be present.

I t would also be useful to investigate further examples of fresh-water angiosperms and 
algae. In the former group only the free-floating plants were inactive ; Nymphaea, which has 
a root, showed a normal angiosperm activity. Further comparative work along these lines 
might yield results of taxonomic interest.

M A T E R IA L S  A N D  M E T H O D S

Plant specimens were obtained from the Botany Department and grounds of Royal 
Holloway College and the University of London Botanical Supply Unit.

Feeding experiments were carried out at room temperature for periods of 12-24 hr using 
1 % aqueous solutions of quinol and resorcinol. The cut ends of the various plant organs that 
were examined were placed in the phenol solutions. Elodea, Utricularia, the algae and all 
tissue slices were completely immersed in aerated solutions and Lemna was allowed to float 
on the surface of solutions. In all cases control experiments, replacing phenol solutions with

Reviewed by J. B. Pridham in Phenolics in Plants in Health and Disease (Ed. J. B. Pridham), p. 9, Pergamon 
Press, London (1960).

17 G. H. N . Towers, unpublished results.
18 D. Woodcock in ref. 16, p. 75.
15 R. T. Williams, Detoxication Mechanisms, Wiley, New York (1947).
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water, were carried out. After the required feeding period the tissues were carefully washed 
with water, blotted dry, and then macerated with hot 70 % aqueous methanol. The extracts 
were filtered, concentrated under reduced pressure at 40° and then examined on paper 
chromatograms (butan-1 -ol-ethanol-water 40:11:19, by volume; diazotizedp-nitroanihne/ 
NaOH spray reagent^®) together with authentic specimens of arbutin (p-hydroxyphenyl-j8- 
D-glucopyranoside) and w-hydroxyphenyl-j8-D-glucopyranoside. These standard compounds 
give characteristic, stable azo dyes with the diazonium reagent which under alkahne con
ditions are blue and red, respectively. Species which gave negative results under these 
conditions were re-examined using lower phenol concentrations (0 5 and 0-25% w/v). 
Penetration of the tissues by the phenols was in all cases indicated by the presence of relatively 
large amounts of the free compounds in the methanohc extracts.

Acetone powders of Lemna and Cratoneuron were prepared and extracted, separately, 
with 0 05 M-Tris-HCl buffer (pH 7 2) containing 0 5 % L-cysteine (ca. 1 g acetone powder to 
50 ml buffer). These extracts were then incubated at 35° with resorcinol and UDPG using 
the conditions described by Pridham and Saltmarsh."^ Control digests omitting the UDPG 
were also set up. Paper chromatographic examination, using the solvent and spray reagent 
given above, showed that no m-hydroxyphenyl-^-D-glucopyranoside was formed in either 
case.

Acknowledgements—The author is indebted to Drs. J. Evans and E. Lodge for helpful discussions.

20 T. Swain, Biochem. J. 53, 200 (1953).
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Enzymatic Galactosylation and Fucosylation 
of Phenols

P h e n o m o  p-D-glucopyranosides have  been synthesized 
b y  incubating  phenols w ith  p lan t enzym es in  th e  presence 
o f u rid ine d iphosphate  glucose^-®. A ll a tte m p ts  to  form  
(3-D-glucosides b y  th e  enzym atic  tran sfe r o f D-glucose from  
‘low -energy’ donors (such as disaceharides, a-D-glucose-1 - 
phospha te  an d  sim ple p-D-glucosides) have  so fa r  failed 
using h igher p la n ts  as th e  source o f enzymes®*®-®. P-d- 
G lucosides of resorcinol a n d  o th e r phenols have , how ever, 
been p repared  from  m altose (or isom altose), as a  source o f 
glucose, an d  a n  in trace llu la r enzym e p rep a ra tio n  from  
Aspergillus niger'‘.

W e  n o w  w is h  t o  r e p o r t  t h e  e n z y m a t i c  s y n t h e s i s  o f  
p h e n o l ic  p - D - g a la c to s id e s  a n d  p - D - fu c o s id e s  u s in g  E . coU 
p -g a la c to s id a se i® .

L actose (180 resorcinol (140 iaM), P-galactosidase 
(0 02 m l. ; 1 6  x 10® u n its) in  M /15-sodium  p h ospha te  
buffer (p H  7 0 ; 1 0  m l.) w ere in cuba ted  to g e th e r a t  30° 
a n d  aliquots w ithd raw n  a t  in tervals up  to  1  h  an d  ex am 
ined  on p ap e r ch rom atogram s (b u tan  1 -o l/e thanol/w ater 
(40 : 11 : 19, b y  vol.), so lven t A i  d iazotized p -n itro - 
aniline/sodium  hydrox ide  sp ray  reagent^i). A fte r incuba
tio n  fo r 3 m in  a  com pound ( I ;  R p  0 53) giving an  in tense 

' p in k  sp o t w as d e tec ted  on th e  chrom atogram . A t 15 m in  
tw o  slower m oving com pounds (Rp 0 31 an d  0 41) giving 
p in k  colorations w ere also discernible. T he reac tion  w as 
s topped  a fte r  60 m in  b y  heating  th e  rem ain ing  m ix tu re  
a t  80° fo r 5 m in . C om pound (I) w as iso lated  b y  ch rom a
to g rap h y  on  th ick  pap er (solvent A ) a n d  characterized  b y  
fu r th e r p ap e r ch rom atography , p ap e r electrophoresis, 
u ltra -v io le t spectroscopy an d  hydrolysis w ith  p-galacto- 
sidase. T he resu lts  are  g iven in  T able 1 to g e th e r w ith  
those for au th en tic  m-hydroxyphenyl-(3-D-glucopyranoside, 
fo r com parative  purposes. /

T he experim en t w as rep ea ted  using sodium  phospha te  
buffer (0 75 ml.) an d  o-nitrophenyl-p-D -fucopyranoside 
solu tion  (0*5 m l. sa tu ra te d  solu tion  in  phosphate  buffer) 
in  place o f lactose. T he reac tio n  w as again  follow ed b y  
p ap er ch rom atography  an d  th is  show ed th e  g radua l fo rm 
a tio n  o f a  com pound (II)  (R p  0 6 8 ; so lven t A ) w hich 
gave th e  sam e p in k  colour w ith  th e  d iazonium  sp ray  
reagen t as com pound (I). C om pound (II) w as iso lated  an d  
exam ined b y  th e  sam e m ethods used  w ith  (I) (Table 1). - 

T he resu lts  show  clearly  th a t  (I) an d  (II) a re  m -hydroxy- 
phenyl-p-D -galactoside an d  m-hydroxyphenyl-p-D -fucoside.



T a b le  1. P r o p e r t ie s  o f  R e s o r o in o i  G l y c o s id e s

R p
M SA *
0 1 M 

sodium 
borate 
buffer 

(2>B. 10 0)

in in 
H ,0  NaOH

/5-Galactos-
idase

hydrolysis
productst

Gompound Solvent Solvent 
A  B t

m-Hydroxy-
phenyl-/3-D-
giucopyran-
oside^

II

0 56 0 49 
0 53 046

0 68 0 64

0 50 
0 68

0 62

271 285 
270 285

270 285

Resorcinol,
galactose

Resorcinol,
fucose

* Electrophoretic mobility relative to salicyclic acid, 
t  B, ethylacetate/acetic acid/water ( 9 : 2 :  2, by vol.).
Î Hydrolysis products detected on paper chromatograms. Sugars, solvent 

B  (silver nitrate/sodium hydroxide spray reagent); resorcinol, solvent A 
(diazotized ÿ-nitroaniline/sodium hydroxide spray reagent).

respectively , b o th  glycosyl groups p resum ab ly  occurring 
in  th e  s tab le  py ran o id  form . T he tw o h igher m olecu lar 
w eigh t com pounds produced  from  lactose an d  resorcinol 
w ere p robab ly  0 -digalactosyl derivatives o f th e  phenol.

One o f  u s (J . B . P .) th a n k s  th e  D ep a rtm en t o f 
C hem istry, U n iv ers ity  o f F re iburg , for supp ly ing  facilities.

J .  B . P r i d h a m

D ep a rtm en t o f  C hem istry,
R oyal H ollow ay College (U niversity  o f London), 

E nglefield  Green, Surrey .
K . W a d d e n p e l s  

Chemisches L ab o ra to riu m  der U n iv ers ita t,
F re ibu rg  i. B r., G erm any. -
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C H A P T E R  9 

PAPER ELECTROPHORESIS OF PHENOLIC 
COMPOUNDS

J. B. P ridham

Department of Chemistry, Royal Holloway College, University of London

Paper  electrophoresis has not been used so widely as paper chromatography 
/or the examination of phenols. This is probably due to the fact that 

-' chromatographic techniques are simple and generally quite adequate for 
analysis and fractionation of these compounds. In addition, the main ad
vantage in using paper electrophoresis is that rapid separations can be 
achieved by the use of high potential gradients and this requires a somewhat 
costly apparatus.

Paper electrophoresis is not a substitute for paper chromatography but 
serves as a very useful complementary technique. It is perhaps most useful 
for qualitative analysis by direct comparison with known compounds but 
it may also be employed for the fractionation of complex mixtures of phenols 
(e.g. the betacyanins)(^' and for the elucidation of certain structural features 
present in phenolics. For preparative purposes continuous paper electro
phoresis or column electrophoresis with cellulose powder^^* 5) may be used.

The theoretical explanations of the relative rates of movement of phenols 
on paper electrophoretograms is not nearly so advanced as in the case of the 
carbohydrates (see Chapter 8) and again, in comparison with carbohydrates, 
there is httle scope for complex formation except with o-dihydroxyl groups. 
Both of these factors mean that, at the present time, the method can only be 

} used for the detection of a very limited number of structural features present 
in phenols.

/  Franc and Wurst(^) have investigated the contribution to the absolute 
mobility of aromatic compounds made by a number of functional groups. 
These workers have constructed a table (Table 1) of group contributions 
which can be used to calculate the absolute mobihties of derivatives of 
benzene and naphthalene with a fair degree of accuracy. In general, the 
contributions are additive and the relative positions of the functional groups 
on the aromatic nucleus have little effect on the mobihty. In the case of 
or^/io-substituents which are hydrogen bonded, however, correction factors 
have to be included. Resonance effects can introduce a serious disagreement 
between observed and calculated mobihties and it is doubtful whether 
Franc and Wurst’s rules could be apphed to complex polyphenols.

Ill
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T a b l e  1 . R e l a t io n s h ip  b e t w e e n  s t r u c t u r e s  o f  a r o m a t ic  c o m p o u n d s  
AND e l e c t r o p h o r e t ic  MOBILITIES USING ALKALINE AND ACIDIC 

ELECTROLYTES**'

Contributions of functional 
groups to total mobility 
(u X 10® cm® sec“ )̂

In 3 N N H 4OH In N  C H 3CO 2H

—OH 11 3 0

2—OH 204 0

3—OH 28 1 —

—CO,H 11 3 16
2—CO.H 204 3 2

—SO3H 1 0 0 7 1
2—SO3H 2 1 1 13 0
3—SO3H 273 17 2

—NHa -0 -7 - 7  1
2 —NH* - 1 4 - 1 3 4

—N O 3 0 0

—CH 3 0 0

—CHO 0 1 2

—Cl 0 0

—OCH 3 0 0

Correction factors for H-bonding
— 0 —H" " " — "O— - 5 9 3 1
—NO 2 ' H—0 — - 1 6 0
(Compound also possessing 
p-nitro group)
---NO;- - - - -H— 0 — 1 2 0

—NOj- - - -H—N— - 0 8 3 2
(Compound also possessing 
p-nitro group)
—O- - - -H—N— 17 3 2

A phenolic compound must, of course, carry a charge in order to exhibit 
electrophoretic mobility. This charge may result from the ionization of the 
phenolic hydroxyl group(s) or other functional groups which are present 
in the molecule, such as carboxyl or amino. An increased charge may be 
conferred on the phenol by complex formation (which usually involves 
inorganic anions and o-dihydroxyl groups) or by the formation of derivatives 
such as acidic azo dyes or, in the case of phenolic aldehydes, hydroxysulph onic 
acids.
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In addition to the charge carried by the molecule, the rate of movement 
may also be influenced by molecular Aveight, stability and nature of the 
complex and adsorption and solubility factors. Streaking (tailing) of the 
spots on the paper may result from adsorption or oxidation or, in the case 
of electrolytes containing complexing ions, by the formation of more than 
one complex,

At Royal Holloway College one of our main interests is the metabohsm 
of low molecular weight phenolic compounds and we have therefore tried to 
develop electrophoretic procedures for dealing with these materials and their 
degradation products. We find the method particularly useful for confirming 
structures which have already tentatively been deduced from chromato
graphic and spectrophotometric studies,

The fundamentals of paper electrophoresis have already been outlined in 
the preceding chapter.

The potential gradients we use with phenols vary from 20 to 130 V/cm. 
These very high voltages are not essential but they do mean that separations 
can usually be effected within 15-45 min. The movement of a compound on an 
electrophoretogram is normally not recorded as an absolute mobihty but 
relative to the mobihty of a reference compound such as sahcylic acid 
(M sa value), ^hydroxybenzoic acid(?> or DNP-glycine.^i^) 5-Hydroxy- 
methylfurfural can be used as a zero marker to compensate for electro- 
endosmosis. This compound can readily be detected under u.v. hght when 
it appears as a brown, absorbing spot. We normally detect phenols on the 
paper with u.v. hght and/or by the use of diazotized /i-nitroaniline spray 
reagent.

It is obvious from the foregoing discussion on the electrophoretic mobihty 
of phenols that the most important practical consideration is the choice of 
the electrolyte solution. These solutions can be conveniently divided into 
two main groups depending upon whether or not they contain components 
capable of forming charged complexes with phenols.

N O N -C O M P L E X IN G  E L E C T R O L Y T E  S O L U T IO N S
With these solutions the varying mobihties of phenols depend mainly on 

differences in the degrees of ionization of these molecules. These differences 
are usually very small, and in the case of compounds which possess only 
phenohc hydroxyl groups, not normally sufficient to allow resolution of 
mixtures. However, where there are substantial differences in the mass/charge 
ratios of such compounds separations can be effected. The non-complexing 
electrolytes can, of course, be used for separating a simple phenol from one 
possessing an additional ionized group (e.g. phenohc amine) and where there 
are relatively large differences in the dissociation constants of compounds 
within a particular group, such as the phenohc carboxylic acids, then such 
compounds can be separated from one another.
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T a b l e  2 . M s a  v a l u e s  f o r  p h e n o l s  i n  a c e t a t e ,  m o ly b d a t e ,  p h o s p h a t e ,  b o r a t e  a n d
GLYCINE BUFFERS*^®'

Compound
M s a  value

Acetate 
pH  5 2

Molybdate 
pH 5 2

Phosphate 
pH  7 2

Borate 
pH 100

Glycine 
pH  100

Quinol 0 0 001 * *
Catechol 0 107 001 067 051
Resorcinol 0 0 001 035 044
Phloroglucinol 0 0 001 1 27 105
Pyrogallol 0 098* 001 075* *
Hydroxyquinol 0 107 1 25* 1 20* 1 16*
j3-(3,4-Dihydroxyphenyl)
L-alanine

0 081 001 072 *

o-Hydroxybenzoic acid 1 00 1 00 1 00 1 00 100
w-Hydroxybenzoic acid 081 079 085 1 05 095
p-Hydroxybenzoic acid 064 070 077 121 MO
Protocatechuic acid 050 1 00 067 119 1 02
Gallic acid 045 103 059 1 20 0 93
p-Coumaric acid 034 044 058 098 086
Caffeic acid 020 079 050 104 1 05
Ferulic acid 021 021 042 087 077
Chlorogenic acid 033 103 044 083 074
p-Hydroxybenzaldehyde 0 0 0 27* 084* 079
Vanillin 0 0 027 079 076
Syringaldéhyde 0 0 021 071 072
Arbutin 0 0 0 022 009
Phloridzin 0 0 008 042 014
Catechin 0 023 0 065 063
Quercetin 0 005 0 021 0
Myricetin 0 0 0 018 0
Luteolin 0 0 0 O il 0
Kaempherol 0 0 0 012 0
Genistein 0 0 001 025 016
Irigenin 0 0 004 052 035
2-Naphthol — — — 043 —
Coumarin — — — 0 —

Umbelliferone 0 0 004 076 063
4-Methyl umbelliferone 0 0 0 052 050
Aesculetin — — — 068 —

4-Methyl aesculetin 0 061 O il 048 027
Aesculin 0 0 026 051 024

* Compound streaked.

Inspection of Table 2 shows that in acetate buffer (pH 5 2) simple phenols 
do not move (because they are not ionized at this pH) whereas phenolic 
carboxylic acids exhibit marked mobilities owing to the ionization of the 
carboxylic acid groupings. Phenohc compounds having other strongly 
acidic groups will also migrate in this buffer. For example, feeding resorcinol 
to broad bean seedhngs produces m-hydroxyphenyl jS-o-glucoside together 
with a compound which has been tentatively identified as m-hydroxyphenyl
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jS-D-giucoside-6'-sulphate.<i^> These two compounds can be readily separated 
in the acetate buffer as the former is immobile at this pH whereas the latter 
has an Msa value of 0 50.

Bayerai®’ observed that naturally occurring complexes of anthocyanins 
with aluminium and iron (e.g. protocyanin from cornflower) existed as anions 
and that they migrated in acetate buffer (pH 4-45) when a potential of llOV 
was applied across the paper. At this rather low voltage he was unable to 
demonstrate the electrophoretic migration of cyanin despite the positive 
charge carried by this molecule.d®) In 1960, however, Markakis,^®) using a 
higher voltage, showed that anthocyanins would move and that the direction 
of movement depended on the pH of the electrolyte. Thus antirrhinin 
(cyanidin-3-rhamoglucoside) had an isoelectric point of 6  0. On the acid side 
of this point the pigment moved towards the cathode and at pH values greater 
than 6  0, towards the anode. This can be explained by assuming that the 
oxonium form (I) is present in acid solution and tautomeric forms (e.g. (II)) 
in alkaline solution.

( I I  )

(R =  rhamoglucosyl)
Schmidt and Schdnleben^®) suggested that betanins might readily be 

recognized by their rapid electrophoretic migration towards the anode at 
pH 4 6 . Lindstedt,(4) using citrate buffers, showed that the migration occurred 
within the pH range 2 to 7 thus confirming the presence of carboxyl groups 
in these pigments. The electrophoretic behaviour of the betanins was one of 
the first pieces of evidence which cast some doubt on the original suggestion 
that they were nitrogenous anthocyanin derivatives. Paper electrophoresis 
has certainly played an important role in the study of the distribution of 
betanins in the plant kingdom and the chemistry of these compounds.(^' 
The procedure, using aqueous formic acid and pyridine-formic acid electrolytes, 
has been used widely by Dreiding and his collaborators who have recently 
shown that betanidin possesses one of the alternative structures (III or IV) 
given on page 116.(2»)

Electrophoresis using a low pH electrolyte is also useful for detecting 
phenolic amino acids (e.g. DOPA) and phenohc amines (e.g. Dopamine) 
which occur in plant tissues. Such compounds exist in protonated forms in 
0 1 M  formic acid (pH 2*4) solution and hence move rapidly towards the 
cathode. Other phenolic compounds which may be present in plant tissue 
extracts are either immobile or move towards the anode at this pH .(2D
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At neutrality or near neutrality, there is still little charge contribution from 
the phenolic hydroxyl groups unless ionization is facilitated by conjugation 
with electron-withdrawing groups. Phosphate buffer (pH 7*2) can be used with 
advantage for separating phenolic carboxylic acids from phenols as these 
two groups of compounds move a maximum distance apart at this pH,

HO

COg
HO

orHO

(ZEE) (IE)

Under alkaline conditions many polyphenols are readily oxidized and this 
is disadvantageous as it often results in tailing of the spots. Phenolic hydroxyl 
groups are usually strongly dissociated at pH values greater than 9 and, 
therefore, most simple phenolic compounds, in addition to phenolic carboxylic 
acids, will migrate fairly rapidly towards the cathode when, for example 
glycine buffer (pH 10*0) is used as an electrolyte. This buffer may be used to 
separate the two isomeric glucosides (V and VI) which are produced when 
saligenin is fed to broad bean seedlings. Thus only (V) with the ionizable

OH

CH, 0  G

0  G

CHg-OH

( V )

(G =  glucosyl)
( V I )

phenolic hydroxyl group can migrate (Msa value 0*27) on a paper electro
phoretogram at pH 10*0.

For a series of phenolic compounds with the same charge but with increasing 
molecular weight there is generally a decrease in electrophoretic mobility 
under alkaline conditions in the absence of complexing agents. For example, 
with the phenolic aldehydes (Table 2) the relative mobilities are p-hydroxy- 
benzaldehyde >  vanillin >  syringaldéhyde in glycine buffer. Conversely, for 
molecules of similar molecular weight increase in mobility roughly parallels 
increase in charge. Thus trihydroxybenzene derivatives normally move 
more rapidly than dihydroxy derivatives. These basic rules are, however, 
often quite inadequate to explain the electrophoretic behaviour of many 
compounds due to complications arising from group interaction. Thus the 
order of movement of the isomeric monohydroxybenzoic acids in glycine
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buffer (pH 10 0) is para >  ortho >  meta. This is difficult to explain and is 
not the same as in acetate buffer (pH 5 2).

The electrophoresis of coumarin derivatives using a veronal-sodium 
acetate buffer (pH 8 6) has been studied by Krebs and W a n k m i i l l e r .< 2 2 )  

Despite the low voltages used by these workers the coumarin derivatives 
moved quite rapidly. Similar results (cf. Msa values for jS-naphthol and 
umbelliferone) have been obtained by Pridham<i2 . 23) using borate buffer 
(pH 10 0) (Table 2). {N.B. With the exception of aesculetin, complex formation 
is not possible with the coumarin derivatives listed in Table 2.) These high 
mobilities may be due to the increased acidities of the 7-hydroxyl groups 
resulting from conjugation with the carbonyl groups in the lactone rings.

COMPLEXING ELECTROLYTE SOLUTIONS 
It has already been mentioned that the ionic character of some phenols 

may be increased by complex formation. Thus phenols possessing 
o-dihydroxyl groups will form charged complexes with a number of anions 
which results in a general increase in the electrophoretic mobilities of these 
compounds and, in particular, a much better separation of o-dihydric phenols 
from those with other hydroxyl arrangements.

Boeseken(24) originally showed that catechol and substituted catechols 
increased the conductivity (acidity) of boric acid solutions but not m- or 
p-dihydroxybenzenes or their derivatives. H e r m a n s a n d  Vermaaŝ ®̂̂  con
cluded that boric acid reacted with suitable diols as follows :

- c — OH

-C— OH
+H3 BO3

OH

-0'^ ^OH
H +  +  HgO

- C  0 .  , 0 H
I ^ 0 /

-C  0 O H

"Ï■c 0^  ^OH

(3m:)

 C O n

 C— 0 ^
B  O H  +  HgO

(3 Z H T )

H +  +
-O H

O H H +  +  2 H , 0

( I X )

The structure of the borate ion is now known to be [B (O H )4]“ (27,28>
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The 1 : 1 complex (VII) which is readily formed is a relatively weak acid 
which can lose water to form a neutral compound (VIII). However, if the 
hydroxyl arrangement of the diol is favourable a strongly acidic 2 : 1 
complex (IX) can be produced. Such a complex of catechol with boric acid 
has been isolated by Boeseken as a potassium salt. Isbell and his collabora- 
tors(29) have stated that in the case of borate complexes formed with 
carbohydrates that type (IX) should be formed in the presence of excess 
carbohydrate and excess borate should favour type (VII) ; the same rules 
presumably apply to phenols. However, a number of difficulties do arise when 
considering complex formation in relation to the paper electrophoresis of 
phenols and these will be discussed later.

The ability of o-dihydric phenols to form negatively charged complexes 
was first exploited by Michl^̂ o) who described the high voltage paper electro
phoresis of catechin, methyl gallate, protocatechualdehyde, pyrogallol and 
a tannin extract using an alkaline-borate solution. This was shortly followed 
by an account of the electrophoretic migration of flavonoids by Hashimoto 
et û/.<3i) using a solution of sodium borate. The latter workers tried to show 
that the rate of movement was directly related to the total number of o-dihy- 
droxyl groups in the aglycones and cw-hydroxyl groups in the glycosidic 
moieties. In their table of mobihties, however, they appear in some cases to 
have miscalculated the numbers of these groups and the relationship is 
therefore not conclusive.

The electrophoresis of phenols using alkahne borate solutions has also 
been studied by Coulson and Evans who were mainly interested in phenohc 
carboxyhc acids (Table 3) and Pridhamd^. 23) who examined members from 
several different groups of phenols (Table 2).

Boric acid solutions (pH 4-5) may also be used as electrolytes, but the 
phenol-borate complexes do not migrate as rapidly as with borate solutions 
of higher pH (Table 4).(23)

The formation of 1 :1 and 2 : 1 phenol-borate complexes have already 
been mentioned. The nature of the complex formed on a paper electrophoreto
gram is, however, difficult to estabhsh. The phenol/borate ratio in a spot on 
an electrophoretogram is relatively high and this, according to Isbell e t 

should favour the 2 : 1 complex. If this is the case then one might also 
expect mixed complexes to be formed between two different phenols and 
borate. In such a case the electrophoresis of a mixture of two o-dihydric 
phenols, R'(0H)2 and R"(0H)2, should produce three spots due to the 
formapon of :

and
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Table 3. The mobilities o f  phenols relative to  
2,4-dinitrophenyl glycine in borate bu ffer *̂ ®’

Relative
mobility

Homocatechol 102
Saligenin 1 02
3,4-Dihydroxy-o)-chloroacetophenone 070
o-Hydroxybenzoic acid 1 28
o-Hydroxyphenylpropionic acid M2
m-Hydroxyphenylpropionic acid 105
p-Hydroxyphenylpropionic acid 1 08
p-Hydroxyphenylpyruvic acid 113
o-Hydroxy-cw-ciimamic acid 108
o-Hydroxy-lran^-cinnamic acid 1 20
m-Hydroxycinnamic acid 115
o-Hydroxyphenyl-glyoxylic acid 1 35
2,3-Dihydroxybenzoic acid 146
2,4-Dihydroxybenzoic acid 1 60
2,5-Dihydroxybenzoic acid 120
2,6-Dihydroxybenzoic acid 1 37
3,4-Dihydroxybenzoic acid 1 70
3,5-Dihydroxybenzoic acid 1 34
2,3-Dihydroxyphenylacetic acid 1 90
2,5-Dihydroxyphenylacetic acid 11-1 55

(streak)
3,4-Dihydroxyphenylacetic acid 1 70
2,3-DihydroxyphenyIpropionic acid 1 60
2,5-Dihydroxyphenylpropionic acid 1 25-1 80

(streak)
3,4-DihydroxyphenyIpropionic acid 1 55
2,5-Dihydroxycinnamic acid 13-19

(streak)
3,4-Dihydroxycinnamic acid 149
2,5-Dihydroxyphenylpyruvic acid 088
2,5-Dihydroxyphenylacetic acid 0 9-1 88

lactone (streak)

Table. 4. Msa values for 
PHENOLS i n  aqueous BORIC 

ACID SOLUTION (pH 4 4) 
(CF. Table 2)<®®’

M s a  value

Resorcinol 007
Catechol 037
Ferulic acid 040
Caffeic acid 051
Catechin 025
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Fortunately, however, there is no evidence of this phenomenon on paper 
electrophoretograms. If it did occur then the use of borate for the fractiona
tion of phenol mixtures would be fraught with difficulties.

Garegg and Lindberg^^̂ ) i^ave described the separation of carbohydrates 
using electrolytes containing sulphonated phenylboronic acid. Wê ®®) have 
also used this reagent in the hope that the complexes (X) formed would bring 
about a large increase in the mobilities of the higher molecular weight 
phenolic compounds owing to the presence of the strongly dissociated 
sulphonic acid grouping.

x x > o
S O J  

( Z )

Figure 1 shows the relative rates of movement of a number of phenolic 
compounds in this electrolyte at various pH values but there appears to be no 
great advantage in using this system in preference to borate.

1.2
C a ffe ic  acid

C atechol

1.0 ----------------- A .— ___
C h lorogen ic  acid

0.8

X" C atechin

0.6  X"
2 -X--------

0 . 4 R eso rc in o l

0-2

Q u e r c e t in
—

pH

Fig. 1 M sa values of phenols in sulphonated phenylboronic acid solutions.

Molybdate ions react quite specifically with o-dihydric phenols to form 
brown, negatively charged complexes. Hence ammonium or sodium molybdate 
solutions (pH 5-2) may be used for the electrophoresis of these compounds 
(Table 2).(i2) At this pH only phenohc carboxyhc acids and o-dihydric 
phenols wiU migrate (and phenols with “activated” hydroxyl groups). With 
o-dihydric phenols use of this electrolyte has the advantage that the spots
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are coloured and progress down the paper can therefore be observed. 
Halmekoski(7) has carried out a spectrophotometric investigation o f  phenol- 
molybdate complexes in solution and the main complex appears to have the 
structure (XI). A s with borate, however, no evidence is available to  suggest

MO'

( X I )

2 -

that mixed complex form ation can occur on paper electrophoretograms. 
Hence there is som e doubt as to whether Halm ekoski’s results offer a com 
plete explanation o f  com plex form ation under the conditions found on a 
paper electrophoretogram.

Halmekoski(7) has also carried out electrophoresis using sodium molybdate 
in phosphate buffer (pH 7) and shown that phosphomolybdate, tungstate, 
phosphotungstate, vanadate and stannate solutions (all in phosphate buffer at 
pH  7 or 8) also form fast m oving complexes with o-dihydric phenols. 
Arsenite showed only a slight tendency to com plex (Table 5). Spectrophoto
metric studies again showed that the main complexes formed in solution  
with tungstate, vanadate and stannate were o f  the 2 : 1 type. Tungstate and 
3 ,4,5-trihydroxy benzoic acid, however, appeared to form m ainly a 1 : 1 
complex. The situation with vanadate is complicated as in addition to 2 : 1 
complexes 5 : 1 can also probably be formed with catechol, pyrogallol and 
probably other phenols. The phenol when in excess may also reduce the 
vanadate ion to  vanadyl (V02^+) which in turn can also form complexes.

T a b l e  6 . M s a  v a l u e s  o f  p h e n o l s  i n  b a s ic  c o p p e r  a c e t a t e  
SOLUTION pH 5 3 (m ig r a t io n  t o w a r d s  a n o d e ) ‘*®>

Msa value

2,6-DimethoxyphenoI 0
Catechol 005
Monomethyl quinol 026
Saligenin 030
Phloroglucinol 030
Resorcinol 031

In this laboratory the electrophoretic migration o f  som e phenols using 
basic copper acetate (pH 5 3) as an electrolyte has been investigated (Table 
6).(33) In this solution the com pounds m oved towards the anode in  direct 
contrast to carbohydrates which form cationic complexes with the copper 
r e a g e n t .  (̂ 4) xh is behaviour o f  phenols, at present, cannot be explained.



Paper electrophoresis of phenolic compounds 123

Theander,<35) who was interested in the separation of lignin degradation 
products, has described a method for the separation of phenolic aldehydes 
using a bisulphite buffer at pH 4-7. Migration is dependent on the formation of 
ionized hydroxysulphonic acid derivatives (Table 7).

In an endeavour to speed up the migration of the larger phenols these 
compounds have been coupled with d ia zo tized  sulphanilic and p-am ino- 
benzoic acids. The resulting acidic azo dyes were then subjected to electro
phoresis using a borate (pH 10) buffer^^e) (cf. Franc and Wurst<37)). Table 8

T a b l e  7 . M o b il it ie s  o f  p h e n o l ic  a l d e h y d e s  r e l a t iv e  t o

VANILLIN IN BISULPHITE BUFFER pH 4  7'^^'

Mv value

2,4-Dihydroxybenzaldehyde 082
4-Hydroxy-3,5-d imethoxybenzaldehyde 0-95
2-Hydroxybenzaldehyde 095
4-Hydroxy-3-methoxybenzaldehyde (vanillin) 100
3,4-Dihydroxybenzaldehyde 100
2-Hydroxy-3-methoxybenzaldehyde MO
3-Hydroxybenzaldehyde 116
3-Aldehydo-4-hydroxy-5-methoxybenzaldehyde 1 53

shows the M sa values obtained with some phenols and the corresponding 
benzene-azo-p-carboxylates. It is apparent that introduction of the carboxyl 
group greatly enhances mobility, but, as might be expected, offers little 
benefit with regard to the fractionation of mixtures of these phenols. The 
method might, however, be useful in conjunction with paper chromatography.

T a b l e  8 . C o m p a r is o n  o f  M s a  v a l u e s  o f  p h e n o l s  a n d  t h e ir

BENZENE-AZO-p-CARBOXYLATE DERIVATIVES IN BORATE BUFFER
(pH 10)""

Phenol Derivative

Arbutin 022 050
Phloridzin 042 061
Syringin 009 034
Kaempferol 012 023
Quercetin 015 032

A preliminary identification of a phenol could be achieved by chroma
tographic comparison with an authentic standard, both compounds being 
located on the paper with an acidic diazonium reagent. The coloured spots 
of azo dye could then be eluted from the paper and again compared on an 
electrophoretogram.
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With regard to future development, most of the practical aspects of this 
topic have probably been fully exploited. The future discovery of reagents 
which will form charged complexes with groups other than o-dihydroxyl is, 
however, a possible line of advancement.
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O x id a tio n  a n d  R e d u c tio n  o f A r o m a t ic  C o m 
p o u n d s  b y  P la n t s

B y  J .  B . P r i d h a m  a n d  M a r g a r e t  Y o u n g . {De
partm ent o f Chemistry, Royal Holloway College, 
U niversity o f London, Englefield Green, Surrey)

P rid h am  & S altm arsh  (1963) observed th a t  p la n t 
tissues rap id ly  converted  saligenin (o-hydroxy- 
benzyl alcohol) to  o-hydroxybenzyl-j8-D-glucoside 
b u t  little  of th e  n a tu ra lly  occurring isom er, salicin 
(o-hydroxymethylphenyl-jS-D-glucoside), w as p ro 
duced. T his suggested th a t  sahgenin  w as n o t th e  
d irec t precursor o f sahcin  in  p lan ts  an d  th e  possib ih ty  
th a t  th is  com pound w as form ed by  th e  reduction  of 
an  0 -glucosyl derivative  o f salicylaldéhyde w as 
considered. Sahcylaldehyde occurs n a tu ra lly  in  
p lan ts  (K arrer, 1958) an d  i t  h as  been iso lated  as a  
glucoside, hehcin, from  Spiraea kamtschatica 
(B eijerinck, 1899). A ccording to  Miwa, N akam ura  
& S h iba ta  (1957) sahcylaldehyde-j8-d-glucoside is 
form ed w hen lea f disks from  various p la n t species 
are  infused w ith  th e  aldehyde.

T he m etabohsm  o f sahgenin, sahcylaldehyde and  
sahcyhc acid  in  re la tion  to  sahcin b iosynthesis is

now  being stud ied . Feeding experim ents using 
Vicia faba  seedhngs an d  th e  th ree  aglycones have  
revealed  th a t  th e  following pa th w ay s are opera tive  : 

Saligenin Sahcylaldehyde > Sahcyhc acid

o-Hydroxybenzyl-j8-D- Sahcyhc acid
glucoside glucoside

K lam b t (1962) has show n th a t  benzoic acid can 
also be converted  to  sahcyhc acid  an d  th e  corre
sponding jS-D-glucoside b y  H elianthus hypocotyls.

T he occurrence an d  m etabohsm  o f m onocychc 
a rom atic  com pounds in  h igher p lan ts  wiU be 
reviewed.

Beijerinck, M. W. (1899). Zbl. Baht. P. (n), 5, 425; (1899) 
Chem. Zentr. n , 70, 259.

Karrer, W. (1958). Konstitutionen und Vorhommen der 
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Verlag.

Klambt, H. D. (1962). Nature, Lond., 196, 491.
Miwa, T., Nakamura, S. & Sbibata, A. (1957). Kôso 

Kagahu Shinpojiuma, 12, 48; (1958). Chem. Abstr. 52, 
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Pridham, J. B. & Saltmarsh, M. J . (1963). Biochem. J . 87, 
218.
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I. Introduction

One of the most abundant and diverse groups of naturally occurring, 
organic materials is th a t of the phenolic compounds present in the tissues 
of higher plants. These compounds range from polymers of high molecular 
weight, such as lignin, to relatively simple, benzene derivatives. Lignin 
is an insoluble, structural component of woody tissues; but, in addition, 
a complex mixture of water-soluble phenolic compounds is found within 
the cells of most plant organs, and the great majority are chemically 
ponded to carbohydrates. There is a great deal of evidence to suggest th a t 
ignin is also bonded to carbohydrate in the plant cell-wall.^

The purpose of this article is to bring together the known chemical and 
biochemical facts regarding these compounds, and to trea t them, not as 
phenolic derivatives, bu t as carbohydrate derivatives. Such an approach 
is unusual, bu t the carbohydrate moieties of these molecules have, in the 
past, been largely ignored by chemists more intent on investigating the 
exciting, new aromatic and heterocyclic structiu’es being discovered in

(1) T. Poletz, Sitzber. Heidelberg. Akad. TFm. Math. Naturw. Kl. Abhandl., 10, (1940); 
Chem. Abstracts, 42, 8463 (1948); C. M. Stewart, Tappi, 40, 244 (1957); R. E. 
Kremers, A nn. Rev. Plant Physiol., 10, 185 (1959); H. Brownell and K. L. West, 
Pulp Paper Mag. Can., 62, t374 (1961).
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the plant kingdom. The impression gained on readmg some of the early 
work is th a t the combined sugar was regarded only as something to be re
moved and discarded a t the earliest possible stage, before work was com
menced on the phenol itself. Often, the sugar was enthely ignored or 
identified madequately; it was, of course, extremely difficult to separate 
and identify mixtures of monosaccharides before the advent of partition 
chromatography. Some of the methods of isolation were open to criticism, 
including the use of aqueous extraction of plant material a t high tempera- 
tm’es and the failure to inactivate the tissue hydrolases properly; both of 
these may brmg about the degradation of carbohydrate derivatives.

A t the present time, a great deal more attention is being paid to these 
structures, and all of the modern methods are being applied to their 
elucidation. I t  is still, however, often difficult in many cases to perform a 
rigorous characterization, because of limited amounts of starting material. 
For this reason, the absolute configiuations of cornbmed monosaccharide 
residues are rarely ascertained, and rmg sizes and anomeric configiuations 
are not usually known with certainty. In  some of the early literature, 
there are obvious errors which need correction, particularly in articles 
published before the general introduction of chromatography. There is 
also some confusion in the literature because a number of different systems 
of nomenclatiue have been used to describe these compounds.

A complete catalog of the many, naturally occurring, phenol-carbo- 
hydrate derivatives is not intended and, indeed, would be out of the 
question in an article of this type. Comprehensive lists of these compounds, 
and a discussion of their chemistry, may be found in publications by 
Mcllroy,® Karrer,® Stoll and Jucker,^ Geissman,®’® and Dean.'^ An a t
tem pt will be made, however, to describe the principal carbohydrates 
found in combination with phenols, and to  draw attention to the struc
tural diversity within this group of compounds and the interesting bio
chemistry involved. In addition, the special methods used for the elucidation 
of the structures of combined carbohydrates will be discussed.

(2) R. J. Mcllroy, “The P lant Glycosides," Edward Arnold & Co., London, 1951.
(3) W. Karrer, “Konstitution und Vorkommen der organischen Pflanzenstoffe," Birk

hauser Verlag, Basel, 1958.
(4) A. Stoll and E. Jucker, in “Encyclopedia of P lant Physiology,” W. Ruhland, ed., 

Springer-Verlag, Berlin, 1958.
(5) T. A. Geissman, in “The Chemistry of Flavonoid Compounds,” T. A. Ceissman, 

ed., Pergamon Press, Oxford, 1962.
(6) T. A. Ceissman, in “Comprehensive Biochemistry,” M. Florkin and E. H. Stotz, 

eds., Elsevier Publishing Co., Amsterdam, 1963, Vol. 9, p. 211.
(7) F. M. Dean, “N aturally Occurring Oxygen Ring Compounds,” Butterworths, 

London, 1963.
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IL  N ature of the Phenol-C arbohydrate D erivatives 

1. Types of Linkage
In higher plants, the mono- and oligosaccharide residues found in 

combination with phenolic compounds may be divided into two main 
groups; (1) the (more numerous) glycosides, and (2 ) the phenolic car
boxylic esters of sugars, estérification normally involving the hydroxyl 
group on the anomeric carbon atom. Group 1 consists largely of phenolic 
glycosides, but there are also examples of phenolic alcohols where the 
alcoholic group is glycosylated. In  group 2, there are, reportedly, com
pounds wherein a secondary alcoholic group of a carbohydrate is esterified 
with a phenolic carboxylic acid. Ester and glycosidic linkages can both 
occur m the same compound. Examples of these various types of deriva
tive will be given below. The C-glycosyl compounds® will not be discussed 
in the present article.

2. The Combined Phenols

The more complex groups of phenols found in combination with carbo
hydrates in plants are summarized in formulas (1 ) to (13). In addition, 
there are also simple mono-, di-, and tri-hydric phenols existmg as gly
cosides; some of these phenols possess additional functional groups, such 
as methoxyl, primary hydroxyl, and aldehyde groups. Hydroxybenzoic 
acids and some of their aliphatic esters, and hydroxycimiamic acids, are 
found as glycosides, and the acids themselves may also be esterified with 
mono- or oligo-saccharides.

g=g

ch= ch—co,h

Cinnamic acids 
(1)

Coumarins
(2 )

Stilbenes
(3)

Anthraquinones
(4)

Flavones
(5)

Flavonols
(6)

(8) L. Horhammer and H. Wagner, in “Recent Developments in the Chemistry of 
N atural Phenolic Compounds,” W. D. Ollis, ed., Pergamon Press, Oxford, 1961, 
p. 185. L. J. Haynes, Advan. Carbohydrate Chem., 18, 227 (1963); 20, 357 (1965).
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Flavanones
(7)

Flavanonols
(8)

Isoflavones
(9)

Aiithocyanidins 
(Flavylium ion)

(1 0 )

Chalcones Dihydrochalcones

(12)

2C = C

Aurones
(Benzalcoumaranones)

(13)

W ith the flavonoid derivatives (5) to (13), a great diversity of structures 
is possible. These C15 compounds commonly have a number of hydroxyl 
groups on both the A and the B rings, and the flavonols (6 ), flavanonols 
(8 ), and the majority of anthocyanidins (1 0 ) also have a hydroxyl group 
a t C-3. This polyhydric character, together with the fact th a t a number 
of different monosaccharides may form glycosides, either as single residues 
or as oligosaccharides, means th a t many glycosidic forms are possible; 
these do, indeed, exist in plant cells. Further complications arise when, in 
some anthocyanidin and flavonol glycosides, the glycon is also acylated 
with a phenolic carboxylic acid. There does, however, appear to be a 
general pattern  with regard to substitution on flavonoid hydroxyl groups. 
Thus, with the anthocyanins,^ the hydroxyl group a t C-3 is always gly
cosylated, and the second hydroxyl group to be substituted is usually at 
C-5. Glycosylation of other hydroxyl groups is unusual. The flavonols (6 )

(9) T ha t is, glycosides of anthocyanidin (10).
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constitute the largest and most variable class of flavonoid glycosides. 
Here again, the hydroxyl group a t C-3 is usually, but not always, gly
cosylated. The hydroxyl group a t C-7 is, normally, the secondary position 
for glycoside formation, and C-3' and C-4' may also carry glycosyloxy 
groups. Of the relatively few flavanonol (8 ) glycosides known, the majority 
are 3-glycosides. The flavones (5) and flavanones (7) have no hydroxyl 
group a t C-3, and glycosylation occurs mainly a t the hydroxyl group a t 
C-7 and, occasionally, a t th a t a t C-5. Substitution a t the 4'-hydroxyl group 
is also not uncommon with the flavones. The isoflavones (9) are mainly 
glycosylated a t the hydroxyl group on C-7, and some 4'-glycosides have 
also been isolated. Chalcones (1 1 ) and dihydroxychalcones (1 2 ) are struc
turally related to flavones and flavanones, respectively, and, as would be 
expected, glycosylation occurs mainly a t the equivalent hydroxyl group 
a t C-4' of (1 1 ) and (1 2 ). In  the aurones (13), C- 6  corresponds to C-7 in 
the flavones, and substitution is found mainly a t the hydroxyl group 
a t C-6 .

Other phenolic compounds found naturally as glycosides, but about 
which less is known, include betanidin, a red, nitrogenous pigment belong
ing to a class of compounds known as the betacyanins, found in the 
Centrospermae. These pigments have been reviewed by Dreiding,^® and 
betanidin D-glucoside (betanin) has been shown to have structure (14) or 
a tautomeric form thereof.^^ In  addition, a few naturally occurring lignan 
glycosides have been reported to occur in plants [two such examples are 
(15) and (16)],^^“ and a 3-D-glucosyl derivative of epicatechin (17) has 
also been described.^^’’

OG

CO,GO

HOoC CO,H

H,c:

C H ,0 'OCH,

Betanin

(14)

Picropodophyllin
D-glucoside

(15)

(10) A. S. Dreiding, Ref. 8, 1962, p. 194.
(11) T. J. Mabry, H. Wyler, G. Sassu, M. Mercier, J . Parikb, and A. S. Dreiding, Helv. 

Chim. Acta, 45, 640 (1962). See, however. This Vol., p. 480.
(12a) W. N. Hearon and W. S. MacGregor, Chem. Rev., 55, 957 (1955).
(12b) A. M. Gakhokidze, Zh. Prikl. Khim., 19, 1197 (1946); Chem. Abstracts, 42, 559 

(1948).
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pyranosyl gallate, was obtained from Chinese rhubarb by G ils o n ,a n d  
the structure of the ester was later determined by degradation and syn
thesis.^® Initial observations suggest th a t glycosides of hydroxybenzoic 
acids may be quite common in plant tissues.®®

While considering glycosides of phenolic acids, it should be noted th a t 
the phenolic amino acid, /3-(3,4-dihydroxyphenyl)-L-alanine, which occurs 
free in high concentrations in V ida  faha (broad bean), is also present as the 
3-0-jS-D-glucopyranosyl derivative in the seed testas of this plant. I t  
would be interesting to know whether L-tyrosine also exists combined 
with D-glucose.

Galloyl esters of D-glucose are related to the gallotannins, members of 
the group of hydrolyzable tannm s which are of widespread occurrence in 
the plant kingdom. The early work by Fischer, using hydrolytic and 
méthylation procedures, suggested th a t Chinese gallotannin (obtained 
from Rhus semialata galls) might be a mixture of poly-O-gaUoylated 
D-glucose derivatives, and it was noted th a t the average composition 
corresponded to th a t of a penta-O-TO-digalloyl-^S-D-glucose (19).®® In 1956,

CHoOR

OH

w h ere  R = —C OH OH

OHo —C

OH

(28) E . Gilson, Compt. Rend., 136, 385 (1903).
(29) E . Fischer and M. Bergmann, Ber., 51, 1760 (1918).
(30) R. K . Ibrahim, G. H. N. Towers, and R. D . Gibbs, J . Linnean Soc. London Botany, 

58, 223 (1962).
(31) T. Nagasawa, H . Takagi, K . Kawakami, T . Suzuki, and Y. Sahashi, Agr. Biol. 

Chem. (Tokyo), 25, 441 (1961); Chem. Abstracts, 55, 24942 (1961). R. S. Andrews 
and J. B. Pridham, Nature, 205, 1213 (1965).

(32) E . Fischer, Ber., 46, 3253 (1913); 52, 809 (1919).
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White,®® on the basis of hydrolysis data, stated th a t Chinese gallotannin 
might well contain a tri- or tetra-saccharide core, instead of just D-glucose. 
In  the same year, Grassmann and coworkers®^ concluded, again from the 
results of hydrolysis studies, th a t Staghorn sumac {Rhus typhina) tannin 
contains a poly-O-galloyl tetrasaccharide, one molecule of the latter con
sisting of two residues of D-glucose and one each of L-arabinose and 
L-rhamnose. In  an effort to clear up the disagreement regarding the nature 
of the carbohydrate core in these tannins, R. D. Haworth and coworkers 
prepared, from Aspergillus niger, a galloyl esterase (tannase) which was 
virtually free of carbohydrase activity.®® Using this enzyme, and a meth- 
anolysis procedure for cleaving depside linkages,®® Chinese, Staghorn 
sumac, and Sicilian sumac (Rhus coriaria) tannins were degraded and shown 
to contain only a D-glucose core. All of these tannins appear to be mix
tures of closely related substances, but the main component in each con
tains a penta-0-galloyl-/3-D-glucose nucleus to which three or four addi
tional galloyl groups are attached by depside linkages.®^ These observations 
showed th a t the original findings of Fischer®^ were essentially correct.

Another group of phenolic acids which, combined with D-glucose, 
appears to be widespread in plant tissues is th a t of derivatives of cinnamic 
acid (1). Until quite recently, it was believed th a t the quinic acid esters of 
these compounds, for example chlorogenic acid (3-caffeoylquinic acid), 
were the most common, but D-glucose derivatives are now frequently 
reported. Harborne and Corner®® believed th a t many of the reputed 
quinic acid esters, detected by chromatographic surveys in the past, may 
well be D-glucose esters. The cinnamic acids most frequently encountered 
are p-coumaric acid (4-hydroxycinnamic acid), caffeic acid (3,4-dihydroxy- 
cinnamic acid), ferulic acid (4-hydroxy-3-methoxycinnamic acid), and 
sinapic acid (4-hydroxy-3,5-dimethoxycinnamic acid). The first three are 
found in many plants as the corresponding /3-D-glucopyranosyl cinnam- 
ates.®® The structure of the D-glucose moieties in these compounds is based 
only on hydrolysis by almond emulsin and the oxidation of the liberated 
sugar by the specific D-glucose oxidase (/3-D-glucose : O 2 oxidoreductase). 
There is, however, no reason to suppose th a t the structure assigned is 
incorrect. The sinapoyl ester has, so far, been detected only in Brassica

(33) T , White, in “The Chemistry of the Vegetable Tannins,” Soc. of Leather Trades’ 
Chemists, Croydon, England, 1956, p. 13.

(34) W. Grassmann, G. Stiefenhofer, and H. Endres, Chem. Ber., 89, 454 (1956).
(35) E . Haslam, R. D. Haworth, K . Jones, and H. J . Rogers, J . Chem. Soc., 1829 (1961).
(36) E. Haslam, R. D. Haworth, S. D . Mills, H. J . Rogers, R. Armitage, and T. Searle, 

J . Chem. Soc., 1836 (1961).
(37) R. Armitage, G. S. Bayliss, J. W. Gramshaw, E. Haslam, R. D. Haworth, K. Jones, 

H. J . Rogers, and T. Searle, J . Chem. Soc., 1842 (1961).
(38) J . B. Harborne and J. J . Corner, Biochem. J ., 81, 242 (1961).
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oleracea leaves.®® A D-glucose ester of 4-metlioxycinnamic acid may be 
present in Poly gala senega.

Aryl D-glucosides in the cinnamic series appear to be much less common 
than the D-glucose esters, and have only been detected in a few plant 
species. Melilotoside, for example, was discovered in Melilotus spp. by 
Charaux.^® By synthesis, Shinoda and Imaida^^ confirmed the structure of 
this compound as being 2-(/3-D-glucopyranosyloxy)-iraws-cinnamic acid. 
The cis isomer, which is o-coumarinyl /3-D-glucoside, has been found in 
clover by Ixosuge.^® Flaxseed hulls contain a complex phenolic polymer 
which, on alkalme methanolysis, yields the methyl esters of 4-(j8-D-gluco- 
pyranosyloxy) cinnamic acid (namely, linocinnamarin)^® and 4-(j0-n-gluco- 
pyranosyloxy)-3-hydroxycinnamic acid (namely, linocaffein).'*^ 3 -Hydroxy- 
3-methylglutaric acid, unknown D-glucosides, and phenolic derivatives are 
also released from the polymer by treatm ent with alkali. I t  is believed 
th a t the identified components of the polymer are joined, by ester linkages, 
to a complex macromolecule. In  this connection, it is appropriate to men
tion th a t Kodicek and Wilson^® have described the isolation of a material 
of high molecular weight (niacytin) from wheat bran; to it, they have 
assigned the tentative structm’e (2 0 ) :

Substituted cinnamic 
acid esters

G—G— G—G—G— G

Xyl Xyl Ara

NH.

where G = D-glucosyl. 
(20 )

(39) J . J . Corner, J. B. Harborne, S. G. Humphries, and W. D. Ollis, Phytochemistry, 1, 
73 (1962).

(40) G. Charaux, Bull. Soc. Chim. BioL, 7, 1053 (1925).
(41) J. Shinoda and M. Imaida, Yakugaku Zasshi, 54, 107 (1934); Chem. Abstracts, 31, 

100 (1937).
(42) T. Kosuge, Arch. Biochem. Biophys., 95, 211 (1961).
(43) H . J . KIosterman, F . Smith, and C. 0 . Clagett, J . Am . Chem. Soc., 77, 420 (1955).
(44) H . J. KIosterman and R. Z. Muggli, J . Am . Chem. Soc., 81, 2188 (1959).
(45) E . Kodicek and P. W. Wilson, Biochem. J ., 76, 27? (1960).
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They suggested th a t niacytin may possess a chain of /3-D-linked D-glucose 
residues esterified with ferulic acid and sinapic acid. A glycoprotein fraction 
containing 80-90% of carbohydrate (xylose, arabinose, and galactose) has 
also been obtained from wheat flour, and there is some evidence suggesting 
th a t a xylan esterified with ferulic acid is present in this material.^® A 
3-D-glucosyl derivative of caffeic acid, which can be hydrolyzed by almond 
emulsin, occurs naturally in the berries of various wild species of tuberous 
Solanum, but not in the berries of the cultivated potato.®® Fagopyrum 
cymosum contains a compound which has been named shakurichin by 
Takahashi and Tanabe.^^ One molecule of this compound consists of a 
D-glucose molecule esterified with p-coumaroyl and feruloyl groups, 
probably on the hydroxyl groups a t C-1 and C-6  of the sugar.

Coumarms structurally related to the cinnamic acids also occur widely 
in plant tissues as D-glucosides. The best known derivative is esculin, found 
in the horse chestnut. The structure of this glycoside was examined by 
Head and Robertson-’® and Macbeth,^® who showed it to be 6 -(/S-D-gluco- 
pyranosyloxy)-7-hydroxycoumarin. The isomeric compound, having the 
D-glucose residue attached a t C-7 (namely, cichoriin) occurs in plant 
cells.®® Various other hydroxy and methoxy derivatives of coumarin, 
existing in D-glucosylated forms, have been described.®-^

Stilbene (3) derivatives are normally encountered free m the plant 
kingdom, but piceatomiol n-glucoside (3',5-di-n-glucosyloxy-2,4',6-tri- 
hydroxy-3,4-tetramethylenestilbene) has been obtained from the stem 
bark of Picea excelsaP Hathway and Seakms®  ̂ have isolated, from the 
ether-soluble extractive of Eucalyptus wandoo heartwood, 3 ,4 ',5 -tri- 
hydroxystilbene and the corresponding D-glucoside, which almost certainly 
has a jS-D-glucopyranosyl group attached to the hydroxyl group a t C-3.

D-Glucosides of several hydroxyanthraquinones have been reported.®-^ 
For example, Schunk and Marchlewski®® isolated rubiadin D-glucoside from 
madder root. This compound was later synthesized by Jones and Robert
son®̂  and shown to be 3-(/3-D-glucopyranosyloxy)-l-hydroxy-2-methyl- 
anthraquinone.

The last group of D-glucosides to be discussed are the fiavonoid deriva-

(46) H. Fausch, W. Kim dig, and H. Neukom, Nature, 1 99 , 287 (1963).
(47) K. Takahashi and Y. Tanabe, Kanazawa Daigaku Yakugakuhu Kenkyu Nenvpo, 11 , 

1 (1961); Chem. Abstracts, 56, 1526 (1962).
(48) F. S. H. Head and A. Robertson, J . Chem. Soc., 2434 (1930).
(49) A. K. Macbeth, J . Chem. Soc., 1288 (1931).
(50) K. W. Merz, Arch. Pharm., 2 7 0 , 476 (1932); Chem. Abstracts, 27 , 2685 (1933).
(51) W. Grassmann, H. Endres, R. Brockhaus, and K. Merkle, Chem. Ber., 9 0 , 2416 

(1957).
(52) D. E. H athway and J. W. T. Seakins, Biochem. J ., 72 , 369 (1959).
(53) E . Schunk and L. Marchlewski, J . Chem. Soc., 63, 969 (1893); 65, 182 (1894).
(54) E . T . Jones and A. Robertson, J . Chem. Soc., 1699 (1930).
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tives, which, are numerous and ubiquitous in the angiosperms. Thus, 
luteolin (3',4',5,7-tetrahydroxyflavone) has been isolated in three forms, 
having D-glucosyloxy groups a t C-5,®® C-7,®® and C-4.®  ̂ Similarly, the 
flavonol quercetin (3,3 ',4 ',5,7-pentahydroxyflavone) is found as the 
3-,®® 7-,®® 4'-,®® and 3'-0-D-glucosyl®° derivatives. The first three of these 
compounds are usually known by the trivial names isoquercitrin, querci- 
meritrin, and sphaeoside, respectively. An unusual flavonol D-glucoside, 
gossypin, was found in cotton flowers by Rao and Seshadri.®^ This has 
the structure of 8-D-glucosyloxy-3,3',4',5,7-pentahydroxyfiavone.

Some flavonol glycosides form derivatives with cinnamic acids. Thus, 
Horhammer and coworkers®® have isolated a p-coumaroyl ester (tfihoside) 
of 3-0-D-glucosylkaempferol, ®® and claim th a t the compound is acylated 
a t the hydroxyl group on C-7. Harborne,®^ however, has shown th a t it is 
the D-glucosyl residue which is acylated in tiliroside. If this is the structure, 
tiliroside structurally resembles other acylated fiavonoid glycosides dis
covered in plants; the m ajority of these glycosides appear to possess 
acylated glycosyl groups, and not acyl groups on the fiavone nuclei.®  ̂ ®® 

The most common glycosidic forms of anthocyanidins which occur 
naturally are the 3-0-D-glucosyl and the 3 ,5-di-O-D-glucosyl derivatives. 
For the aglycon cyanidin (3,3',4 ',5,7-pentahydroxyfiavylium ), chrys- 
anthemin®®'®®  ̂ and cyanin® '̂®^ '̂®^  ̂ are two such examples. The chiys- 
anthemin and cyanin synthesized by Robinson and coworkers®®^’®̂*’ 
contained j8-D-glucopyranosyl groups, bu t the present author has found 
no unequivocal chemical evidence th a t the corresponding, naturally

(55) G. Barger and F . D . White, Biochem. J ., 17, 836 (1923); H . N akam ura and G. 
H ukuti, Yakugaku Zasshi, 60 , 449 (1940); Chem. Abstracts, 34 , 7910 (1940).

(56) S. H attori and H. M atsuda, J . Am . Chem. Soc., 76, 5792 (1954); Acta Phytochim. 
(Japan), 15, 233 (1949); Chem. Abstracts, 44, 3214 (1950).

(57) L. Horhammer, H. Wagner, and H. S. Dhingra, Naturwissenschaften, 45 , 13 (1958); 
T. Nakaoki and N. M erita, reported by S. H attori in Ref. 5, p. 324.

(58) G. F . A ttree and A. G. Perkin, J . Chem. Soc., 234 (1927); C. D. Douglass, W. L. 
Howard, and S. H . Wender, J . Am. Chem. Soc., 71 , 2658 (1949).

(59) L. Horhammer and R. Griesinger, Naturwissenschaften, 44 , 427 (1959).
(60) H. L. Hergert and O. Goldschmid, J . Org. Chem., 23 , 700 (1958).
(61) K. V. Rao and T. R. Seshadri, Proc. Indian Acad. Sci. Sect. A , 24 , 375 (1946); 25 , 

397 (1947).
(62) L. Horhammer, L. Stich, and H. Wagner, Naturwissenschaften, 46 , 358 (1959).
(63) Kaempferol is 3,4 ',5,7-tetrahydroxyflavone.
(64) J . B. Harborne, Phytochemistry, 3, 151 (1964).
(65) Reviewed briefly by J. B. Harborne, in Ref. 13, p. 382.
(66) R. W illstatter and E. K . Bolton, Ann., 412 , 136 (1916).
(66a) S. Murkami, A. Robertson, and R. Robinson, J . Chem. Soc., 2665 (1931).
(67) R. W illstatter and A. E . Everest, Ann., 401 , 189 (1913).
(67a) G. M. Robinson and R. Robinson, Nature, 128, 413 (1931).
(67b) R. Robinson and A. R . Todd, J . Chem. Soc., 2488 (1932).
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occurring compounds have the same n-glucosidic configurations. Here 
again, however, circumstantial evidence suggests th a t the synthetic and 
naturally occurring compounds are identical. A similar state of affairs 
exists with many other anthocyanins.

Mono-O-D-glucosylanthocyanidins may also possess other D-glycosyl 
groups on the fiavonoid nucleus. Papaver species, for example, contain 
pelargonidin (3,4',5,7-tetrahydroxyfiavylium ) having a D-glucosyloxy 
group a t C-7 and a sophorosyloxy®® group a t C-3; cyanidin is also found 
in this genus in the same glycosidic form.®® 5-D-Clucosyl groups are ac
companied by 3-L-rhamnosyl groups on pelargonidin, cyanidin, and 
peonidin (3,4',5,7-tetrahydroxy-3'-methoxyfiavylium) in Lathyrus spp.®® 

Chalcones (11) and aurones (13), the so-called anthochlor pigments, 
appear to be confined only to a few plant families, in particular, to the 
Compositae and Leguminosae. Coreopsis and Cosmos spp. contain the 
4'-D-glucoside of butein (2',3,4,4'-tetrahydroxychalcone),^® and 4'-d- 
glucosyloxy-2',4-dihydroxychalcone is located in the flowers of gorse 
{Ulex europaeusy^ and Dahlia variablisP Phloridzin is, perhaps, the best 
known dihydrochalcone (12); it was isolated in 1835 from the root bark 
of the apple tree by de Koninck. The compound has been well charac
terized by Robertson and coworkers, who showed th a t its structm’e is 
th a t of 2'-jS-D-glucopyranosyloxy-4', 6 '-dihydroxy-j8-phenylpropiophenone.

The known 2-benzalcoumaranones [aurones (13)] are few. Aureusin 
and cernuoside, two isomeric D-glucosides of aureusidin (namely, 3 ,3 ',4 ,4 '-  
tetrahydroxyaurone) have been shown by Ceissman and Harborne'^® to be 
the 6 - and 4-0-D-glucosyl derivatives, respectively. Sulphurein, an aurone 
found in Cosmos sulphureus, is 6-n-glucosyloxy-3',4'-dihydroxyaurone.'^®“ 

(n) D-Calactose.—Mono-O-n-galactosyl derivatives of phenols are much 
less frequently encountered in N ature than are 0-D-glucosyl derivatives. 
D-Calactose esters are unknown, but several aryl D-galactosides in the 
fiavonoid series have been reported. From the point of view of the carbo
hydrate structure, the only D-galactoside th a t appears to have been ex
amined in any detail is the 3-0-/3-D-galactopyranosyl derivative of cyanidhi, 
which occurs in the cacao bean. This derivative was synthesized by Forsyth

(68) Sophorosyloxy is 2-0-/3-D-glucopyranosyl-D-glucopyranosyloxy.
(69) J. B. Harborne, Phytochemistry, 2 , 85 (1963).
(70) T. A. Geissman, J . Am. Chem. Soc., 64, 1704 (1942).
(70a) M. Shimokoryama and S. H attori, J . Am. Chem. Soc., 75, 1900 (1953).
(71) J . B. Harborne, Phytochemistry, 1, 203 (1962).
(72) C. G. Nordstrom and T. Swain, Arch. Biochem. Biophys., 60, 329 (1956).
(73) L. de Koninck, A nn. Pharm., 15, 75, 258 (1835).
(74) F. R. Johnson and A. Robertson, J . Chem. Soc., 21 (1930). A. Müller and A. 

Robertson, ibid., 1170 (1933).
(75) T . A. Geissman and J. B. Harborne, J . Am. Chem. Soc., 77, 4622 (1955).
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and Quesnel, and the properties of the synthetic and isolated compounds 
were compared. In  particular, the rates of enzymic hydrolysis of the two 
compounds were measured, and shown to be identical within the limits of 
experimental error. A 3-0-D-galactosyl derivative of delphinidin (3 ,3 ',4 ', 
5,5',7-hexahydroxyflavylium) occurs in Empetium nigrum,'''’ and the 
occiu’rence of other O-n-galactosyl derivatives of anthocyanidms in other 
plant species is mentioned by Harborne.^® Examples of naturally occurring 
flavonol 3-D-galactosides are hyperin, a derivative of quercetin found in 
several plants mcluding Rumex acetosa,''^ and trifolin, the corresponding 
kaempferol derivative, which may be isolated from Trifolium pratense.''^ 
Chaerophyllin is a mono-D-galactoside of the fiavone luteolin. The position 
of the D-galactosyl residue in this compound is not yet certain, however. ®® 

(m) D-Fructose.—Only one example of this sugar in combination with a 
phenol is known. The glycoside, named pajaneelin, is found in relatively 
high concentrations in the bark of the tree Pajaneelia rheedi. Pajaneelin 
is D-fructosyl p-coumarate, but nothing is yet known of the rmg size of 
the hexose residue or the configuration of the anomeric carbon atom.

(iv) Ji-Glucuronic Acid.—D-Glucuronic acid derivatives of phenols were 
detected in plants as early as 1901, when Molisch and Goldschmiedt®® 
discovered scutellarin, a D-glucosiduronic acid derivative of scutellarein 
(4', 5 ,6 ,7-tetrahydroxyflavone) in the leaves of Scutellaria altissima. 
Later, Shibata and coworkers®® isolated baicalin from *ScwfeWana haicalensis; 
it was shown to be a 7-D-glucopyranosyluronic acid derivative of 5 ,6 ,7 - 
trihydroxyflavone.Marsh,®® using /3-D-glucuronidase (/3-D-glucosiduronic 
acid D-glucuronohydrolase) obtained evidence th a t the D-glucm’onic acid 
residues in both baicalin and scutellarin have the |S-d  configuration. 
Apigeniu (4',5,7-trihydroxyflavone), substituted a t C-7 with D-glucuronic 
acid, has also been isolated, but the detailed structure of the glycosyl

(76) W. G. C. Forsyth and V. C. Quesnel, Biochem. J., 65 , 177 (1957).
(77) K . Hayashi, G. Suzushino, and K. Ouchi, Proc. Japan Acad., 27, 430 (1951); 

Chem. Abstracts, 46 , 7567 (1952).
(78) L. Horhammer and E. Volz., Arch. Pharm., 288 , 58 (1955).
(79) S. Hattori, M. Hasegawa, and M. Shimokoriyama, Acta Phytochim. (Japan), 13 ,

99 (1943); Chem. Abstracts, 41 , 5156 (1951).
(80) G. R. Clemo and D. G. I. Felton, J . Chem. Soc., 1535 (1949).
(81) A. Kameswaramma and T. R. Seshadri, Proc. Indian Acad. Sci. Sect. A , 25 , 43

(1947).
(82) H. MoUsch and G. Goldschmiedt, Monatsh., 22, 679 (1901); G. Goldschmiedt and 

E . Zerner, ibid., 31 , 439 (1910).
(83) K. Shibata, S. Iw ata, and M. Nakamura, Acta Phytochim. (Japan), 1 , 105 Q923).
(84) K. Shibata and S. Hattori, Acta Phytochim. (Japan), 5 , 117 (1930); Chem. Abstracts, 

25 , 1528 (1931).
(85) C. A. Marsh, Nature, 176, 176 (1955).
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group is n o t y e t  known.®® Scutellaria galericulata lea v es con ta in  a  /3-d- 
glucopyranosiduronic acid  of chrysin  (5 ,7 -d ih y d ro x y fla v o n e), th e  con
figuration of th e  uronic acid  m o ie ty  again  h av in g  b een  deduced  en zym i- 
cally.®^

Pearl and Darling®® have isolated, from Populus grandiclentata leaves, 
a flavonol D-glucosiduronic acid identical in all respects with a com
pound obtained by Endres and coworkers®® and March®® from Phaseolus 
vulgaris and with the known quercetin 3-D-glucosiduronic acid found by 
Sasaki and W atanabe in Gaidtheria miqueliana.^'^

(y) Jj-Rhamnose.— Several exam ples o f aryl L-rham nosides occur in  
N atu re , p articu larly  in  th e  flavonol series. H ow ever, th ere  h a v e  been  
v h tu a lly  no stu d ies of th e  anom eric configuration  and  ring size of th e  
L-rham nosyl groups in  th ese  com pounds. I t  is  gen erally  assum ed, b y  
an a logy  w ith  other n a tu ra lly  occurring L-rham nose d eriva tives in  p lan ts, 
th a t  th e  sugar assu m es th e  L -pyranoid form , and  there is as y e t  no reason  
to  d ou b t th is  assum ption . In  th e  n a tu ra lly  occurring cardiac g lycosides, 
th e  L sugars are norm ally  bond ed  b y  a-L -glycosid ic linkages,®^ and, in  th e  
know n L -rham nose-contain ing d isaccharide g lycosid es of phenols, th e  
L-rham nose residue h as th is  configuration  a t  C-1. It, therefore, seem s  
probable th a t  m ost of th e  m ono-L -rham nosyl d er iva tives o f p la n t phenols  
h a v e  th e  a-L configuration  also ; th is  m ay  n o t b e  tru e in  a ll cases, how ever. 
For exam ple, Suzuki®® w as unable to  h yd ro lyze  m yricitrin  ( 3 ' ,4 ' ,5 ,5 ' ,7 -  
pentahydroxy-3-L -rham nosyloxyflavone) w ith  an  en zym e preparation  
(rham nodiastase) from  Rhamnus dahurica] th e  en zym e p ossessed  a-L- 
rham nosidase (a-L-rham noside rham nohydrolase) a c tiv ity .

The naturally occurring aryl L-rhamnosides include quercitrin, namely, 
quercetin substituted a t C-3. This is a fairly common derivative in plant 
tissues.®"® Mono-L-rhamnosides of kaempferol, in which substitution 
occurs a t the hydroxyl groups a t C-3 and C-7, are known,®®'®̂  and kaemp- 
feritrin (lespedin, 3,7-di-L-rhamnosylkaempferol) has also been reported.®®

(86) K. Im ai and T. Mayama, Yakugaku Zasshi, 73 , 131 (1953); Chem. Abstracts, 47 , 

12370 (1953).
(87) C. A. Marsh, Biochem. J ., 59, 58 (1955).
(88) I. A. Pearl and S. F. Darling, J . Org. Chem., 28, 1442 (1963).
(89) G. Endres, R. Hiittel, and L. Kaufraann, Ann., 537, 205 (1939).
(90) T. Sasaki and Y. Watanabe, Yakugaku Zasshi, 76, 892 (1956); Chem. Abstracts, 51, 

2766 (1957).
(91) W. Klyne, Biochem. J ., 47 , xli (1950).
(92) H. Suzuki, Arch. Biochem. Biophys., 99, 476 (1962).
(93) F. E . King and R. M. Acheson, J . Chem. Soc., 168 (1950).
(94) R. G. Cooke and H. F. Haynes, Australian J . Chem., 13 , 150 (1960).
(95) A. G. Perkin, J . Chem. Soc., 91 , 435 (1907). M. Hasegawa, Acta Phytochim. (Japan), 

11, 299 (1940); Chem. Abstracts, 35, 1403 (1941).
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In  rai’e instances, 3-L-rhamnosyl derivatives of anthocyanidms occur in 
plant tissues.®®'®® Frangulin (franguloside), an L-rhamnoside of 4 ,5 ,7 -tri- 
hydroxy-2-methylanthraqumone, is found in Rhamnus spp.® ;̂ it probably®® 
has the glycosyloxy group a t C-7.

(vi) T)-Xylose.—Only two references appear to have been made in the 
literature to aryl mono-D-xylosides,®® although D-xylose is fahly common, 
in the combined form, in disaccharide glycosides. In both references, the 
natural occurrence of 3-D-xylosylquercetin is noted, but no other details 
of structm-e are given.

(yw) h-Ardbinose.— L-Arabmosides of plant phenols are not common, 
but this pentose occurs as the a-L-pyranoside and a-L-furanoside forms, 
and a jS-L-arabinoside may also exist.

In  1940, Ohta^®° isolated a 3-L-arabinosyl derivative of quercetin (avicu- 
larin) from Polygonum aviculare. Horhammer and coworkers^®^ showed 
th a t this compound has a strongly positive, specific optical rotation and 
th a t the glycosidic Imkage is cleaved by almond emulsin. In  view of tliis 
evidence, they suggested th a t avicularin is an a-L-arabinoside. The same 
compound was isolated from Psidium guaijava leaves by El Khadem and 
Mohammed,^®® and, by méthylation, it was shown th a t the L-arabinose 
residue is fm-anoid. Also found in P . guiajava is a second glycoside of 
quercetin, guaijaverin, which has been clearly shown by degradation and 
synthesis to be 3-(a-L-arabinopyranosyloxy)-3' ,4 ', 5 ,7-tetrahydroxyfia- 
vone.̂ ®® I t  has been suggested th a t polystachoside, [o!]d —25.9°, is a 
3-/3-L-arabinosyl derivative of quercetin, found in Polygonum polystachyum. 
This conclusion, however, is again only based on enzymic hydrolysis 
studies.^®^

Other aryl L-arabinosides whose detailed structures are unknown include 
a 3-substituted kaempferol, found in horse chestnut,^®® and a 4'-L-arabinosyl 
3-L-rhamnosyl derivative of the same fiavonol.^®  ̂ Various 3-L-arabhiosyl 
derivatives of anthocyanidins occur in rare instances.̂ ®®-̂ ®®

(96) M. Shimokoriyama, Botan, Mag. (Tokyo), 62 , 737 (1949).
(97) M. Bridel and C. Charaux, Bull. Soc. Chim. Biol., 15, 642 (1933).
(98) O. Schindler, Helv. Chim. Acta, 29 , 411 (1946).
(99) H . W. Siegelman, J . Biol. Chem., 213, 647 (1955); T. Nakaoki and N. Morita, 

Yakugaku Zasshi, 76, 323 (1956); Chem. Abstracts, 50, 9686 (1956).
(100) T. Ohta, Z. Physiol. Chem., 263 , 221 (1940).
(101) L. Horhammer, R. Hansel, G. Kriesmair, and W. Endres, Arch. Pharm., 268 , 419 

(1955).
(102) H. El Khadem and Y. S. Mohammed, J . Chem. Soc., 3320 (1958).
(103) H. J. Germann, L. Endres, R. Cobet, and U. Fielder, Naturwissenschaften, 42 , 

181 (1955).
(104) L. Horhammer, L. Endres, H. Wagner, and F. Richthammer, Arch. Pharm., 290 , 

342 (1957).
(105) M. Metche and E. Urion, Compt. Bend., 252 , 356 (1961).
(106) J . B. Harborne, Arch. Biochem. Biophys., 92 , 171 (1962).
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h. Disacchande Components.—Aryl diglycosides are quite common in 
plant tissues, and disaccharides acylated with a phenolic acid a t the 
anomeric carbon atom of the reducing end-group have also been isolated. 
The better known disaccharides found in these combined forms usually 
contain a t least one D-glucose residue per molecule, and, with few excep
tions, it is this residue which is bonded by a /3-d linkage to the phenol 
residue. Where D-glucose is absent from the disaccharide, a D-galactose 
residue is normally attached to the phenol residue. Only in rare instances 
are other monosaccharide residues directly involved in bonding to the aryl 
aglycon.

{i) Sophorose (S-O-^-D-Glucopyranosyl-B-glucopyranose).—The pods of 
Sophora japonica contain a kaempferol sophoroside which was the first 
known source of this disaccharide. The pigment was originally isolated by 
Rabaté and Dussy^®^; Rabaté^®® later showed th a t the hydroxyl group at 
C-3 of the flavonol is substituted by the sophorose residue. Freudenberg 
and coworkers^®® and Clancy^^® have confirmed the identity of the sugar, 
and substantiated its structure by preparation of the crystalline disac
charide (and its octaacetate) and by periodate oxidation studies.

Harborne^^^ has reviewed the occurrence of sophorose in combination 
with phenols, and has concluded th a t 0 -sophorosyl groups are the com
monest 0-diglycosyl groups in the fiavonoid series. Five anthocyanin 
pigments and a t least ten flavonol derivatives are known, all of which 
contain a sophorose residue. Sophorosides of anthocyanidins and fiavonols 
have not, apparently, yet been found together in the same plant species.

(ii) Geniiobiose {6-0-fi-i>-Glucopyranosyl-T>-glucopyranose).—This disac
charide occurs only rarely in combination with plant phenols. In  Primula 
sinensis, the 3-gentiobiosides of pelargonidin, cyanidin, quercetin, and 
kaempferol are found,^^® and Tritonia flowers also appear to contain 
gentiobiosylpelargonidin.®® Gentiobiosyl caffeate, which occurs in Petunia 
hybrida,^^ is the only example of a naturally occurring ester of this di
saccharide.

For the compounds mentioned above, the gentiobiose has not been 
rigorously characterized. At best, the disaccharide, liberated by partial 
acid hydrolysis, has only been identified by paper chromatography using 
several solvent systems (with known D-glucose disaccharides for com
parison). Further studies are obviously necessary in order to confirm or 
refute the identity of gentiobiose in these natural products.

(107) J . R abaté and J. Dussy, Bull. Soc. Chim. Biol., 20, 459, 467 (1938).
(108) J . Rabaté, Bull. Soc. Chim. France, 7, 565 (1940).
(109) K. Freudenberg, H. Knauber, and F. Cramer, Chem. Ber., 84, 144 (1951).
(110) M. J. Clancy, J . Chem. Soc., 4213 (1960).
(111) J. B. Harborne, Experientia, 19, 7 (1963).
(112) J. B. Harborne and H. S. A. Sherratt, Biochem. J ., 78, 298 (1961).
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(nï) Maltose {4-0-a-D-Glucopyranosyl-T)-glucopyranose).—Maltose is said 
to be present as a cyanohydrin in combination with 2 ', 4 ', 5 ,7-tetrahydroxy
flavone, in lotnsin, isolated from the poisonous herb Lotus arabicus by 
Dunstan and Henryd^® These workers, however, present little evidence to 
suggest th a t the combined sugar was, in fact, maltose.

{iv) 0-Galactosylgalactose.—Birch leaves contain myricetin (3 ,3 ',4 ',5 , 
5',7-hexahydroxyflavone) substituted at the hydroxyl group a t C-3 
with a D-galactose disaccharide of unknown constitution.^!^

(v) Neohesperidose {S-O-a-h-Rliamnopyranosyl-D-Glucopyranose).—Three 
flavanones (7) are now known to occur, as derivatives of this disaccharide, 
in the peel of Citrus spp. These compounds are naringin, neohesperidin, 
and ponchin, which are the 7-0-/3-neohesperidosyl derivatives of 4 ',5 ,7 - 
trihydroxyflavanone, 3',5,7-trihydroxy-4'-methoxyflavanone, and 5,7- 
dihydroxy-4'-methoxyflavanone, respectively. The nature of the sugar 
moiety in these compounds has been carefully checked by méthylation 
studies, and the glycosidic linkages have been determmed by the use of 
enzymes and by examination of molecular rotation data."® The work of 
Horowitz and Gentili"® has corrected the original idea that naringin 
contains an 0-(4-0-L-rhamnosyl-D-glucosyl) group.

(vi) Rutinose {G-O-a-jj-Rhamnopyranosyl-n-glucopyranose).—This disac
charide frequently occurs in combination with plant phenols. For many 
years, it was believed th a t the L-rhanmose was in the /3-l configuration"^; 
work by Gorin and Perlin"® has shown th a t it is actually the a-h form.

R utin (3-0-|S-rutmosylquercetin) is one of the major fiavonoid glycosides, 
first found in Ruta graveoleusP^ I t  has since been reported to occur in 
several different organs of many plant species."® 3-0-Rutmosyl derivatives 
of cyanidin and pelargonidin have been detected in several plants, includ
ing PoinsettiaP^ and CestrumP Moriudin, a substituted anthraquinone from 
Coprosmo australis, appears to be 5 ,6 -dihydroxy-l, 2 -dimethoxyantlira- 
quinone having!®® an 0-rutinosyl group a t C-6 . Rutiuosyl p-coumarate is 
an example of an ester, found in Lathyi'us odoratus by Harborne and 
Corner.®®

(113) W. R. D unstan and T. A. Henry, Phil. Trans. Roy. Soc. London Ser. B, 67 , 224 
(1901).

(114) L. Horhammer, H. Wagner, and R. Luck, Arch. Pharm., 290 , 338 (1957).
(115) R. M. Horowitz and B. GentiU, Tetrahedron, 19 , 773 (1963).
(116) G. Zemplén and A. K. Tettam anti, Ber., 71 , 2511 (1938).
(117) G. Zemplén and A. Gerecs, Ber., 67 , 2049 (1934); 68, 1318 (1935).
(118) P. A. J. Gorin and A. S, Berlin, Can. J . Chem., 37, 1930 (1959).
(119) A. Weiss, Pharm. Ceniralbl., 13 , 305 (1842).
(120) Ref. 3, p. 614; Ref. 4, p. 583; Ref. 5, p. 338.
(121) S. Asen, Plant Physiol., 33 , 14 (1958).
(122) L. H. Briggs and P. W. le Quesne, J . Chem. Soc., 3471 (1963).



P H E N O L -C A R B O H Y D R A T E  D E R IV A T IV E S  389

New 0-L-rhamnosyl-D-glucose derivatives of phenols isolated are often 
automatically assumed to be rutinosides. This assumption should be dis- 
coiuaged, particularly in view of the discovery of neohesperidose, and the 
likelihood th a t other 0-L-rhamnosyl-D-glucosides may exist in Nature.

(m ) 0-Glucosylrhamnose.—Seebeck and Schindler^®® isolated, from 
Rhamnus frangula, an unusual disaccharide glycoside which they called 
glucofrangulin. On complete hydrolysis, this material yielded glucose, 
rhamnose, and emodin (4,5,7-trihydroxy-2-methylanthraquinone), and, 
on treatm ent with the enzyme rhamnodiastase, gave glucose and frangulin 
(0-rhamnosylemodin). From the results of alkaline hydrolysis studies, 
they concluded th a t the diglycosyl group is a-D-linked to the hydroxyl 
group a t C-7 of the quinone.®®

(viii) Robinobiose (d-O-a-ij-Rhamnopyranosyl-D-galactopyranose).—The 
flavonol glycoside robinin occurs in the flowers of Robinia pseudaxaciaP^ 
and in several other plant species. Originally, it was believed th a t robinin 
was a trisaccharide glycoside, as Charaux"®-"® claimed th a t hydrolysis 
with rhamnodiastase yielded kaempferol and a sugar, one molecule of 
which was comprised of 1 residue of galactose and 2  rhamnose residues. 
Later work by Zemplén and c o w o r k e r s " s h o w e d  th a t this constitution 
was mcorrect, and th a t the structure of robinin is 7-O-L-rhanmosyl-3-0- 
(O-L-rhamnosyl-D-galactosyl)kaempferol. This result was supported by 
the results of independent studies of Shimokoriyama.®® Early workers 
had believed that, as with rutinose, a /3-L-rhamnosyl residue was present 
in the disaccharide."® Corm and Perlin,"® however, have shown th a t the 
6 -deoxyhexose has the a-L configuration.

{ix) 0-Rhainnosylrhamnose.—Quercetin and kaempferol glycosides, 
which readily yield 2  moles of rhamnose per mole when hydrolyzed with 
formic acid, have been found in the foliage of Exocarpus cupressiformis. 
The suspicion th a t a rhamnose disaccharide is glycosidically bonded to 
the hydroxyl group at C-3 in these fiavonols has been confh med by méthyla
tion, but the structure of the disaccharide has not yet been deduced.®^

(x) Sambubiose {2-0-^-T>-Xylopyranosyl-j)-glucopyranose).—This disac
charide is believed to occur fahly commonly as a diglycosyl group in 
anthocyanins. An O-n-xylosyl-D-glucoside of cyanidin, detected in Sam- 
bucus nigra, was originally believed to be a 3-primveroside"® (see p. 390),

(123) E . Seebeck and O. Schindler, Helv. Chim. Acta, 29, 317 (1946).
(124) C. Zwenger and F. Dronke, Ann., Suppl. 1 , 263 (1861).
(125) C. Charaux, Compt. Rend., 1 78 , 1312 (1924).
(126) C. Charaux, Bull. Soc. Chim. Biol., 8, 915 (1926).
(127) G. Zemplén and R. Bogndr, Ber., 74 , 1783 (1941).
(128) G. Zemplén, A. Gerecs, and H. Flesch, Ber., 71 , 774 (1938).
(129) L. Reichel, H. Stroh, and W. Reichwald, Naturwissenschaften, 4 4 , 468 (1957).
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but it was later shown to be a 3-sambubioside.!®® The structure of the 
combined disaccharide has, however, only been deduced by méthylation, 
hydrolysis, and examination of the resulting, partially methylated products 
on paper chromatograms ; the /3-d linkage was mdicated by its hydrolysis 
with almond emulsin. Pelargonidin 3-sambubioside is believed to be 
present in Streptocarpus, but, here again, the identity of the disaccharide 
moiety is based mainly on chromatographic and electrophoretic evidence.®®

(xi) Primverose {6-0-d-T>-Xylopyranosyl-i>-glucopyranose).—The existence 
of this disaccharide in combination with plant phenols has been known 
for many years. Primverose is probably less abundant than sambubiose. 
I t  occurs in the glycoside primverin which was isolated m 1909 from 
Primula officinalisP^ The glycoside is the 2-0-;S-primverosyl derivative 
of methyl 2-hydroxy-4-methoxybenzoate, as was proved by degrada- 
tion!®® and synthesis.!®® A structurally related compound is monotropitin, 
which was isolated by BrideP®^ from Monotropa hypopitys. This compound 
and gaultherin (isolated by Bourquelot from a different source!®®) have 
the same structure, namely, methyl 2 -j8-primverosyloxybenzoate. The 
glycoside has been synthesized by Robertson and Waters.!®® Other naturally 
occurring phenolic primverosides include fabiatrin, a /3-primveroside of 
scopoletin (6-hydroxy-7-methoxycoumarin),!®^ and galiosin, a 1-0-jS- 
primverosyl derivative of pseudopiu’purin (1 ,2,4-trihydroxyantlu’aquin- 
one-3-carboxylate) found in the madder plant. This latter compound is 
probably accompanied by the 3-0-j3-primverosyl derivative of rubiadin 
(1 ,3-dihydroxy-2-methylanthraquinone), although the evidence for this 
structure is not so convincing as for galiosin.!®®

(xii) Lathyrose {0-d-^-Xylosyl-n-galactose).—P eon id in , cyan id in , and  
pelargonid in  are su b stitu ted  a t  C-3 w ith  0 -  (O -jS-D-xylosyl-D-galactosyl) 
residues in  three g lycosid es occurring in  Lathyrus odoratus flowers. P artia l 
acid  h yd ro ly sis  o f th ese  three g lycosid es y ie ld s th e  corresponding a n th o -  
cyan id in  D -galactosides and  D -xylose, togeth er  w ith  D -galactose and  an  
oligosaccharide w h ich  is, p resu m ab ly  O-D-xylosyl-n-galactose.®® T h e la tter  
is  h yd ro lyzed  b y  a lm ond em ulsin , su ggestin g  th a t  th e  D -xylose residue
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has the /3-d configuration.®^ The name lathyrose was suggested by H ar
borne!® for this disaccharide.

{xiii) Vicianose {6-0-d-i^Arabinopyranosyl-D-glucopyranose).—Vicianose 
is a rare disaccharide which occurs in a combined form in the glycoside 
gein. Geum urhanum contains gein, and it was first isolated from this source 
by Bourquelot and Herissey!®® in 1905. The discovery th a t gein is a /3-vici- 
anoside of eugenol came from later studies by Herissey and Cheymol/^® 
and this conclusion was confirmed by synthesis.!" Vicianose is also found, 
in combination with methyl salicylate, in Viola cornuta. This glycoside, 
which was been named violutoside, was isolated by Picard!" and synthe
sized by Robertson and Waters."®

{xiv) 2~0-T>-Apiofuranosyl-T)-glucGpyranose.—This is a rare disaccharide 
which occurs in apiin, a derivative of apigenin (4',5,7-trihydroxyfiavone) 
found in Petroselinum crispum, V ida  hirsuta, and a number of other plants. 
The glycoside has been the subject of a great deal of work, reviewed, up 
to 1948, by Hudson.!^^ The (1-^2)-linkage between the D-apiose and 
the D-glucose residues was deduced by méthylation studies; and partial 
hydrolysis of apiin yields 7-0-d-D-glucopyranosylapigenin.!" These results, 
in conjunction with the report that naturally occurring apiose has the 
D configuration,!'!® suggest that apiin is 7-0-(2-0-D-apiofuranosyl-/3-D- 
glucopyranosyl)apigenin. The anomeric configuration of the D-apio- 
fm’anosyl residue has yet to be determined.

Luteolin 7-apiosylglucoside is also present in Petroselinum crispumP'' 
No details of the fine structure of this compound are known, bu t it may 
well have the same glycosidic moiety as apiin.

(xv) 6-0-T>-Apiofuranosyl-D~glucopyranose.—Viburnum furcatum  leaves 
contain furcatin, a glycoside of p-vinylphenol which, from hydrolysis and 
periodate oxidation studies, appears to be an 0-(6-0-D-apiofuranosyl-/3-D- 
glucopyranosyl) derivative."®

The D-configuration for the apiose residue in this disaccharide is sug
gested by the present author on the basis of the work of Gorin and Perlin.!^® 
As this structure is derived mainly from periodate oxidation data, it
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(143) A. Robertson and R. B. Waters, J . Chem. Soc., 2970 (1932).
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(145) R. Hemming and W. D. Ollis, Chem. Ind. (London), 85 (1953).
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(148) S. H attori and H. Imaseki, J . Am . Chem. Soc., 81 , 4424 (1959).
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should, perhaps, be accepted with caution, particularly as little is known 
about the oxidation of oligosaccharides containing nonreducing apiosyl 
end-groups, and because H attori and Imasekb^® only estimated the total 
acid produced. In  theory, formic acid and a complex carboxylic acid of 
high molecular weight should be formed by the oxidation of furcatin. No 
information regarding the configuration of the glycosidic linkage in the 
disaccharide is as yet available.

c. Trisaccharide Components.—Only during the past two to three years 
has it become clear th a t trisaccharide glycosides of phenols occur in plant 
tissues, although complex tri- and tetra-saccharide glycosides m the 
alkaloid series were reported’"  in 1955 and 1957. An examination of the 
phenolic derivatives has, so far, only been superficial and in general has 
been limited to hydrolyses in conjunction with paper-chromatographic 
and electrophoretic studies.

(i) O-Giucosyl-O-glucosylglucoses.—Two different linear glucose tri
saccharides in combination with flavonoids are known, although definite 
evidence of structure is very sparse for both. For example, wild and culti
vated varieties of Pisum  contain triglucosides of kaempferol and quercetin, 
and, in both mstances, the triglycosyl group is acylated with a cinnamic 
acid derivative. Harborne’"  states th a t the combined trisaccharide has a t 
least one, and probably two, jS-D-(l—>2) linkages. This might be expected 
on biosynthetic grounds, as these pigments coexist in the tissues with 
kaempferol 3-sophoroside and quercetin 3-sophoroside.

In  Primula sinensis, several flavonol 3-triglucosides and anthocyanidin 
3-triglucosides are found. Gentiobiosides occur in the same plant, and, 
consequently, it has been suggested’®-"® th a t the two linkages in the tri
saccharide are /3-d-(1—>6). A similar trisaccharide has been reported to 
occur in wheat germ; the aglycon is 2 -methoxyquinol, with 0 -glycosylation 
occurring meta to the methoxyl group.’®®

(ii) Glucose, Rhamnose, and Galactose.—Tappi and Menziani’®’ have 
isolated, from the pollen of Lilium candidum, a fiavonoid glycoside which, 
on hydrolysis of one molecule yields 1 molecule each of isorhamnetin 
(3,4',5,7-tetrahydroxy-7-methoxyflavone), glucose, rhamnose, and galac
tose. M éthylation clearly showed th a t only the 3-hydroxyl group of the 
fiavonoid is substituted, and, therefore, a triglycosyl group composed of 
the above three sugars must be present in the molecule. The monosac
charide sequence is unknown.

(Hi) 0-^-T>-Glucopyranosyl-(l -^2)-0-\^a-'L-rhamnopyranosyl-(l —>-d)]-jS-D-

(149) R . Kuhn, I. Low, and H. Trischmann, Chem. Ber., 88, 1492, 1670 (1955); 90, 
203 (1957).
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(151) G. Tappi and E. Menziani, Gazz. Chim. Ital., 85, 694 (1955).
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glucopyranose.—^Preliminary studies suggest th a t this branched-chain 
oligosaccharide is a substituent of cyanidin in Begonia and Ruhus idaeusP^ 
Evidence of structure is derived from the fact th a t the pigment, on com
plete hydrolysis with acid, yields cyanidin, D-glucose, and L-rhanmose in 
the molecular ratios of 1:2:1. Partial hydrolysis with acid produces 
cyanidin 3-sophoroside and cyanidin 3-rutinoside, and oxidative degrada
tion of the cyanidin nucleus with hydrogen peroxide liberates an oligosac
charide which behaves as a trisaccharide on paper chromatograms. This 
sugar is cleaved by jS-D-glucosidase, with the formation of rutinose and 
D-glucose.

(iv) 0-Tu-Rhamnopyranosyl-(l-^4)~0-[p-glucopyranosyl-(l —>d)]-D-^Zwcopi/- 
ranose.—Stoll, Renz, and Brack"® have isolated a material, echinacoside, 
from the root of Echinacea angustifolia. The compound has been meth
ylated and hydrolyzed. From the results, it was given the partial struc
ture (2 1 ).

H O H X

OCH2 CH2

H, C = 0

OH

(21)

(y) 0-^-D-Xylopyranosyl-{l —̂ 2)-0-[_a-i,-rhamnopyranosyl-{l —>d)]-/3-D-g'Zw- 
copyranose.— Begonia flowers contain cyanidin 0 -glycosylated on the 
hydroxyl group a t C-3 with a branched chain 0-xylosylrutinose deriva
tive."® Evidence for structure was again obtained by methods similar

(152) J. B. Harborne and E. Hall, Biochem. J., 88, 41? (1963).
(153) A. Stoll, J . Renz, and A. Brack, Helv. Chim. Acta, 33, 1877 (1950).
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to those used with the above D-glucosyhutinose. In  this instance, partial 
hydrolysis gave cyanidin 3-rutinoside and cyanidin 3-sambubioside. These 
two pigments, on treatm ent with hydrogen peroxide, yield rutinose and 
sambubiose, respectively.

Other trisaccharides which, it has been suggested, occur in combination 
with flavonoids in plants are 0-/3-D-glucopyranosyl-(l—>2)-0-o:-L-rhanmo- 
pyranosyl- (1 ^6 ) -D-glucopyranose as a kaempferol derivative in potato 
flowers,’"'"^ and a galactosylsophoroside of kaempferol hi Pisum arvenseP'^ 
However, for both, a great deal more work is requhed before these struc
tures can be fully accepted.

III . M e t h o d s

This Section is mainly concerned with the procedures available for 
elucidation of the structures of the carbohydrate residues bonded to 
phenols. In  some mstances, it is im portant to know something of the 
structure of the phenol itself in order to determine the nature of the 
glycosyl residue.

1. Isolation

The methods used for the isolation of phenol-carbohydrate derivatives 
from plant tissues are extremely varied, and will not be given detailed 
treatm ent here. The care required to prevent degradation in the initial 
stages of extraction does need to be emphasized, however. The main 
dangers arise from incomplete mactivation of hydrolytic (and, to a lesser 
extent, oxidative) enzyme systems, both of which may remove glycosyl 
residues from phenolic compounds. In  order to prevent this degradation, 
it  is best to ensure th a t whole plants th a t have been removed from their 
natural environment, or organs th a t have been excised from a plant, are 
hnmediately killed by immersion in hot alcohol or other suitable solvent. 
The tissues should then be quickly broken down by mechanical means. 
I t  should be remembered th a t many carbohydrases are quite stable protems 
which maintain their catalytic function in the presence of relatively high 
concentrations of cold, organic solvents. More-speciflc protein-denaturing 
reagents, such as aqueous mercuric chloride solution, might perhaps 
successfully replace organic solvents in some cases; these would be useful 
w ith heat-labile substances.

High temperatures and weakly acidic solutions favor the degradation

(154) J . B. Harborne, Biochem. J ., 84, 100 (1962).
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of many glycosides, particularly glycofuranosides, and high. pH  values and 
oxidizing agents may rapidly produce changes in compounds having o- or 
p-dihydroxyl groups, even if one of the hydroxyl groups is glycosylated.

The isolation procedures th a t have been used for naturally occurring 
phenol-carbohydrate derivatives include such classical methods as ex
traction with a solvent and precipitation of lead salts, but column and 
paper chromatography have had the greatest impact in this field. Since 
the introduction of partition chromatographic methods for naturally 
occurring phenolic compounds,"® there has been remarkable progress, 
particularly in the study of fiavonoid glycosides."® Thin-layer chroma
tography of phenolic compounds has been developed, and such excellent 
new adsorbents as polyamide"^ have been introduced. A useful procedure 
complementary to chromatography is paper electrophoresis."®

2 . D eterm in a tion  o f S tructure

The procedures used for the elucidation of the structures of glycosyl 
residues are largely based on the general methods of carbohydrate chem
istry. For example, when a monosaccharide or an oligosaccharide is, by 
acid hydrolysis, released from combination with a phenol, it may be 
characterized by paper chromatography, paper electrophoresis, and the 
preparation of suitable derivatives. For an oligosaccharide, where the 
problem may be a little more difficult, a large number of other methods 
are available to assist in the determination of structure."® There are, in 
addition, methods used for the examination of the glycosyl residues in  
situ , and special methods, which yield useful structural information, for 
removing these residues from the aglycons.

Preliminary information regarding the size of the glycosyl substituent 
may be obtained by paper-chi’omatographic analysis of the intact phenol- 
carbohydrate derivative. In  solvent systems composed largely of organic 
components, the greater the number of glycosyl residues, the smaller the 
R p  value. In  highly aqueous systems, the reverse is generally true. Such 
results, should, however, always be accepted with caution, as differing 
aglycons may also have pronounced effects on the R p  value. Harborne"® 
has reviewed the chromatographic behavior of the fiavonoid glycosides. 
For the anthocyanins, paper chromatography has largely replaced the

(155) E . C. Bate-Smith and R. G. Westall, Biochim. Biophys. Acta, 4, 427 (1950).
(156) J . B. Harborne, Chromatog. Rev., 1, 223 (1959); 2, 105 (1960).
(157) Reviewed by L. Horhammer, in “Methods in Polyphenol Chemistry,” J . B. 

Pridham, ed., Pergamon Press, London (1964), p. 89.
(158) Reviewed by J. B. Pridham, in Ref. 157, p. 111.
(159) Reviewed by R. W. Bailey and J. B. Pridham, Advan. Carbohydrate Chem., 17, 

121 (1962).
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determination of distribution numbers (relative partition between two 
immiscible solvents’®®) used to classify these glycosides. The electro
phoretic mobility is inversely related to the size of the glycosyl residue,’®’ 
provided th a t no complications arise from charged-complex formation 
between a buffer component and the glycosyl group. A knowledge of the 
molecular proportions of phenol and monosaccharide liberated by hy
drolysis, together with an examination of the substitution pattern of 
the origmal phenolic derivative, may also be im portant to discovering the 
nature of the glycosyl residue. For example, if a polyphenol glycoside has 
only one phenolic hydroxyl group substituted with a glycosyl residue, a 
determination of the aglycon and sugar released by acid hydrolysis pro
vides a direct measure of the size of the glycosyl residue. Phenolic sub
stitution patterns are usually determined by méthylation and hydrolysis, 
or by spectrophotometry. The former is a classical procedure which has 
been applied widely. The methylating reagents used include diazomethane, 
which preferentially reacts®^ ’®® with phenolic hydroxyl groups; methyl 
iodide and silver oxide, which methylates’’® phenolic and alcoholic hy- 
di'oxyl groups; and dimethyl sulfate, which methylates both types of 
hydroxyl group.’®® ’"  Permethylation may also be achieved with K uhn’s 
reagent’®® (methyl iodide in A , A-dimethylformamide) under mild condi
tions, but only one example of the use of this reagent with phenol-carbo
hydrate derivatives’®̂ appears to have been recorded.

The use of spectrophotometry for determinmg phenolic substitution 
patterns is more Ihnited in its application, bu t it has the advantage th a t 
only very small amounts of material are requhed. A review of the spectral 
properties of flavonoids has been made by Jurd ,’®® and of polyphenols in 
general by Harborne.’®® Of particular interest are studies by Harborne’®'’ 
on the spectra of anthocyanins, wherein 3-0-glycosyl and 3 ,5-di-O-glycosyl 
derivatives have been shown to exhibit characteristic absorption maxima. 
The technique has also been used with phenolic glycosides of lower molecu
lar weight’®® and to  distinguish between glucose esters and glucosides of 
hydroxycinnamic acids.®®

M ost of the remaining procedures used for structural studies are degra- 
dative, and result in the release of the combined sugar, which may then

(160) R. W illstatter and E. H. Zollinger, Ann., 412 , 195 (1917). R. Robinson and A. R.
Todd, J . Chem. Soc., 2293 (1932).

(161) J. B. Pridham, Chem. Ind. (London), 1172 (1961).
(162) J. B. Pridham and M. J. Saltmarsh, Biochem. J ., 87 , 218 (1963).
(163) R . Kuhn, H . Trischmann, and I. Low, Angew. Chem., 67 , 32 (1955).
(164) J . B. Pridham and M. J. Saltmarsh, Biochem. J., 82 , 44? (1962).
(165) L. Jurd, in Ref. 5, p. 107.
(166) J . B. Harborne, in Ref. 157, p. 13.
(167) J. B. Harborne, Biochem. J., 70 , 22 (1958).
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be identified by the methods of carbohydrate chemistry. M any of these 
degradative procedures, however, possess elements of specificity, and the 
fact th a t a reaction occurs a t all may yield valuable information. Periodate 
oxidation,"’  ̂ a useful tool in the oligosaccharide field, has not found 
wide application with phenol-carbohydrate derivatives, largely because 
many phenols are themselves attacked by the reagent. Where the phenolic 
aglycon is stable to the reagent, however, periodate may be used. Thus, 
the structure of furcatin (see p. 391) was predicated mainly from the re
sults of oxidation studies on the intact glycoside.

The method most widely used for completely removing the sugar residues 
from a phenolic glycoside is acid hydrolysis, usually with 1.0-2.0 N  mineral 
acid a t 100°. The n-glucopyranosiduronic acids are difficult to cleave by 
this procedure, and require prolonged heating. 7-0-Glucosylfiavonols and 
anthocyanidins are also relatively stable to acid,’®® although to a lesser 
extent than the glycosides of D-glucuronic acid. Purification of aryl glyco
sides may sometimes be achieved by acétylation, and the acetates may be 
hydrolyzed dhectly to the sugar and the aglycon by refiuxing with metha- 
nolic hydrochloric acid.’®®®"’®®’’ Boron trichloride may also be used for the 
cleavage of 0 -glycosylated cinnamic acid derivatives” ® and fiavonoid 
glycosides,” ’ but this reagent also hydrolyzes ether and ester groups from 
the aglycon. Hydrolysis of glycosylated cinnamic acid derivatives with 
mineral acid may destroy the cinnamic acid.^^-” ®

Hydrolysis on a microscale necessitates identification of the resulting 
monosaccharides by paper chromatography and paper electrophoresis. 
These methods are usually reliable with the monosaccharides, provided 
th a t a number of different solvent systems are used with the former, and 
different electrolyte solutions with the latter. An aid to the identification 
of D-glucose m microgram quantities is the highly specific enzyme D-glucose 
oxidase, which converts D-glucose into D-gluconic acid and has been used 
by Harborne®® for confhming the presence of this aldohexose in hydroly- 
zates of glycosides. D-Galactose oxidase (n-galactoseiOg oxidoreductase)” ® 
and D-galactose dehydrogenase (n-galactose : NAD oxidoreductase)”  ̂ can 
shnilarly be used for the identification of D-galactose. Quantitative micro-

(167a) J. M. Bobbitt, Advan. Carbohydrate Chem., 11, 1 (1956).
(168) J. B. Harborne, Chem. Ind. (London), 222 (1962).
(169a) M. K. Seikel, J . Am. Chem. Soc., 72 , 5725 (1950).
(169b) M. K. Seikel, J . Am. Chem. Soc., 77, 5685 (1955).
(170) E . J. Bourne, N. J . Macleod, and J. B. Pridham, Phytochemistry, 2 , 225 (1963).
(171) R. S. Andrews and J. B. Pridham, unpublished results.
(172) R. K. Ibrahim  and G. H. N. Towers, Arch. Biochem. Biophys., 87 , 125 (1960).
(173) G. Avigad, D. Amaral, C. A. Sensio, and B. L. Horecker, J . Biol. Chem., 237 , 2736 

(1962).
(174) J. C. Su and W. Z. Hassid, J . Biol. Chem., 235 , pc 36 (1960).
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analysis may be performed with these enzymes. In  addition, in conjunction 
with paper chromatography, colorimetric methods are available, using, for 
example, p-anisidine hydrochloride” ® or aniline phthalate” ® as spray 
reagents.

Less drastic treatm ent with acid may bring about the partial hydrolysis 
of an aryl glycoside. This is a valuable technique, used extensively for 
determining the structm’e of oligoglycosyl residues. Wender and co- 
workers’”  have, for example, used formic acid in cyclohexanol for hy
drolyzing a number of 0 -rhanmosylglucosyl derivatives of flavonoids to 
the corresponding glucosides. The rutinoside narmgin (4', 5-dihydroxy-7- 
rutinosyloxyfiavone) has also been degraded to the corresponding 7-d-D- 
glucoside by refluxmg a solution of it in methanol and hydrochloric acid.’®®’’ 
Hydrochloric acid has been used for the stepwise hydrolysis of oligosac
charide glycosides of anthocyanidms,’®®-” ®“’®® and rhamnose has been 
preferentially removed from 4'-0-arabmosyl-3-0-rhamnosylkaempferol 
by treating it with formic acid’®̂ a t 75°.

Oligosaccharides in combination with phenols may also be removed 
intact by careful hydrolysis with acid. Thus, when rutin  is heated with 
10% aqueous acetic acid, it yields rutinose.®® Dilute mmeral acids can, 
for example, be used for the removal of sophorose from kaempferol 
3-sophoroside,’®’ and of gentiobiose from p-hydroxyphenyl jS-gentiobio- 
side.’®’ A comparison of the use of formic acid-cyclohexanol and hydro
chloric acid-acetic acid for the partial hydrolysis of glycosides has been 
made by Chandler and Harper.’®® There appears to be no general rule 
governing the use of these acids.

Such esters of sugars as jS-n-glucopyranosyl caffeate, in addition to being 
cleaved by acid, are saponified by dilute alkali under mild conditions, 
with the liberation of the free reducing sugar. Alkali is a useful reagent 
for distinguishing between the glucosides of hydroxycinnamic acids and 
its glucose esters.®® The former are relatively stable to alkali, although 
oxidative degradation may occur with both types of derivative; hence, 
alkaline hydrolyses are best performed under nitrogen.

Hydrolyses, both partial and complete, may be effected with enzymes. 
The advantages of using these catalysts are (a) th a t the conditions of

(175) J . B. Pridham, Anal. Chem., 28, 1967 (1956).
(176) C. M. Wilson, Anal. Chem., 31, 1199 (1959).
(177) D. W. Fox, W. L. Savage, and S. H . Wender, J . Am . Chem. Soc., 75 , 2504 (1953).
(178) R . W illstatter and E . K . Bolton, Ann., 412, 113 (1916).
(179) Y. Abe and K. Hayashi, Botan. Mag. (Tokyo), 69, 577 (1956); Chem. Abstracts, 

52, 9327 (1958).
(180) J . B. Harborne, Biochem. J ., 74, 262 (1960).
(181) J. D. Anderson, L. Hough, and J. B. Pridham, Biochem. J., 77 , 564 (1960).
(182) B. V Chandler and K. A. Harper, Australian J . Chem., 14, 586 (1961).
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reaction are mild, and (b) information regarding the nature of the glyco
sidic linkage (and, sometimes, other configurational details) may be 
obtained. Where only small quantities of the material are available, enzymes 
must be wholly relied on to reveal the anomeric configuration. Other 
methods for this purpose include measurements of optical rotation and 
infrared spectra, both of which, in comparison with the enzymic methods, 
require relatively large amounts of the compound. The absorption bands 
said to be characteristic of a-n and /3-D links"® are rather weak, and several 
milligrams are required for infrared analysis. Enzymic hydrolysis may be 
performed on the microgram scale. The failure of an enzyme to react with 
an aryl glycoside may be due to an absence of the necessary specific carbo
hydrate residue; however, in some cases, this may be present, but hy
drolysis is hindered by the aglycon. The latter is an im portant point which 
should be borne in mind.

The enzyme preparation most widely used is almond emulsin, or a 
purified ;S-D-glucosidase fraction from almond or a related plant. Emulsin 
exhibits a complex of hydrolase activities,’®̂ three of the major functions 
being as a jS-D-glucosidase and as an a - and a /3-n-galactosidase. In  view 
of this mixed activity, preparations should be used with caution, although 
there is little doubt th a t emulsin accurately distinguishes between an 
a - and a /3-D-glucopyranoside in most instances. 3-0-/3-D-Glucosyl deriva
tives of anthocyanidins, however, are not hydrolyzed by almond emulsin. 
Hydrolysis of these compounds requires an anthocyanase preparation 
obtained from A sp erg illu s  n i g e r This preparation is a complex mixture 
of enzymes; the specificity has been examined by Harborne and Sheratt.’®® 
I t  hydrolyzes maltose and methyl a-D-glucopyranoside. I t  may be con
jectured th a t it would hydrolyze anthocyanidin a-D-glucosides, but the 
preparation has not yet been tested with these compounds. Anthocyanase 
has also been used as a source of esterase for the hydrolysis of glucose 
cinnamates.®® Mouse-liver /3-D-glucuronidase, as already mentioned (see 
p. 384), hydrolyzes fiavonoid jS-D-glucopyranosidm’onic acids,®® ®’ and a 
yeast glycosidase preparation has been used for the hydrolysis of poly
stachoside, a /3-L-arabinoside.’®’ An A sperg illu s oryzae preparation se
lectively removes the rhamnosyl residue from 4'-0-arabinosyl-3-0- 
rhamnosylkaempf erol.

Various species of R ham n u s provide an enzyme mixture, commonly

(183) S. A. Barker, E. J. Bourne, and D. H . Whiffen, Methods Biochem. Anal., 3, 213 
(1956).

(184) Reviewed by J. B. Pridham, in “Enzyme Chemistry of Phenolic Compounds,” 
J. B. Pridham, ed., Pergamon Press, London, 1963, p. 73.

(185) H. T . Huang, J . Am . Chem. Soc., 78, 2390 (1956).
(186) J. B. Harborne and H. S. A. Sherratt, Biochem. J ., 65, 24p (1957).
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called rhamnodiastase. These enzyme systems, used extensively by French 
workers in the early part of this century, are valuable for studies of aryl 
glycosides, as they possess so-called disaccharidase activity. W ith many 
disaccharide glycosides, the glycosidic Imkage adjacent to the phenolic 
aglycon is preferentially hydrolyzed. For example, ruthi is hydrolyzed to 
quercetm and rutinose,’®’ and robinin to 7-0-rhamnosylkaempferol and 
robinobiose.’®® Chandler and Harper’®® have shown th a t an enzyme 
preparation from R h am n u s fran gu la  hydrolyzes various fiavonoid 3-mono- 
and di-glycosides (mcluding anthocyanins). Suzuki®® studied in some detail 
a preparation from R h am n u s dahurica, and showed th a t an ce-L-rhamnosi- 
dase and two different jS-D-glucosidases were present. This mixture of 
enzymes also hydrolyzed anthocyanidin glycosides. Thus, 3-0-rutmosyl- 
cyanidin yielded rutinose, together with some glucose and rhamnose; and 
such compounds as cyanin and chrysanthemin, having monoglucosyl 
groups, were also hydrolyzed. The flavanone glycosides, naringin and 
hesperidin (3',5-dihydroxy-4'-methoxy-7-rutinosyloxyflavanone), were not 
cleaved by the preparation from R ham nus, but some flavonol glycosides, 
such as 3-0-glucosylquercetin, were. Imaseki and Yamamoto’®® have 
detected in V ibu rn u m  fu rca tu m  a disaccharidase which liberates 6 -0 -d -  
apiofuranosyl-D-glucopyranose from furcatin. This enzyme has no action 
on the related glycoside apiin, which possesses a (1 —̂2 )-linked apiosyl- 
glucosyl substituent, and also will not hydrolyze rutin.

p-Hydroxyphenyl glucosides readily undergo oxidative cleavage with 
dilute bromine water’®®'” ’-’®® or ferric chloride solution.’®’ Under these 
mild conditions, benzoquinone is formed, and the mono- or oligo-glucosyl 
residues are liberated as reducing sugars. Similar results have been ob
tained by using an oxidase from potato.’®®-’®®-’®® Presumably, other com
pounds possessing potential quinonoid hydroxyl groups substituted with 
glycosyl residues would also undergo this facile oxidative cleavage. This 
reaction would be valuable for releasing oligosaccharides, in relatively 
high yields, from combination with phenols.

Potassium permanganate has been used for the controlled, oxidative 
rupture of the phenolic nuclei from fiavonoid glycosides, with little con
comitant degi'adation of the carbohydrates liberated.’®® This procedure 
permits identification of all of the glycosyl residues present in a fiavonoid, 
provided th a t the fiavonoid can be oxidized. Highly methylated deriva-

(187) C. Charaux, Bull. Soc. Chim. Biol., 6, 631 (1924); G. Zemplén and R. Bogndr, Ber., 
75 , 482 (1942).

(188) G. Zemplén and A. Gerecs, Ber., 68, 2054 (1935).
(189) H. Imaseki and T. Yamamoto, Arch. Biochem. Biophys., 92 , 467 (1961).
(190) C. E . Cardini, Ciencia Invest. (Buenos Aires), 17, 349 (1961).
(191) J . B. Pridham and M. J. Saltmarsh, unpublished results.
(192) F . Kubowitz, Biochem. Z., 292, 221 (1937).
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tives, for example, might be stable to oxidative attack. Ozonolysis, followed 
by hydrolysis, may also be used to rupture the fiavonoid nucleus,^®® and 
this technique has been developed for use on a microscale by Chandler 
and Harper.^*®

The controlled oxidation of anthocyanins with hydrogen peroxide was 
investigated by Karrer and de Meuron.^®^ They showed th a t malvin (2 2 ) 
can be converted into malvone (23) as follows. In  malvone (23), the

o c a
OCH,

OH
OH

0 CH3HO.HO.
OCH3

C -  CO,GOG
OG

(23)(22 )

(R = H or OH, 
not known)

glucose residue attached to the hydroxyl group a t C-3 is also attached, by 
an ester linkage, to the phenol, and, consequently, Karrer and de Meuron^®  ̂
were able to remove it by alkaline hydrolysis. The glucosyl residue a t
tached a t C- 5  was removed a t a later stage with acid. Similar results 
were obtained with hirsutin (3 ,5-di-D-glucosyloxy-4'-hydroxy-3',5 ',7-tri- 
methoxyflavylium). Chandler and Harper^®® showed th a t this method is 
good for identifying mono- and di-saccharides bonded glycosidically to 
the hydroxyl group a t C-3 of fiavonols and anthocyanidins.

IV. B i o s y n t h e s i s

A great deal of information regarding the biosynthesis of phenol-carbo
hydrate derivatives has been obtained by feeding phenols to plants or 
detached plant organs. The earliest record of such work is a publication 
in 1916 by Ciamician and Ravenna,^®® who claimed th a t when such simple 
phenols as quinol and saligenin (o-hydroxybenzyl alcohol) are fed to 
maize seedlings, they are converted into the corresponding aryl D-glucosides. 
No similar experiments with phenols were reported until 1940, when

(193) L. Mester, Magy. Kem. Folyoirat, 60, 125 (1944); Chem. Abstracts, 46, 8018 (1952).
(194) P . K arrer and G. de Meuron, Helv. Chim. Acta, 15, 507, 1212 (1932).
(195) G. Ciamician and C. Ravenna, A tti Reale Accad. Lincei, 25, 3 (1916).
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Miller̂ ®® treated gladiolus corms with o-chlorophenol, and isolated rela
tively large quantities of o-chlorophenyl |S-gentiobioside. Miwa and co- 
workers^®  ̂ infused leaf discs with various phenols together with D-glucose, 
and showed th a t mono-jS-D-glucosides were produced. When the D-glucose 
was replaced by a-D-glucosyl phosphate, increased yields of the aryl 
/3-D-glucosides resulted. Grinding of the tissues was shown to decrease 
the synthetic activity, but, from P in u s  sa tiva  and V ic ia  fa b a  seeds, cell-free 
enzyme preparations synthesized the jS-D-glucosides, provided th a t adeno
sine 5-triphosphate and an extract of yeast were also present. Other 
feedmg experiments with leaveŝ ®® and with germinatmg seedŝ ®® confirmed 
much of the Japanese work. For V ic ia  / a 6 a,̂ ®® the glycosylation appeared 
to be relatively nonspecific; with trihydric phenols, for example, all of 
the possible, isomeric, mono-D-glucosyl derivatives were formed. Nystrom, 
Tolbert, and Wender̂ ®® have demonstrated th a t when phenol is fed, in low 
concentration, to barley or wheat leaves, it is converted into phenyl 
i8 -D-glucopyranoside. When germinating V ic ia  fa b a  seeds are fed with 
resorcinol, m-hydroxyphenyl j8 -D-glucoside is formed, together with a 
compound tentatively identified as a sulfated form of this D-glucoside.^®  ̂
Pridham®®® has surveyed a large number of different plant species, and 
has shown th a t the ability to D-glucosylate foreign phenols is probably 
cormnon to all angiosperms and gymnosperms, and, perhaps, to ferns 
also. Only some species of moss, and no algae, appear to be capable of this 
reaction.®®^

When hydroxycinnamic acid derivatives are fed to plants, the situation 
is more complicated, in th a t both aryl D-glucosides and esters of D-glucose 
may be produced. Thus, Kosuge and Conn®®® have shown th a t o-coumaryl 
iS-D-glucoside (2-j8-D-glucosyloxy-irans-cinnamic acid) is formed by leaves 
of sweet clover which have been treated with o-coumaric acid (2 -hydroxy- 
cinnamic acid). Harborne and Corner,®® however, with a number of differ
ent plant species, could only demonstrate the formation of a D-glucose 
ester after a short treatm ent with o-coumaric acid. After several days, a 
di-D-glucosyl ester derivative was formed, probably an (o-hydroxycin- 
namoyl)gentiobiose. Harborne and Corner®® also showed th a t D-glucose 
esters are the main products formed with a number of other hydroxy- 
and methoxy-cinnamic acids. The only exception to the rule was caffeic

(196) L. P. Miller, Science, 92, 42 (1940); Contrih. Boyce Thompson Inst., 12, 163 (1941).
(197) T. Miwa, S. Nakamura, and A. Shibata, Koso Kagaku Shimpoziumu, 12, 48 (1957); 

Chem. Abstracts, 52, 1314 (1958).
(198) A. Hutchinson, C. Roy, and G. H. N. Towers, Nature, 181, 841 (1958); J. B. 

Pridham, ibid., 182, 795 (1958).
(199) C. W. Nystrom, N. E . Tolbert, and S. H. Wender, Plant Physiol., 34, 142 (1959).
(200) J . B. Pridham, Phytochemistry, 3, 493 (1964).
(201) C. Roy, M. Sc. Thesis, McGill University, Montreal, 1959.
(200) J . B. Pridham, unpublished results.
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acid, wliich, when fed to L ycopersicu m  esculentum  leaves, was partially- 
converted into 3- and 4-0-/3-D-glucosylcaffeic acids. Runeckles and Wool- 
rich®®® demonstrated the formation both of D-glucose esters and aryl 
D-glucosides when p-coumaric acid and ferulic acid were fed to tobacco 
leaf discs. Further work is required before the significance of the above 
three studies becomes comprehensible. The results, as they stand, may be 
due to a species difference or to the failure to detect all of the D-glucosylated 
products th a t are formed.

The first clue regarding the detailed mechanism of the formation of 
aryl glycosides came from studies of Miwa and coworkers^®’’' which sug
gested th a t nucleotide cofactors are necessary. I t  was left to Cardini and 
Leloh,®®̂  however, to show th a t the nucleotide probably directly involved 
is uridine 5-(a-D-glucopyranosyl pyrophosphate) (24). These workers 
incubated quinol with compound (24) and a wheat-germ extract, and by 
paper chromatography detected arbutin, a mono-D-glucoside of quinol, 
which was formed. This observation was later substantiated by Pridham 
and Saltmarslfi®®'®®® using a crude, enzyme preparation from V id a  fa b a  
seeds and a number of different mono-, di-, and tri-hydric phenols. The 
products obtained from these experiments were similar to those formed 
when the same phenols are introduced into germinating bean seeds. The 
transfer of D-glucose in  vitro did, however, appear to be more specific, in 
that, w ith the polyhydric aromatic compounds, only one of the possible 
isomeric mono-D-glucosides is formed, and this corresponds to the major 
component produced in the feeding experiments. For example, feeding of 
pyrogallol produced the 2,3- and 2 , 6 -dihydroxyphenyl jS-D-glucosides in 
the approximate ratio of 3:1. I n  vitro in the presence of (24), only the 
former compound was synthesized. Mono-/3-D-glucosides of dihydric 
phenols are also synthesized in  vitro by utilizing the uridine 5-triphosphate
(25) : a-D-glucosyl phosphate uridylyltransferase, adenosine 5-triphosphate
(26): (25) phosphotransferase and (24): phenol D-glucosyltransferase ac
tivities of a wheat-germ extract, thus:

U P 3 (25) -f a-D-G-l-P —»■ UPz-D-G +  pyrophosphate 

UPz-D-G +  ArOH ->■ ArO-D-G -|- UPz 

AdoP3 (26) -h U P 2 —̂ U P 3 T  AdoP2

where UP 3 is midine 5-triphosphate, UP 2 is uridine 5-pyrophosphate,

(201) C. Roy, M. Sc. Thesis, McGill University, Montreal, 1959.
(2 0 2 ) T. Kosuge and E. E. Conn, J . Biol. Chem., 234, 2133 (1959).
(203) V. C. Runeckles and K. Woolrich, Phytochemistry, 2, 1 (1963).
(204) C. E . Cardini and L. F. Leloir, Ciencia Invest. (Buenos Aires), 13, 514 (1957).
(205) J. B. Pridham and M. J. Saltmarsh, Biochem. J ., 74, 42p (1960).
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d-G is D-glucose, Ar is aryl, AdoPj is adenosine 5-triphosphate, and AdoPg 
is adenosine 5-pyrophosphate. Yamaha and Cardini*'’® have made a de
tailed study of the UP gG: phenol n-glucosyltransferase activity present in 
wheat germ. Crude extracts n-glucosylated phenols having various ar
rangements of hydroxyl groups, but fractionation of the extract with 
ammonium sulfate and alumina gel yielded a preparation which was fahly 
specific for the mono-n-glucosylation of phenols having two hydroxyl 
groups para to each other. This study suggested that in plant tissues 
several such enzymes may be present, each being specific for a particular 
configiu'ation of phenolic hydroxyl groups. Attempts to D-glucosylate 
phenolic hydroxyl groups by replacing (24) by a-n-glucosyl phosphate and 
relatively simple a -  and jS-n-glucosides failed for both the broad-bean and 
wheat-germ enzyme preparations.

Other reports of transfer of D-glucose from (24) to phenolic hydroxyl 
groups have been made by D utton and Duncan,^"'^ using a sugar-beet 
homogenate and o-aminophenol as an acceptor, and by Barber^*’® with a 
mung-bean enzyme preparation and quercetin. In the latter experiment, 
the product of the reaction was an 0-/3-D-glucosyl derivative, substitution 
probably havmg occurred a t the hydroxyl at C-3 of the fiavonol; thymidine 
5-(D-glucosyl pyrophosphate) (27) also serves as a D-glucose donor in 
this system. Adenosine 5-(D-glucosyl pyrophosphate) (28) is reported to 
be a better donor of D-glucose than (24) in the presence of quinol and a 
wheat-germ enzyme.^'’® Under these same conditions, guanosine 5-(d- 
glucosyl pyrophosphate) and cytidine 5-(D-glucosyl pyrophosphate) act 
as weak donors of D-glucose.

In  two instances, the enzymic transfer of D-glucose from (24) to car- 
boxylic acid groups has been demonstrated by using plant preparations,^"^ 
and it is probable th a t the biosynthesis of all of the D-glucose cinnamates 
also occm-s by this mechanism.

The formation of an aryl di-D-glucoside in  vitro was first observed when 
arbutin was converted into p-hydroxyphenyl /3-gentiobioside by /3-d- 
glucosidase preparations from aspen cambiiun, almond seeds, and broad- 
bean seeds.î ®-̂ ®̂  I t  was assumed th a t the arbutin acts as both a donor 
and an acceptor, and th a t the jS-D-glucosidase transfers D-glucosyl residues 
to the primary hydroxyl groups of the arbutin molecule. Cardini and 
Yamaha^^^ reported th a t wheat-germ extracts, possessing no j8-D-glucosidase

(206) T . Yamaha and C. E. Cardini, Arch. Biochem. Biophys., 86, 127 (1960).
(207) G. J. D utton and A. M. Duncan Biochem. J ., 77, 18? (1960).
(208) G. A. Barber, Biochemistry, 1 , 463 (1962).
(209) J. C. Trivelloni, E . Recondo, and C. E. Cardini, Nature, 195, 1202 (1962).
(210) G . Jacobelli, M. J . Tabone, and D. Tabone, Bull. Soc. Chim. Biol., 40, 955 (1958).
(211) C. E . Cardini and T. Yamaha, Nature, 182, 1446 (1958).
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activity, catalyze the transfer of D-glucose from (24) to arbutin, with the 
formation of p-hydroxyphenyl /3-gentiobioside. The extract was later 
fractionated, and an enzyme specific for the further D-glucosylation of 
aryl jS-D-glucosides was isolated.^^^ The highest rates of reaction were ob
tained when phenyl jS-D-glucopyranoside, salicin, and arbutin were used 
as acceptors. m-Methoxyphenyl and m-hydroxyphenyl /3-D-glucopy- 
ranoside were only D-glucosylated to the extent of 51% and 33%, re
spectively, of the rate of arbutin. No reaction was observed with free 
phenols. Compound (28) also fimctions as a D-glucose donor for synthesis 
of /3-gentiobioside.^"® A triglucoside possessing two /3-d-(1—>6) linkages is 
also formed when quinol is incubated with (24) and a wheat-germ extract.^®" 

The enzymic transfer of monosaccharides other than D-glucose from 
nucleotide derivatives to phenolic compounds has also been observed for 
a P haseolus vu lgaris enzyme which catalyzes the formation of a /3-d- 
glucosiduronic acid of quercetin from uridine 5- (n-glucosyluronic acid 
pyrophosphate) (29) and the fiavonol. The position of the D-glucosiduronic 
acid residue is not yet known.®^" L-Rhamnose can also be transferred from 
thymidine 5-(L-rhamnosyl pyrophosphate) (30) to 3-O-j0-D-glucosyl- 
quercetin, with the formation of a product th a t appears to be the corre
sponding /3-rutmoside.®^" The enzyme preparation was, in this instance, 
obtained from P haseolus vu lgaris leaves. I n  vivo, the L-rhamnose donor is 
more likely to be uridine 5-(L-rhamnosyl pyrophosphate) (31).®^^

The following conclusions regardiug the mechanism of formation of 
aryl glycosides in  vivo may now be drawn. In most cases, it is probable 
that the fu’st glycosyl residue is transferred to the phenol at a late stage 
of biosynthesis; with a fiavonoid, this would be after the GeiCgUe nucleus 
has been formed.®̂ ® It has, however, been suggested, from purely chemical 
studies, that near-precm’sors of some phenols might be glycosylated prior 
to the completion of the phenol biosynthesis.®̂ ® There is as yet little bio
chemical evidence to support this theory.

The biosynthesis of salicin, a /3-D-glucoside of low molecular weight, 
probably does not occur by glycosylation of saligenin, as all attem pts to 
produce salicin from saligenin in  vivo and in  vitro have afforded the isomeric 
o-hydroxybenzyl jS-D-glucopyranoside as the main product.^®® The pre
cursor of salicm might weU be the /3-D-glucoside of salicylaldéhyde.i«2 ,216 & 
W ith compounds having complex glycosyl residues, it is almost certain

(212) C. E. Cardini and T. Yamaha, Arch. Biochem. Biophys., 86, 133 (1960).
(213) C. A. Marsh, Biochim. Biophys. Acta, 44, 359 (1960).
(214) G. A. Barber, Biochem. Biophys. Res. Commun., 8, 204 (1962).
(215) T. A. Geissman and E. Hinreiner, Botan. Rev., 18, 77 (1952).
(216) L. Reichel and R. Schickle, Ann., 553, 98 (1942).
(216a) J. B. Pridham and M. Young, Biochem. J ., 92, 20? (1964).
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that residues are added stepwise, and not as intact units. Much support 
for this theory is derived from studies of the co-occurrence of related 
glycosides within a species.

As regards the actual transfer of glycosyl residues to phenolic hydroxyl 
groups, a number of different enzymes probably catalyze these reactions, 
and some specificity is shown toward the donor and the acceptor molecules. 
Possibly, several enzymes exist which catalyze the transfer of glycosyl 
units to existing glycosyl substituents, and these would appear to be dis
tinct from those enzymes catalyzing transfer to phenolic hydroxyl groups.

Strong circumstantial evidence has been educed suggesting th a t the 
D-glucose donor molecule for synthesis of D-glucosides in plant tissues is a 
nucleoside pyrophosphate derivative of D-glucose, probably (24). Points 
in favor of this are : (t) (24) functions as a donor in  vitro, and (n) a reaction 
involving (24) would be energetically favorable in comparison with transfer 
of D-glucose from a low-energy source. The latter type of reaction has, so 
far, not been demonstrated with enzyme systems of higher plants, (m) 
Compound (24) is probably present in all higher plants, and details of its 
formation in plants from a-D-glucosyl phosphate and (25) : a-D-glucosyl 
phosphate uridylyltransferase, as well as by other pathways, are well 
known.®̂ '̂®̂ ® The transfer of groups other than D-glucosyl presumably 
involves the corresponding nucleoside pyrophosphate derivatives. Often, 
this is probably a uridine derivative, although other nucleosides may well 
participate in these reactions. Nucleoside pyrophosphate derivatives of 
all the monosaccharides, except D-apiose, which occur in combination 
with phenols are known®^® to occur in Nature. Probably, all of the D-mono- 
saccharides in combination with nucleoside pyrophosphates have the a-D 
anomeric configuration, and these compounds may be formed from the 
corresponding a-D-glycosyl phosphates in the presence of specific nu
cleoside 5-triphosphate : a-D-glycosyl phosphate uridylyltransf erases. As 
would be expected, the /3-L-glycosyl phosphates of L-monosaccharides are 
converted into nucleoside pyrophosphate derivatives, and these presum
ably possess /3-l glycosidic linkages.®^® However, any chemical evidence 
for the fine structures of most of these sugar nucleotides, with the excep
tion of (24), is exceedingly sparse.

Accepting the above structures, the transfer of monosaccharide residues 
from nucleoside pyrophosphate derivatives to phenolic hydroxyl groups 
appears to result in inversion of the anomeric configuration of the glycosyl 
residue.̂ "®’®"®'®"®'®"®’®̂® This is most certainly true of the formation of aryl

(217) W. Z. Hassid, E . F. Neuf eld, and D. S. Feingold, Proc. Natl. Acad. Sci. U. S., 45 ,
905 (1959).

(218) W. Z. Hassid, Biochem. Soc. Symp. (Cambridge, Engl.), 21 , 63 (1961). E. F.
Neuf eld and W-. Z. Hassid, Advan. Carbohydrate Chem., 18 , 309 (1963).
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jS-D-glucosides. Similarly, inversion occurs on transfer of D-glucosyl resi
dues from (24)®̂® and (28)®"® to the D-glucosyl moiety of arbutin, and 
probably also occurs when L-rhamnosyl residues are transferred from (30)®"® 
or (31)®̂  ̂ to 3-0-jS-D-glucosylquercetin. The formation of the various 
quercetin 3-L-arabinosides reported to occur in Nature^""~^"® is difficult 
to explain on the basis of this general mechanism. In  addition, a donor 
molecule for D-apiose has yet to be found.

Although several attempts to synthesize a- and jS-D-glucosyl derivatives 
of phenols failed when enzyme systems of higher plants were used in the 
absence of sugar nucleotides,^"®' ®̂̂-®̂̂ -®̂® enzymes from mycelium of Asper
gillus niger transfer D-glucose from maltose (and isomaltose) to resorcinol, 
with the formation of m-hydroxyphenyl cc-D-glucopyranoside and two 
higher derivatives, probably the corresponding isomaltoside and malto- 
side.̂ ®̂  Also, the ^d-D-galactosidase of Escherichia coli produces m-hydroxy
phenyl jg-D-galactopyranoside by the transfer of D-galactose from lactose 
to resorcinol.®®" There is, however, no evidence that this type of reaction 
occurs in  vivo in fimgi and bacteria. Nakamura and Miwa®®"“ have utilized 
the energy of the glycosidic bond in sucrose, and have achieved mono-D- 
fructosylation of quinol in the presence of invertase (j8-D-fructofuranoside 
fructohydrolase) preparations from micro-organisms and wheat.

V . M e t a b o l i s m  a n d  F u n c t i o n

In  Section I I  of this article, some indication was given of the many 
different types of phenol-carbohydrate derivatives which o c c ih  in plants. 
W ithin a single plant species, there may be a great diversity of structure, 
and one phenol may exist as several glycosides. For example, some apple 
skins contain six different quercetin glycosides,®® and Vaccinium myrtillus 
leaves contain five.®®̂  This discovery immediately posed the question as 
to the function such a mixture plays in the life of the plant; the answer is 
still unknown. The classical ideas regarding the function of glycosides 
have been reviewed by Pridham.®®® Stabilization, solubilization, and de
toxification of phenols may be valid reasons for glycoside formation, 
and phenol-carbohydrate derivatives no doubt play some role in disease 
resistance. I t  was originally believed th a t aryl glycosides constitute sugar 
reserves, bu t it is doubtful th a t they are im portant reserves in healthy

(219) J . B. Pridham, Biochem. J ., 76, 13 (1960).
(220) J . B. Pridham and K . Wallenfels, Nature, 202, 488 (1964).
(220a) S. N akam ura and T. Miwa, Nature, 202 , 91 (1964).
(221) C. H. Ice and S. H. Wender, J . Am . Chem. Soc., 75, 50 (1953).
(222) J . B. Pridham, in “Phenolics in Plants in H ealth and Disease,” J . B. Pridham, 

ed., Pergamon Press Oxford, 1960, p. 9.
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plants., Other workers, for example, Straub,®®® took the opposite view, and 
considered th a t aryl glycosides are waste products not further metabolized. 
I t  now see^ns probable th a t some D-glucosides are im portant metabolites 
and are involved in the biosynthesis of lignin®®̂  and coumarin®®®; they 
may also be concerned m the control of 3-indolylacetic acid oxidase ac
tivity  in plant tissues.®®®

In  connection with the more-complex glycosyl residues which are 
bonded to phenols, it is tempting to suggest th a t these represent the 
primer molecules for the biosynthesis of polysaccharides (heteroglycans). 
Such primers might first be elaborated on a phenolic nucleus; then the 
phenol might be removed by enzymic hydrolysis or oxidation before further 
elongation of the monosaccharide chains occurred, or the phenol might 
remain in place durmg chain elongation. At present, however, no structural 
relationship between polysaccharides and the complex glycosidic residues 
known has been reported, and there is no real evidence to support the 
hypothesis.

(223) W. Straub, Biochem. Z., 82, 48 (1917).
(224) Reviewed by K. Freudenberg, Pure Appl. Chem., 5, 9 (1962).
(225) T. Kosuge and E. E. Conn, J . Biol. Chem., 236, 1617 (1961).
(226) M. Furaya, A. W. Galston, and B. B. Stowe, Nature, 193, 456 (1962).
(227) M. Piattelli, L. Minale, and G. Prota, Ann. Chim. (Rome), 54, 955 (1964). M. E. 

Wilcox, H. Wyler, T. J . Mabry, and A. S. Dreiding, Helv. Chim. Acta, 48, 252 
(1965).

A d d e n d u m

Structm’e (14) for betanin (see p. 375) has been shown to be slightly 
incorrect.®®^
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(R eprin ted  from  N ature, Vol. 205, N o . 4 9 7 7 , pp . 1 2 1 3 -1 2 1 4 ,  
M arch  2 0 , 1965)

Structure of a Dopa Glucoside from V ida  
faba

P-(3,4-D ihydroxyphenyl)-L-alanine (l-D O PA ) has only  
been d e tec ted  in  a  lim ited  n um ber o f p lan ts , an d  i t  appears 
to  b e  confined m ain ly  to  legum inous species. U nlike 

' m ost o th e r phenols of low  m olecular w eigh t, how ever, i t  
ex is ts  in  re la tive ly  h igh  concen tra tions in  th e  free s ta te . 
T his is p a rticu la rly  th e  case, fo r exam ple, w ith  th e  broad- 
bean , V icia faha^, b u t  N agasaw a an d  h is associates* have  
also iso la ted  a n  0-P-D-glucoside o f D O PA  from  th e  te s ta  
o f th e  bean  seed. T he Jap an ese  w orkers d id  n o t, how ever, 
de term m e w hether i t  w as a  3- or 4 -0  su b s titu ted  derivative  
a n d  in  view  o f ou r in te re s t in  th e  fo rm ation  an d  m e tab o l
ism  o f D O PA  in  p la n ts  w e hav e  re investiga ted  th e  s tru c 
tu re  an d  d is trib u tio n  o f th is  com pound.

A s F . faba  con tains only sm all am oun ts o f th is  D O PA  
glucoside a  p re lim inary  exam ination  o f th e  glucoside 
ob ta ined  in  h igh  y ield  b y  feeding P isu m  sativum^ seeds 
w ith  D O PA  w as u n d ertak en  an d  a  com parison th e n  
m ade  o f th is  com pound w ith  th e  corresponding derivative  
ob ta ined  from  th e  bean.

Seeds o f P .  sativum  v a r. ‘E a rly  O nw ard’ w ere soaked 
overn igh t in  a  sa tu ra te d  solu tion  o f l-D O P A . T hey  w ere 
th e n  w ashed an d  le ft on  m o ist co tto n  wool for 4 days in  
th e  d a rk  (cf. P rid h am  an d  Saltmarsh®). T he resu lting  
seedlings w ere ex trac ted  w ith  aqueous e thano l (80 per 
cen t) an d  th e  concen tra ted  e x tra c t w as exam ined  on p ap e r 
chrom atogram s. T his show ed th e  presence o f a t  leas t five 

, com pounds w hich are  n o t no rm ally  p resen t in  th e  tissues. 
B y  careful frac tiona tion  o f th e  e x tra c t on  paper, using 
e th y l ace ta te /ace tic  ac id /w ater (9 : 2  : 2  v /v ) so lven t 
followed b y  electrophoresis (0-1-Af form ic acid , p H  2 4, 
4,000 V/1 h), a  sm all q u a n tity  o f a  com pound, Pg, w as 
iso lated  as a  sy rup  w hich  w as freeze-dried to  a  h y g ro 
scopic pow der. H ydro lysis o f Pg w ith  N  HaSO*, N  HOI, 
50 p e r cen t form ic ac id  or (3-D-glucoside g lucohydrolase 
y ielded only  D O PA  an d  D-glucose in  th e  m o lar ra tio  of 
1 : 1, T he configuration  o f th e  glucose w as determ ined  b y  
reaction  w ith  D-glucose oxido-reductase, an d  th e  ra te  o f 
acid  hydro lysis o f Pg suggested th a t  th e  glucosyl residue 
w as ia  th e  p y rano id  form .

P - (3 - H y d ro x y  - 4 - m ethoxyphenyl) - d l  - alan ine an d  
P- (3-m ethoxy-4-hydroxyphenyl) -DD-alanine w ere sy n th e 
sized as m odel com pounds an d  th e ir  colour reactions w ith  
d iazotized p -n itroan iline /N aO H  an d  u ltra -v io le t sp ec tra  
u n d er n e u tra l an d  alkaline conditions determ ined . T his 
revealed  several significant differences betw een  th e  3-0- 
an d  4 -0  -su b stitu ted  com pounds an d  in  p a rticu la r a  v a ria 
tio n  in  th e  re la tive  absorbance a t  ~  240 an d  295 m[i



on add ition  o f alkali. P 3 h a d  all th e  characteristics o f a  
3 -0 -su b stitu ted  D O PA . T he absence o f a  free 0 -d ih y 
d roxy l g rouping w as fu r th e r in d ica ted  b y  th e  fa c t th a t  
i t  gave no colour reaction  w ith  aqueous sodium  m o lybda te  
an d  d id  n o t ex h ib it a  characteristic  hypsochrom ic sh ift 
in  spectrum  u n d er a lkaline conditions w hen tr e a te d  w ith  
b o ra te .

C onfirm ation of th e  position  o f th e  D -glucopyranosyl 
residue on  th e  arom atic  ring  w as ob ta ined  a fte r  m é th y la 
tio n  o f Pg b y  th e  K u h n  procedure w ith  m e th y l iodide an d  
silver oxide in  d im ethy lform am ide“. A lkaline n i t ro 
benzene oxidation® o f th e  m e th y la ted  deriva tive  gave rise 
to  isovanillin  as th e  only  aldehydic p ro d u c t. T his w as 
characterized  b y  p ap e r electrophoresis using ph o sp h a te  
buffers a t  p H  8-7 an d  10 0, w ith  2 ,4 -d in itropheny lhydra- 
z ine/N aO H  as th e  locating  reagen t (isovanilhn is read ily  
d is tingu ished  from  van illin  b y  th is  m eth o d  as th e  la t te r  
possesses a  m ore strong ly  d issociated  phenolic h y d ro x y l 
group).

T he cotyledons from  4-day-old b road-bean  (var. ‘Jo h n - 
son’s L ongpod’) seedlings w ere ex trac ted  an d  exam ined , 
b y  th e  sam e procedure, an d  a  com pound iden tica l to  
P a  in  a ll respects w as iso lated . T he conclusion is, th e r e 
fore, th a t  b o th  Pg an d  th e  derivative  from  V. faba are  
P - [ 3 - (P -D -g lucopyranosyloxy ) - 4 -hy droxyphenyl] -n-alan ine. 
T he colour reactions and  ch rom atograph ic  a n d  e lec tro 
pho re tic  behav iour o f th is  com pound a re  sum m arized  in  
T able 1.

T able  1. P e o pb e t ib s  o r  D Q PA  Gitjcosede

. P i and V. faba 
glucoside

Colour reaction with:
Diazotized p-nitroaniline/NaOH . Plum red—grey green
Ninhydrin Blue-violet
Sodium molybdate No reaction

P d o p a  values
Butan-l-ol/acetic acid/water (6 :1 :  2, v/v) 0-47
Butan-l-ol/ethanol/water (40 :11 :19, v/v) 0 00
Ethyl acetate/acetic acid/water ( 9 : 2 : 2 ,  v/v) 0 85
Ethyl acetate/acetic acid/formic acid/water (18 :

3 : 1 : 4 ,  v/v) 037
Ethyl acetate/pyridine/water (10 : 4 : 3, v/v) 0 56
Butan-l-ol saturated with water 0 30

A T d o p a  values*
0 1 M  formic acid (pH 2 4) 0 85
* Eiectrophoretic mobility relative to h-DOPA, corrected for electroendos- 

mosis.

N agasaw a and  his colleagues* repo rted  th a t  D O PA  
glucoside occurred  m ain ly  in  th e  green te s ta  o f a  la te  
ripen ing  v a rie ty  o f V. faba  and  to  a  lesser e x te n t in  th e  
h ilum  an d  th e  inner tissue  of th e  pod. O ur own ch ro m ato 
g raphic  investigations w ith  th e  ‘Jo h n so n ’s L ongpod’ 
v a rie ty  confirm  th e ir  findings b u t also suggest th a t  th is  
com pound is p resen t in  b o th  th e  do rm an t an d  germ inated  
cotyledons. T here is no evidence, how ever, for its  occur-



rence in either the roots or shoots of young plants or in 
other issues of the mature plant other than the pods.

\ Investigations are continuing on the DOPA-DOPA 
glucoside equilibrium in V. faba. The apparent lack of 
glucoside in the tissues could be due to a weakly active 
specific glucosylating enzyme (although other phenols 
are readily glucosylated*) or to a physical barrier between 
the enzyme and its substrate, n-DOPA.
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I n t r o d u c t io n

Phenolic compounds are second only to carbohydrates in abundance in 
higher plants. They display a great variety of structures ranging from deriva
tives of simple phenols, such as quinol, to complex polymeric materials, such 
as lignin.

In recent years, naturally occurring phenolics have been the subject of 
several reviews. Past editions of this publication alone have contained 
articles on lignin (1 ), the biosynthesis of flavonoids (2 ), and general bio
synthetic pathways (3). In other periodicals, accounts of the chemistry and 
biochemistry of coumarins (4) and lignin (5, 6 , 7) can be found.

For the purposes of this review the author intends, wherever possible, to 
limit the discussion to those naturally occurring compounds which possess 
only one aromatic ring and to concentrate on the biochemical and physio
logical aspects which have not received detailed attention in the past.

The compounds which come within these terms of reference and which 
will receive attention include simple mono-, di-, and trihydroxy benzenes, 
phenolic alcohols, aldehydes and carboxylic acids, hydroxycinnamic acids, 
and phenolic amino acids and amines.

G l y c o s id ic  D e r iv a t iv e s

Most plant tissues contain complex mixtures of phenols, and with the 
exception of many wood constituents, the majority are present as glycosidic 
derivatives. The cell vacuole is generally assumed to be the main storage 
organ for these glycosides; whether phenols or phenolic glycosides undergo 

; any significant translocation appears to be in dispute. Miller (8 ), for example,
' believed that glycosides accumulate at sites of low metabolic activity and 
y  remain there until the death of the plant. Gladiolus corms which had been 

treated with o-chlorophenol and consequently produced o-chlorophenyl-/3- 
gentiobioside were allowed to develop, but no glycoside could be detected in 
the resulting shoots or in the daughter corms (9). On the other hand, shoots

 ̂The literature survey for this review was completed in July 1964.
* The following abbreviations will be used: ADPG [adenosine 3-(«-D-glucopyrano- 

syl pyrophosphate)]; DOPamine (j3-(3,4-dihydroxyphenyl)ethylamine]; PP (pyro
phosphate); TDPG [thymidine 5-(a-D-glucopyranosyl pyrophosphate)]; TDPRha 
[thymidine 5-(L-rhamnopyranosyl pyrophosphate)]; THFA (tetrahydrofolic acid); 
UDP (uridine 5-pyrophosphate); UDPG [uridine S-(a-D-glucopyranosyl pyrophos
phate)]; UDPGA [uridine 5-(D-glucopyranosyluronic acid pyrophosphate)] ; UDPRha 
(uridine 5-(L-rhamnopyranosyl pyrophosphate)]; UTP (uridine 5-triphosphate).
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arising from Vicia faba  seeds which had previously been treated with quinol 
contained the corresponding mono-/S-D-glucopyranoside, arbutin (10). 
Macleod & Pridham (10) also showed that simple phenols and their gluco- 
sides and phenolic acids moved rapidly down the main stems of V. faba  
when they were fed in through the severed ends of the main veins of apical 
leaves or applied to laminae in dilute solutions of Teepol (an anionic deter
gent). There was some evidence to suggest that simple phenols were trans
located less rapidly than the corresponding phenolic glucosides. An examina
tion of the gut contents of colonies of M acrosiphum p is i feeding on the main 
stem showed that the phenols rapidly entered the phloem tissues. The aphids 
also contained DOPA after feeding on untreated bean plants, thus suggesting 
that this phenolic amino acid normally undergoes translocation. Similarly, 
studies with Tuberolachnus salignes (11) feeding on willow stems have indi
cated that low molecular weight phenolics (possibly cinnamic acid deriva
tives) may be present in the phloem, but so far none of these materials have 
been obtained in amounts sufficient for identification (10, 12). Observations 
in relation to the formation of high molecular weight phenolic compounds 
in wood and bark have been made by Hathway (13) and Hillis and his co
workers (14). Hathway, on the basis of girdling experiments with oak trees, 
concluded that the aglycones (4 -)-gallocatechin and leucodelphinidin are 
translocated to the cambium where they are oxidized to phlobotannins. 
Hillis, however, believes that little phenolic material is translocated in 
E ucalyptus but that the phenolic constituents of the wood are synthesized 
in  situ  from carbohydrates. His conclusions arise mainly from an examina
tion of the constituents of various parts of the tree, and the results obtained 
by injecting D-glucose-^^C into kino veins. The observations of Wardrop & 
Cronshaw (15) support this latter theory.

It would appear that this controversy can only be solved by a careful 
examination of sieve-tube contents, and the most reliable method for doing 
this at present is the aphid-head technique, although, from a purely practical 
standpoint it is not an easy procedure.

In view of the ubiquitous nature of phenolic glycosides in the plant king
dom, it is perhaps pertinent to discuss the mechanism and importance of 
glycoside formation.

There is little doubt that phenols are phytotoxic agents. Some can inter
fere with oxidative phosphorylation (16) and the related phenomenon of 
mitosis (17); and Frey-Wyssling (18) has suggested a less specific toxicity 
arising from their surface-active nature and consequent interference with 
membrane function.

Glycosylation, it has often been suggested, is a detoxification mechanism 
analogous to glucuronic acid conjugation in animals. Toxic phenols can arise 
from normal plant metabolism and possibly by absorption from the soil 
[Whitehead (19) has shown that various soils contain phenolic acid deriva
tives]. The blocking of a phenolic hydroxyl group (or a carboxyl group of a 
phenolic acid) by the addition of a glycosyl residue can probably reduce
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toxicity, although there is little direct evidence to support this hypothesis. 
Vicia faba  seeds will, however, germinate and the plants develop to maturity 
in the presence of relatively large quantities of the glucoside arbutin, whereas 
the corresponding aglycone quinol, in equivalent concentrations, inhibits 
germination (20). Similarly, studies by Asen & Emsweller (21) with Lilium  
have shown that with an interspecific hybrid the ability to glucosylate 
ferulic (3-methoxy-4-hydroxycinnamic) acid is limited, and this probably 
accounts for the observed poor seed germination and the formation of 
tumors. On theoretical grounds, glycoslyation should destroy the surface- 
active properties of a phenol, and hence reduce the membrane interference 
suggested by Frey-Wyssling (18).

When foreign phenols are introduced into plants they are rapidly con
verted to the corresponding mono-/S-D-glucopyranosides (22-24). This reac
tion is probably common to most angiosperms and gymnosperms and per
haps ferns; many bryophytes and algae however cannot glucosylate phenols 
(25). Both phenolic 0-glucosides (26, 27) and glucose esters (27) are produced 
when hydroxycinnamic acids are fed to plant leaves. Phenolic 0-glucosides 
are present in most nonwoody tissues, and a number of other monosaccha
rides including L-rhamnose, D-galactose, D-glucuronic acid, and L-arabinose 
are also frequently found in combination with phenols. In addition, com
bined disaccharides [e.g., rutinose (6-0-a:-L-rhamnopyranosyl-D-glucopyra- 
nose) and sophorose (2-0-j8-D-glucopyranosyl-D-glucopyranose)] and trisac
charides are of common occurrence, and it is probable that even more com
plex glycosyl derivatives remain at present undetected in plants. The nature 
of the known glycosyl residues and the biochemical pathways leading to 
their formation have been reviewed in detail by Pridham (28).

Cardini & Leloir (29) first showed that arbutin could be synthesized by 
incubating quinol with UDPG in the presence of wheat germ extracts. These 
results were later confirmed and extended by Pridham & Saltmarsh (24, 30) 
using enzyme preparations from Vicia faba  seeds and wheat germ. The fol
lowing generalized reactions were demonstrated with these preparations:

UTP a-D-glucose-l-phosphate —* UDPG -|- PP 

UDPG 4 - Ar-OH-> Ar-O-G-h UDP

The UDPG:phenol glucosyltransferase activity present in wheat germ 
has been studied in some detail by Yamaha & Cardini (31). An enzyme 
specific for the monoglucosylation of phenols with 1,4-dihydroxyl groups 
appears to be present. Mung bean preparations, together with UDPG or 
TDPG, have been used by Barber (32) to glucosylate the fiavonol, quercetin 
(probably in the 3-position). ADPG is stated to be a better glucosyl donor 
than UDPG in the presence of quinol and a wheat germ extract (33).

Enzymic transfer of glucose from UDPG to carboxylic acid groups has 
also been demonstrated in  vitro (34), and it is probable that the naturally 
occurring glucose esters of hydroxybenzoic and cinnamic acids are formed by 
a similar mechanism.
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/3-GIucosidase (/3-D-glucosîde glucohydrolase) can catalyse the transfer of 
glucosyl residues to phenolic 0 -glucosides with the formation of O-digluco- 
sides. Thus, when arbutin is incubated with this enzyme, the glucoside serves 
as both a glucosyl donor and acceptor, and j^-hydroxyphenyl-jS-gentiobioside 
results (35, 36). Nucleoside diphosphate sugars are again the more likely 
donors for phenolic 0-diglycoside formation in  vivo. Cardini & Yamaha (37) 
have shown that wheat germ possesses an enzyme which brings about the 
glucosylation of arbutin in the presence of UDPG. The product is again the 
/8 -gentiobioside, and the enzyme seems to be distinct from the one that 
catalyses the glucosylation of quinol (31).

Nucleoside diphosphate derivatives of monosaccharides other than glu
cose may also be involved in the biosynthesis of glycosides. Marsh (38), for 
example, has prepared a jS-D-glucuronoside of quercetin by incubating a 
Phaseolus vulgaris preparation with UDPGA and the fiavonol. Quercetin-3- 
glucosiduronic acid occurs naturally in P . vulgaris (39). TDPRha has been 
used as an L-rhamnose donor for the synthesis of a jd-rutinoside of quercetin 
using quercetin-3-glucoside as an acceptor and, again, a P . vulgaris enzyme 
(32). The product is probably identical with the common plant glycoside, 
rutin. Barber (40) believes that in  vivo, the L-rhamnose donor is more likely 
to be UDPRha, however.

In conclusion, it  seems very probable that nucleoside diphosphate sugar 
derivatives are involved in the biosynthesis of phenolic glycosides. Points in 
favor of this hypothesis are: (a) most of the necessary nucleotide derivatives 
appear to be present in plant tissues (41) ; (&) this type of transfer reaction is 
energetically favorable and is coupled to the general metabolism of the 
plant; and (c) nucleoside diphosphate sugar derivatives function as phenol 
glycosylating agents in  vitro.

Up to the present time, attempts to synthesize phenolic jfi-D-glycosides® 
using higher plant enzymes and “low energy” monosaccharide donors have 
failed (24, 36, 37, 42), although phenolic a-D-glucosides have been prepared 
using an A spergillus niger enzyme and maltose as the donor (43). Pridham & 
Wallenfels (44) have used E . coli j8-galactoside (/3-D-gaIactoside galacto- 
hydrolase) to synthesize w-hydroxyphenyl-jS-D-galactoside and -jS-D-fucoside 
from resorcinol using lactose and o-nitrophenyl-/3-D-fucoside, respectively, as 
donor molecules. Recently, Nakamura & Miwa (45) have utilized the energy 
of the glycosidic bond in sucrose to produce ^-hydroxyphenyl-jS-D-fructo- 
furanoside using invertase (/3-D-fructofuranoside fructohydrolase) prepara
tions from both microorganisms and wheat.

With regard to the acceptors for glycosylation reactions in  vivo, it is gen
erally assumed that the first glycosyl residue is transferred to the phenol a t a 
late stage of the biosynthesis. In the case of more complex phenols, such as 
the fiavonoids, glycosylation of a hydroxyl group could conceivably occur

® D- and L-glycosyl residues in  naturally  occurring phenolic glycosides norm ally  
h ave /3 and a  configurations, respectively , a t  the  anom eric carbons.
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just prior to the completion of the fiavonoid skeleton. Thus, the pathway 
demonstrated by Barber (32) is not necessarily the one which occurs in  vivo. 
With compounds like rutin which have complex glycosyl residues it is very 
probable that single glycosyl residues are added stepwise. Support for this 
idea comes from studies of the co-occurrence of related glycosides within a 
single species (e.g., 46-49).

In addition to detoxification, glycoside formation may be important in a 
number of other ways. For example, it leads to a general decrease in chemical 
reactivity of the phenol, particularly towards enzymic and aerobic oxidation 
(50). Thus, anthocyanidins are much less stable than anthocyanidin-3- 
glycosides. Glycosylation also leads to increased sap solubility, and this is 
presumably very important in the case of high molecular weight phenols such 
as the fiavonoids (51). The importance of phenolic glycosides as stores of 
carbohydrate is in dispute. The concentrations of these compounds in the 
tissues do show both long and short-term periodic variations, but there is 
really little evidence a t present to suggest that they are hydrolysed or form 
important respiratory substrates in normal healthy plants. Much of the 
early work on this subject has been reviewed by Haas & Hill (52) and 
Pridham (20). Some glycosides may act as latent antimicrobic substances 
which are hydrolyzed when cell necrosis occurs (by hydrolases from the dis
rupted plant cells or from an attacking parasite) with the consequent libera
tion of toxic phenols.

There is now a growing body of evidence which suggests that at least 
some phenolic glycosides are important plant metabolites. For example, 
glucosides of cinnamic acids appear to be involved in the biosynthesis of 
coumarins (4) and glucosides of cinnamyl alcohols possibly in lignin forma
tion (6 , 53). Fiavonoid glycosides may control indole-3-acetic acid oxidase 
activity ; in  vitro quercetin derivatives act as inhibitors and kaempferol 
derivatives as activators (54). The importance of the complex glycosyl resi
dues which are bonded to some phenols is puzzling. It is possible that they 
are related in some way to the biological reactivity of the aglycone and per
haps only allow interaction with specific enzymes. Another interesting pos
sibility is that glycosides of potential quinones might be involved in a proc
ess of oxidative transglucosylation. Thus, Cardini (55) demonstrated the 
formation of gentiobiose and higher oligosaccharides when arbutin was 
treated with bromine. No oligosaccharides were observed when bromine was 
replaced by a potato phenolase preparation, however. Oxidative transgluco
sylation would be analogous to the hypothetical mechanism proposed for 
oxidative phosphorylation involving quinol phosphates [e.g., Harrison (56); 
Clark, Hutchinson & Todd (57)].

S h ik im ic  A c id  P a t h w a y

The major pathway for the biosynthesis of monocyclic aromatic com
pounds undoubtedly involves shikimic acid. This pathway, which is sum
marized as far as the aromatic amino acids in Figure 1, was largely con-
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structed from studies with mutant microorganisms, although the basic 
sequence of reactions is now generally believed to be responsible for the for
mation of L-phenylalanine and L-tyrosine, and hence other aromatic deriva
tives in higher plants. Many of the individual steps in plants have yet to be 
demonstrated conclusively, however. Reviews by Neish (3), Geissman (58), 
and Higuchi & Kawamura (59), for example, have covered the work leading 
up to the elucidation of the main shikimic acid pathway. Recent discoveries 
of pathway details include those of Levin & Sprinson (60) who have shown 
that E . coli preparations can catalyse the formation of 3-enolpyruvylshi- 
kimate-5-phosphate (from phosphoenol pyruvate and 5-phosphoshikimic 
acid). Gibson and his collaborators (61, 62), using Aerobacter aero genes, have 
detected another intermediate, chorismic acid, which is formed from 3- 
enolpyruvylshikimate-5-phosphate and can be converted enzymically to 
prephenic acid. Returning to higher plants, Gamborg & Simpson (63) have 
demonstrated that the enzyme complex necessary for the conversion of pre
phenic acid to phenylalanine and tyrosine is present in Phaseolus vulgaris 
shoots. The complex presumably contains prephenic aromatase and de
hydrogenase and the necessary transaminase (s). Thus when prephenate was 
incubated with L-glutamic acid, NADP, and the Phaseolus preparation, 
phenylalanine and tyrosine were formed. If NADP was replaced by NAD, 
only phenylalanine was produced. In the absence of the glutamate, the keto 
acid intermediates accumulated.

S im p l e  P h e n o l s

Hydroxybenzenes and their methylated derivatives, as judged by litera
ture reports (64), are not particularly common in higher plants. Quinol, com
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bined as the glucoside arbutin, is one of the better known compounds, but it 
appears to be confined mainly to the Ericaceae and P yru s  (65). Hattori & 
Satô (6 6 ) have shown that chloroplasts from P yrus, Pyrola, and Saxifraga  
species can oxidize arbutin by a tyrosinase-type reaction to a number of 
products, one of which has been tentatively identified as 3,4-dihydroxy- 
phenyl jd-D-glucoside. [This compound is also produced when 1,2,4-trihy
droxy benzene is fed to germinating Vicia faba  seeds (24).] Quinol itself is not 
oxidized by the chloroplasts, and the Japanese workers suggest that the 
blackening of P yrus leaves is a result of the direct oxidation of arbutin.

Catechol is less widely distributed in the plant kingdom than quinol. It 
occurs in grapefruit tissues (67) and in the Salicaceae (65), and recently 
Madhusudanan Nair & Vaidyanathan (6 8 ) have reported that anthranilic 
acid [which is formed via the shikimic acid pathway in bacteria (60)] can be 
converted to this dihydric phenol by a chloroplastic enzyme system from the 
leaves of Tecoma stans. The system has also been obtained in a soluble form 
(69) and fractionated into three components by adsorption on alumina and 
calcium phosphate gels. The overall reaction appears to be:

COH

THFA
NADPH

An anthranilic acid oxidase system has also been observed in tryptophan- 
adapted strains of (70).

C in n a m ic  A c id s

During the last fifteen years, more attention has been focussed on the 
hydroxycinnamic acids than perhaps any other group of naturally occurring 
phenols. Interests have centered mainly around the part played by these 
compounds and their derivatives in disease resistance and in the biosynthesis 
of coumarins, fiavonoids, and lignin. In addition, biologists have studied the 
distribution of the cinnamic acids with a view to extending the science of 
chemical taxonomy. Members of this group of compounds are common con
stituents of plant tissues where they occur as esters of quinic acid (64, 71), 
shikimic acid (72), and glucose, and as phenolic glycosides (26). The acids 
/>-coumaric (4-hydroxycinnamic), caffeic (3,4-dihydroxycinnamic), ferulic 
(3-methoxy-4-hydroxycinnamic), and sinapic (3,5-dimethoxy-4-hydroxy- 
cinnamic) are frequently reported as constituents of many different species. 
Other naturally occurring compounds which are less often encountered in the 
literature include cinnamic acid itself (64), o-coumaric (2-hydroxycinnamic) 
(64), ÿ-methoxycinnamic (73), orthoferulic (2-hydroxy-3-methoxy cin
namic) (74), isoferulic (3-hydroxy-4-methoxycinnamic) (64, 75), and 3,4,5- 
trimethoxycinnamic acids (73). Some of these are not easy to detect, how
ever, and so it is difficult to state at present whether or not they are rare 
tissue components.
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An outline of the formation and metabolism of the common cinnamic 
acid derivatives is given in Figure 2. The pathways have been deduced 
mainly by feeding experiments with "C-labelled compounds; the greater 
part of these studies up to 1961 has been explained and discussed by various 
workers, including Neish (3) and Brown (5). No detailed repetition of the 
contents of these reviews is intended here. It should, however, be noted at 
this point that the major pathway for the formation of the cinnamic acids is 
via prephenic and the aromatic amino acids, and that cinnamic acid itself can 
arise directly from phenylalanine by the action of L-phenylalanine ammonia 
lyase (phenylalanase) (76). Similarly, ^-coumaric acid can be produced di
rectly from tyrosine by L-tyrosine ammonia lyase (tyrase) (77). This latter 
enzyme appears to be prominent only in the grasses, although other plants 
probably possess some tyrase activity (78). A third deaminase activity has 
been reported to occur in Taraxacum  and Hordeum  (79). Extracts of acetone 
powders from these and other species can remove ammonia from DOPA with 
the formation of caffeic acid. This reaction may be catalysed by phenyl
alanase or tyrase, or a separate enzyme may be involved.

It was originally postulated that jS-phenyllactic and j8 -(^-hydroxyphenyl)- 
lactic acids are intermediates in the conversion of phenylalanine and tyrosine 
to cinnamic and ÿ-cou marie acids, respectively (80). This idea was based on 
the ready utilization of the lactic acid derivatives for lignin formation, Gam
borg, Wetter & Neish (81) have, however, shown that these acids can be 
converted to the corresponding pyruvic acid derivatives by glycollate : 0 % 
oxidoreductase (glycollate oxidase) from a number of different species. 
Phenylpyruvic acid and />-hydroxyphenylpyruvic acid could then form 
phenylalanine and tyrosine, respectively, in the presence of the appropriate 
transaminases. These latter enzymes are present in higher plant tissues, and 
their reactions are reversible (63, 82, 83). This overall mechanism could then 
account for the incorporation of from the lactic acid derivatives into 
lignin, but Gamborg, Wetter & Neish (81) consider this to be a side reaction 
and state that, “there is now no reason to believe that a-hydroxy acids are 
natural intermediates in aromatic acid metabolism.” More recent studies by 
Higuchi & Brown (84) with wheat plants, using isotope trapping and competi
tion techniques, indicate that phenylalanine and tyrosine can to some degree 
be converted to j8 -phenyllactic and j8 -(ÿ-hydroxyphenyl)lactic acids, respec
tively; thus the formation of cinnamic and ÿ-coumarie acids by dehydration 
of these «-hydroxy acids still remains a possibility. Higuchi & Brown sug
gest, however, that if such a pathway does exist it is only a minor one.

Another important contribution to our understanding of the biosynthesis 
of hydroxycinnamic acids was made by McCalla & Neish (85). Using Salvia  
splendens, they studied the kinetics of the formation of these compounds from 
^®C-Iabelled phenylalanine and concluded that the pathway from cinnamic to 
sinapic acid (excluding 5-hydroxyferulic acid) consisted of a series of hydroxyl
ation and méthylation reactions as shown in Figure 2. Probably o-coumaric 
acid is also formed by orthohydroxylation of cinnamic acid (8 6 - 8 8 ). In addi-
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tion, Levy & Zucker (89), working with potato, suggest that a hydroxylation 
mechanism is in operation for the formation of chlorogenic acid, the inter
mediates in this case being bound as quinate esters:

H:CH C O
u n

CH:CH

HOC OH HOC OH
2 OH ^

3 -O-p- Coumaroyl 
3-O-Cinnamoyl Quinic Acid q H

Quinic Acid
CH:CH-C*0-r qOH

OH HOC OH 
OH ^

Bound rather than free cinnamic acids may always be the forms which are 
metabolically important in plants. In addition to esters of cyclohexane 
carboxylic acids, glucose and coenzyme A esters [cf. Grisebach & Vollmer
(87)] could also be involved in reactions such as those described above. The 
studies of McCalla & Neish (85) with Salvia  showed that the series of reac
tions from cinnamic to sinapic acid are not readily reversible although there 
is some incorporation of label into simpler members of the series when more 
complex members are fed. In this connection a dehydroxylation reaction has 
recently been recorded by El-Basyouni et al. (8 8 ) who observed that caffeic 
acid is converted to ^-hydroxybenzoic by Triticum  presumably by removal 
of a hydroxyl group followed by /8 -oxidation. Several examples of 0-de- 
methylation [e.g., Reznik & Urban (90)], and déméthoxylation [e.g., Kratzl
(91); Higuchi & Brown (92); El-Basyouni et al. (8 8 )] reactions by plants 
are to be found in the literature. There is no reason to suppose that dé
méthoxylation can be achieved biochemically in a single step; instead it is 
probably déméthylation followed by dehydroxylation. Thus, the conversion 
of sinapic acid to ferulic acid by wheat plants presumably occurs as follows
(92):

sinapic acid —» 5-hydroxyferulic acid —* ferulic acid

This system appears to be reversible, but the extent is dependent on the age 
of the plant. No information is available on the occurrence of 3,4,5-trihy
droxy cinnamic acid which would result from the déméthylation of 5-hy
droxyferulic acid or the hydroxylation of caffeic acid, although Zenk (93) 
believes that this compound is a precursor of gallic acid.

Higuchi & Brown (84, 92) have shown that ferulic acid-2-^^C can be re
duced to coniferyl (3-methoxy-4-hydroxycinnamyl) alcohol via coniferyl 
aldehyde by heading wheat plants and cambial tissue from P in u s strobus.
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Preliminary experiments with acetone powders have provided additional 
evidence for the reduction of ferulic acid to coniferyl aldehyde (94), The two 
other cinnamyl alcohols (^-hydroxy- and 3,5-dimethoxy-4-hydroxy-cin- 
namyl alcohols), which Freudenberg also believes are important lignin pre
cursors (6 , 53), could be derived from the corresponding cinnamic acids. 
Regarding the participation of coniferin (4-0-/8-D-glucosylconiferyl alcohol) 
in lignification, Higuchi & Brown have suggested that this glucoside is a 
storage product which is only formed by a few plant species and that it is not 
directly involved.

Studies with Aerobacter aero genes (95) have revealed a decarboxylase 
which can convert hydroxycinnamic acids to the corresponding hydroxy- 
styrene derivatives. It is therefore possible that ÿ-hydroxystyrene, which is 
found, for example, in Viburnum furcatum  (96), may be formed from p- 
coumaric acid. Similarly, styrene itself might be produced from cinnamic 
acid. Finkle and his associates (95) have noted the co-occurrence of these 
latter two compounds in S tyrax  and other species.

In view of the recent and very full account of the biosynthesis of natural 
coumarins by Brown (4), only those advances which have been made in this 
field during the last few months will be mentioned here. Coumarin and deriva
tives of coumarin with hydroxyl and methoxyl groups on the benzene ring 
are generally derived in higher plants by cyclization of cinnamic acids with 
related structures. Some of the details of these reactions are in dispute; for 
example, the role of coumarinyl glucoside (2 -glucosyloxy-aVcinnamic acid) 
in coumarin formation. However, a general reaction pattern does seem to be 
emerging for the biosynthesis of this group of compounds. A detailed study 
has now been made of the formation of umbelliferone (7-hydroxycoumarin) 
in Hydrangea macrophylla (97). The -labelled ^-coumarie and o-coumaric 
acids are incorporated efficiently into umbelliferone, both probably via 
umbellic (2,4-dihydroxy cinnamic) acid. Hydrangea cannot, however, ortho- 
hydroxylate cinnamic acid but will convert the latter to ÿ-coumaric acid and 
umbelliferone. Thus, o-coumaric acid may not function as a precursor in  
woo but the following pathway is likely to exist:

cinnamic acid —» ÿ-coumaric acid —> umbellic acid —* umbelliferone

There appears to be very little free umbelliferone in Hydrangea, and hy
drolysis studies suggest that it may be present as cw-2-glucosyloxy-4-hy- 
droxycinnamic acid by analogy with the bound forms of coumarin and 
herniarin which occur naturally (4). Initial experiments on the formation of 
hydrangetin (7-methoxy-8-hydroxycoumarin, which is also present in 
Hydrangea) have shown that both cinnamic and ÿ-coumaric acids can serve 
as precursors (97). The detection of orthoferulic acid in wheat shoots may 
indicate that this compound is a precursor of 8 -methoxycoumarin which is 
also a constituent of this plant (74).

Two pathways appear to exist for the biosynthesis of coumarin. One in
volves the utilization of transcinnamic acid via the glucosides of o-coumaric



24 PRIDHAM

(/raw5 -o-hydroxycinnamic) and coumarinic (cw-o-hydroxycinnamic) acids 
(8 6 , 98, 99) and the other, cis-cinnamic acid which is probably hydroxylated 
to coumarinic acid which in turn lactonizes (100). The o-coumaric acid /3-D- 

glucoside is converted to coumarin by extracts of M elilotus alba, thus showing 
that plants do contain a cis-trans isomerase system (1 0 1 ).

The cinnamic acids are obviously important metabolites in plant tissues 
(their role in the formation of hydroxybenzoic acids is discussed in the next 
section), but in addition they may also be involved in regulatory mechanisms 
in the cell (102). Thus, Rabin & Klein (103) have shown that caffeic and 
chlorogenic acids are inhibitors of indole-3-acetic acid oxidase. Esterified p- 
coumarie acid occurs in pineapple stems where it appears to act as an oxidase 
stimulator. Esterified ferulic acid which is also present is a stimulator at low 
concentrations but at higher levels is a powerful inhibitor (104). It is interest
ing to note that other phenolic compounds with o-dihydroxyl or o-hydroxy- 
methoxyl groups are commonly inhibitors of indole-3-acetic acid oxidase, 
whereas compounds possessing a ^-hydroxyphenyl group are activators (54, 
105, 106). Similar rules apply to phenolic compounds which govern the rate 
of oxidation of NADH by horseradish peroxidase and hydrogen peroxide 
(107). In this instance ^-coumaric acid behaves as an activator and ferulic 
and sinapic acids as competitive inhibitors. The results obtained in this 
study by Gamborg, Wetter & Neish (107) showed that there Is a close simi
larity between the peroxidase and indole-3-acetic oxidase systems. The pos
sibility that the two systems are identical was raised.

An enzyme not involved in phenol metabolism, potato phosphorylase 
(«-1,4-glucan : orthophosphate glucosyl transferase), is also strongly inhibited 
by chlorogenic acid (108). It should be stressed that all the information on 
enzyme regulation by phenolic compounds is derived from in  vitro observa
tions, and at present there is no evidence either for or against these activa
tion and inhibition phenomena occurring in  vivo.

H y d r o x y b e n z o ic  A c id s

Hydroxybenzoic acids and closely related reduced and methylated deriva
tives are found in most higher plant tissues (64, 65, 109-114). Paper chroma
tographic studies suggest that ^-hydroxybenzoic, protocatechuic (3,4-dihy- 
droxybenzoic), gentisic (2,5-dihydroxy benzoic), and vanillic (3-methoxy-4- 
hydroxybenzoic) acids (65, 110, 114) occur most commonly; Ibrahim, 
Towers & Gibbs (114) have discussed the taxonomic significance of the 
group.

The majority of these compounds probably arise via the shikimic acid 
pathway. Early studies with microorganisms gave the first clues regarding 
their origin. For example, it was shown that protocatechuic acid is formed 
from 5-dehydroshikimic acid by dehydration using mutant strains of Neuro- 
spora crassa (115). Protocatechuic acid and gallic acid (3,4,5-trihydroxy- 
benzoic acid) are formed when Pkycom yces blakesleeanus is grown on a glu
cose medium (116). Haslam, Haworth & Knowles (117) have measured the
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amounts of gallic acid formed on feeding various potential precursors to this 
mould and the results suggest that the following pathway is operative:

S-dehydroquinic acid 5-dehydroshikimic acids —> gallic acid

These workers did not believe that gallic acid was formed from protocate
chuic acid by hydroxylation because (o) ^^C-labelled protocatechuic acid did 
not give rise to labelled gallic acid when administered to Pkycomyces cultures, 
and (b) they were unable to hydroxylate protocatechuic acid with a phenolase 
preparation.

It is believed that ^-hydroxybenzoic acid is derived from shikimic acid in 
Penicillum  patulum  (118), and recently it has been shown that chorismic 
acid can be converted enzymically to ÿ-hydroxybenzoic acid (119).

Up to the present time there has been little to suggest that dirct pathways 
from nonaromatic precursors to hydroxybenzoic acids, as found in micro
organisms, are important in higher plants. Conn & Swain (120) have, how
ever, shown that such reactions may occur in Geranium pyrenaicum  which 
can convert glucose much more efficiently than phenylalanine to gallic acid. 
The possibility that /8 -oxidation of cinnamic acid derivatives might form an 
alternative route to hydroxybenzoic acids was suggested by Geissman & 
Hinreiner (121), and Henderson & Farmer (122) showed that ferulic acid 
could be converted to vanillic acid by soil fungi. Feeding experiments using 
^^C-labelled glucose and phenylalanine led Zenk (93) to the conclusion that 
/8 -oxidation of 3,4,5-trihydroxy cinnamic acid is a likely reaction for the for
mation of gallic acid in Pkus typhina. Conn & Swain (120) had noted this 
possibility, as labelled phenylalanine, when fed to Geranium, had also been 
incorporated into the fiavonoid myricetin which has a vicinal trihydroxy 
grouping in the B ring. In the case of Gaultheria procumbens, treatment with 
cinnamic acid-3-^^C yielded methysalicylate with a labelled carboxyl carbon 
atom (87). A detailed study of this alternative pathway by El-Basyouni et al.
(8 8 ) using a number of different di- and monocotyledenous plants strongly 
supports Geissman & Hinreiner's hypothesis (121). Removal of a 2-carbon 
fragment was observed when ÿ-coumaric, ferulic, caffeic, and sinapic acids 
(all ^^C-labelled in the /8 -position) were fed to leaf discs or shoots with the 
formation of the corresponding hydroxy- or hydroxymethoxy-benzoic acids 
(see Fig. 3). The formation of several labelled orthohydroxylated acids by L -  

phenylalanine-U-^^C and cinnamic acid-3-^^C-treated plants also suggested 
that o-coumaric acid was a precursor of salicylic acid [cf. Grisebach & 
Vollmer (87)]. Gross & Schutte (123) observed that the benzoic acid moiety 
of cocaine became labelled when phenylalanine-3-^^C was administered to 
Erythroxylon novogranatense. This acid which occurs in the free state in plant 
resins and also as a glucose derivative, vaccinin, in cranberries (124) may be 
produced by the degradation of cinnamic acid. Feeding experiments carried 
out by Zenk & Miller (125) with Catalpa ovata confirm this and the formation 
of ^-hydroxybenzoic acid by/8 -oxidation of ̂ -coumaric acid.

A second and equally important mechanism for the formation of hydroxy-
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benzoic acids appears to be the hydroxylation and 0 -methylation of existing 
C e -C i compounds. Thus, Ibrahim & Towers (111) in 1 9 5 9  reported that plants 
treated with benzoic acid-“ C produced labelled salicylic and ÿ-hydroxy- 
benzoic acids. Klambt (126) also showed that H elianthus hypocotyls can 
convert benzoic acid to salicylic acid and 2-/3-D-glucosyloxybenzoic acid. 
Leaves of various species including Gaultheria procumbens and Lotus arabicus 
were able, according to Towers & Ibrahim (111), to hydroxylate salicyclic 
acid with the formation of gentisic and o-pyrocatechuic (2,3-dihydroxy- 
benzoic) acids. Some small conversion of ^-hydroxybenzoic acid to proto-
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and related derivatives. Arrows with broken lines indicate hypothetical or probable 
minor pathways.

catechuic acid has also been observed, and the latter compound itself may 
undergo further reaction, the nature of which depends on the plant species 
being used. For example, protocatechuic acid is converted to gallic acid by 
Pelargonium, but with Hordeum  and Oryza the dihydric phenol is methylated 
to form vanillic acid (8 8 ). The danger of constructing a metabolic pathway 
based on observations with one species thus becomes apparent. Another pos
sible pitfall is the use of tissues of different ages. In this connection El- 
Basyouni and his associates (8 8 ) noted that older leaf tissues ( 6  weeks) lost 
much of their ability to ortho- and para-hydroxylate benzoic acid in compari
son with tissues 2 to 3  weeks old. Vanillic acid would appear to be metaboli
cally stable since introduction of this compound (^^C-labelled) into leaf seg
ments of four different species yielded no other radioactive phenols (8 8 ).
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Hydroxylation and 0-methylation of benzoic and hydroxybenzoic acid 
derivatives in  vitro are, therefore, well established, but what enzymes are 
concerned with the individual reactions? Methionine, as an 5 -adenosyl 
derivative, is undoubtedly an important methyl donor for méthylation re
actions [cf. Byrrum et al. (127); Bohm & Towers (113)]. The discovery by 
Finkle and co-workers (128) of 0-methyl transferase activity in cambial 
scrapings from apple and Pittosporum  crassifolia and in Cortaderia selloana 
shoots (129) is confirmation of this widely accepted hypothesis. Probably 
less is known about hydroxylation reactions in  vivo. The phenolase system 
will introduce in  vitro a hydroxyl group ortho to an existing phenolic hydroxyl 
and it is, for example, generally believed to be responsible for the conversion 
of tyrosine to DOPA. A crude phenolase preparation from potato will also 
form protocatechuic acid from ^-hydroxybenzoic acid (117). Little other 
relevant information is available, however, regarding the role of phenolase in 
biosynthesis, and many questions remain to be answered. For example, what 
mechanism is involved in the hydroxylation of benzoic acid to salicylic acid? 
An interesting model hydroxylating system has been studied by Buhler & 
Mason (130) using purified horseradish peroxidase in the presence of dihy- 
droxyfumarate and oxygen. This system effects many of the hydroxylations 
which are observed when phenolic acids are introduced into plant tissues. 
Thus, benzoic acid can be converted to salicylic and ^-hydroxybenzoic acids 
and salicylic acid to o-pyrocatechuic and gentisic acids. No reaction occurs if 
oxygen is replaced by hydrogen peroxide ; thus, the peroxidase is behaving as 
an oxidase in the system. Buhler & Mason make no comment on the possible 
biochemical significance of these reactions. If a similar system does function 
in the plant, one would expect the di hy droxy f u marate to be replaced by a 
suitable, naturally occurring cofactor. The obvious replacement, ascorbic 
acid, is, however, ineffective.

R eduction  p ro d u c ts  of phenolic carboxylic acids also occur in  p lan ts  and  
a p p ea r to  be  m etabo lica lly  ac tive . P rid h am  & Y oung (131), using Vicia faba  
seedlings, d em o n s tra ted  th e  in terconversion  of saligenin  (o-hydroxybenzyl 
alcohol) an d  salicy la ldéhyde an d  th e  ox idation  of th e  la t te r  to  salicylic acid . 
R educ tion  of salicylic ac id  w as n o t observed, a lth o u g h  Neurospora crassa 
can  ach ieve th is  red u c tio n  an d  produce  saligenin (132). I t  is possible th a t  
salicin (o -hydroxym ethy lpheny l jS-D-glucopyranoside) is form ed in  vivo by  
red u c tio n  of helicin  (o-form ylphenyl jd-D-glucopyranoside) an d  n o t by  th e  
d irec t g lucosy lation  of saligenin. F eed ing  th e  la t te r  to  p lan ts  m ain ly  p roduces 
th e  isom er of salicin (o-hydroxybenzyl /3-D-glucopyranoside), w hich is n o t a  
n a tu ra l p la n t c o n s titu e n t (24).

^-Hydroxybenzyl alcohol has attracted attention in that it appears to be 
a naturally occurring cofactor for indole-3-acetic acid oxidase (119). It may 
well be on a pathway (analogous to that of saligenin) to ÿ-hydroxybenzoic 
acid via ÿ-hydroxybenzaldehyde. The latter compound has been detected in 
th e  va.ni\la. bean and in Papaver somniferum (64:).

Neish (3) has drawn attention to the possibility of aromatic aldehyde
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formation in plants from phenylpropanoid derivatives in the presence of a 
phenylserine aldolase similar to that found in liver by Bruns & Fiedler (133). 
A possible pathway to ^-hydroxybenzaldehyde might, therefore, be:

Some support for the first step in this reaction comes from a report by 
Gander (134) that both intact plants and cell-free extracts can convert 
tyrosine to 3- (ÿ-hy droxy phenyl) serine.

P h e n o l ic  A m in o  A c id s  a n d  A m in e s

The large number of different phenolic amines, and to a lesser extent 
phenolic amino acids, which occur in higher plants is perhaps not generally 
appreciated, although the pharmacological action and metabolism of these 
compounds in animals has been extensively investigated. In the plant all the 
monocylic phenolic amines are probably derived from prephenic acid via 
tyrosine, the latter being widely distributed in the plant kingdom in both 
free and combined forms. The pathway to the 3,4-dihydroxyphenylalkyl- 
amines may, at least in some species, involve DOPA. This amino acid is less 
common than others and is confined mainly to leguminous plants [e.g.. Vicia 
(135, 136); Stizolohium  (137); B aptisia  (136)] and a few other species such as 
Aristolochia clem atilis (138), M orus alba (139), and Euphorbia lathyrus (140). 
It is a nonprotein amino acid which generally occurs in the free state, some
times in relatively high concentrations [e.g.. Vicia faba  (135)], and it is 
usually associated with melanin formation and consequent tissue blackening. 
In the case of the broad bean, Nagasawa and his associates (141) detected a 
glucoside of DOPA in the green seed tests. Andrews & Pridham (142) have 
investigated the structure of this compound and have shown that it is the 
3-0-j8-D-glucopyranoside. The same derivative is formed when DOPA is fed 
to germinating P isu m  saliva seeds. As stated in the section on glycosidic 
derivatives, phenols generally occur in plants in combination with sugars. 
DOPA, however, appears to be an exception to this rule in some cases.

In Fzcî’a/a&a leaves, there is no detectable DOPA glucoside, but there is a 
relatively high concentration of the aglycone. The absence of a specific en
zyme for glucose transfer in the leaves may account for this, or if the enzyme 
is present, it may not come into contact with DOPA. The precursor of 
DOPA is, no doubt, tyrosine which probably undergoes direct hydroxyla
tion catalysed by phenolase. Experiments by Evans & Raper (143) as early 
as 1937 proved that this conversion could be effected by potato and wheat 
bran preparations possessing tyrosinase activity. Liss (144), using Euphorbia 
lathyrus, has shown that labelled DOPA is formed from tyrosine-^^C. Little 
detailed work has been carried out on this reaction. Crude enzyme prepara
tions have normally been used, and the possibility of other biosynthetic path



PHENOLS IN HIGHER PLANTS 29

w ays occu rring  in  vivo should n o t be excluded. F o r exam ple, an  ind irec t 
ro u te  from  ty ro sin e  to  D O PA  as follows could conceivably  exist:

tyrosine —* /»-hydroxyphenylpyruvic —* 3,4-dihydroxyphenylpyruvic acid —* DOPA

F u rth e rm o re , th e  com plex re la tionsh ip s w hich m u s t ex ist betw een  ty rosine , 
D O PA , an d  phenolase requ ire  investiga tion , p a rticu la rly  in  view  of th e  
u b iq u ito u s  n a tu re  of th e  phenolase system  and  th e  com m on occurrence of 
ty ro sine  in  p la n ts  as opposed to  th e  a p p a re n tly  lim ited  d is tr ib u tio n  of D O PA . 
In  th e  case of V icia faba , w here th e  D O PA  co n ten t is high, one c o n tr ib u tin g  
fac to r could be th e  low D O PA  am m on ia  lyase a c tiv ity  w hich is p re sen t in  
th e  leaves of th is  p la n t (79). O n th e  o th e r hand , from  th e  p o in t of view  of 
D O PA  fo rm ation , m uch  of th e  phenolase in  b road  bean  m ay  be in a  la te n t 
form  in th e  tissues (145).

O ther phenolic am ino  acids w hich have  been de tec ted  in  h igher p lan ts  are  
Y -m eth y lty ro s in e  (146), w hich is a  co n stitu en t of several species, and  very  
recen tly , D -(3-carboxy-4-hydroxyphenyl) g lycine an d  L-(3-carboxy-4-hy- 
d rox y p h en y l)a lan in e  in  Reseda luteola seeds (147). T h e  hydroxypheny l- 
a lky lam ines and  exam ples of p lan ts  in  w hich th e y  occur a re  listed  in  T ab le  I.

Id eas regard ing  th e  p a th w ay s  for th e  fo rm ation  of these  v arious am ine 
d e riv a tiv es  o ften  com e from  an  inspection  of th e  com pounds w hich occur to 
g e ther in  a  single p la n t species. T h u s  ty rosine , ty ram in e , D O PA , D O Pam ine, 
an d  ep in ine a re  found  in  Sarotham nus scoparius (148, 157), an d  th is  im m edi
a te ly  suggests tw o possible ro u tes  for th e  fo rm ation  of ep in ine from  ty ro sin e :

tyrosine —> tyramine —» DOPamine —» epinine 1.

tyrosine —* DOPA —> DOPamine —* epinine 2,

C orreale  & C ortese  (166), using suspensions of g round  Sarotham nus seedlings 
for in  vitro stud ies, suggested  th a t  th e  first w as th e  m ore likely  p a th w ay . 
T h ey  d em o n s tra ted  th a t  th e  seedling p rep a ra tio n  could deca rb o x y la te  
ty ro sine  w ith  th e  fo rm ation  of ty ram in e  (5 per cen t conversion), and  th is  in  
tu rn  could be hyd ro x y la ted  to  D O P am ine (2 per cen t conversion). A  final 
stage, iV -m ethylation , w hich w as n o t investiga ted , w ould give rise to  epin ine. 
Ja m in e t (167) also believes th a t  ty ram in e  is th e  d irec t p recurso r of D O P 
am ine in Sarotham nus, an d  he is su ppo rted  by  B uckley  & T ow ers (168), w ho 
have exam ined  th is  reac tion  in  b an an a  peel. N eu m ark  (169) h as  show n th e  
presence of ty ro s in e  decarboxylase (L -tyrosine carboxy-lyase) in  several 
d ifferen t p lan ts . T h e re  is, how ever, evidence to  suggest th a t  th e  second p a th 
w ay m ay  to  som e e x te n t also be opera tive . C orreale & C ortese (166), for ex
am ple, show ed th a t  fresh suspensions of g round Sarotham nus  seedlings could 
d ecarboxy la te  D O PA , an d  A ndrew s & P rid h am  (136) have  also dem on
s tra te d  w eak decarboxylase ( l-D O P A  carboxy-lyase) a c tiv ity  in  ex tra c ts  of 
b an an a  peel ace tone  pow der w hich w as incu b a ted  w ith  py rid o x a l-5 '-p h o sp h a te  
an d  D O PA . I t  is in te re s tin g  to  n o te  th a t  D O PA  decarboxylase is w idespread  
in  m am m alian  tissues an d  th a t  i t  can  be in h ib ited  b y  hydroxycinnam ic  acid  
d e riv a tiv es  (170). P iccinelli (158), w ho has stud ied  th e  am ino  acid an d  am ine



TABLE I

H ydroxyph en y la lk y lam in es  in  H ig her  Pla nts

Hydroxyphenylalkylamine Examples of occurrence Reference

Ty famine
(y3'(/>-Hydroxyphenyl)ethylamine)

Sarothamnus scoparius 
Sordeum vulgare

(148)
(149)

iV-Methyltyramine Hordeum vulgare (149,150)

Synephrine
(/3-(/)-Hydroxyphenyl)-/3-hydroxy-i\/^-methyI-
ethylamine)

Citrus spp. (151)

Hordenine
(0-(^-Hydroxyphenyl)-A,i\T-dimethylethyI-
amine)

Hordeum vulgare 
Anhalonium fissuratum

(149)
(152)

Candicine
(Trimethyl-j8-(^-hydroxyphenyl)ethyl 
ammonium cation)

Trichocereus spp. 
Magnolia grandiflora

(153,154) 
(155)

DOPamine
(/3-(3,4-Dihydroxyphenyl)ethylamine)

Musa sapientum  
Sarothamnus scoparius

(156) 
(148,157)

Epinine
(i8-(3,4-Dihydroxyphenyl)-iV-
methylethylamine)

Sarothamnus scoparius 
Vicia faba

(148)
(158)

iV-EthylDOPamine( ?) Sarothamnus scoparius (159)

Noradrenaline
(i8-(3,4-DihydroxyphenyI)-/3-
hydroxyethylamine)

Portulaca oleracea 
Musa sapientum

(160) 
(156) .

Coryneine
(Trimethyl-/3-(3,4-dihydroxyphenyl)ethyl 
ammonium cation)

Cereus coryne (161)

Salicifoline
(Trimethyl-j8-(3-hydroxy-4-methoxyphenyl) 
ethyl ammonium cation)

Magnolia grandiflora (155)

Mescaline
(|3-(3,4,5-TrimethoxyphenyI)ethylamine)

Anhalonium lewinii 
Trichocereus terschekii

(162)
(163)

N-Methylmescaline Anhalonium lewinii (164)

iV-Acetylmescaline Anhalonium lewinii (165)

Trichocereine
i3-( 3,4,5-Trimethoxyphenyl )-N, iV- 
dimethylethylamine)

Trichocereus terschekii (163)
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co n te n t of Vicia faba , favors th e  second p a th w ay  for th e  fo rm ation  of 
ep in ine in  th is  p lan t.

T h e  conversion  of A/’-m e th y lty ram in e  to  epinine is also effected b y  
Sarotham nus  e x tra c ts  (166), so th e  la t te r  d e riv a tiv e  could conceivably  be 
form ed by  a  m odified version  of th e  first p a th w ay  w here JV -m ethylation 
p recedes h y d roxy la tion . Æ -M ethy la tion  of ^^C-labelled ty ram in e  by  sp ro u t
ing  b arley  has been  d em o n s tra ted  b y  Leete, K irkw ood & M arion  (171). I t  is 
obv ious th a t  a  m uch m ore deta iled  exam ina tion  of these  system s is requ ired  
before th e  re la tiv e  im p o rtan ce  of th e  va rio u s p a th w ay s can  be a scerta in ed .

W ith  reg ard  to  th e  b iosyn thesis of th e  m ore com plex am ines in  th is  group , 
M arion  an d  his associa tes (171, 172), w ork ing  w ith  barley , have  show n th a t  
th e  m o s t likely p a th w ay  from  ty ro sin e  to  ho rden ine  is v ia  ty ram in e  an d  N -  
m e th y lty ram in e  (see Fig. 4). T h e  Æ -m ethyl g roups in  these  reac tions are
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F i g . 4 . The biosynthesis and metabolism of phenolic amino acids and amines. Arrows 
w ith broken lines indicate hypothetical or probable minor pathways.

p robab ly  derived  from  m eth ion ine  (173). Tyrosine-2-^^C w hen fed to  
A nha lon ium  lew in ii gives rise to  m escaline labelled a t  C-1 (174). T h is  con
version p resum ab ly  involves a  series of decarboxy la tion , h y d roxy la tion , and  
m é th y la tio n  reactions, b u t  th e  o rder in  w hich these occur is n o t know n. A s 
w ith  o th e r  g roups of phenolic com pounds, o -hydroxylation  can  p robab ly  be
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catalysed by phenolase. For example, Correale & Cortese (166), again using 
their Sarothamnus seedling preparation, effected partial conversions of ^-(p- 
hydroxyphenyl)-(8 -hydroxyethylamine to noradrenaline and candicine to 
coryneine.

The studies of Hasse & Schmid (175) suggest that quite a different path
way from those already discussed could be present in both higher and lower 
plants. These workers have shown that pea and lupin, for example, possess a 
transaminase which catalyses reactions between a-keto acids and aliphatic 
and aromatic amines with the formation of the corresponding aromatic 
aldehydes. The reaction is reversible and could, therefore, be utilized by the 
plant for amine formation.

C o n c l u s io n

There is now an understanding of at least some of the general reactions 
involved in the interconversions of monocyclic phenolic compounds in higher 
plants. It is very apparent that most of these compounds can be synthesized 
by a number of different pathways, and the relative importance of these may 
depend on the plant species, the age of the tissues, and the environmental 
conditions under which the plant is raised. The problems to be solved are, 
therefore, enormous. In particular there is a pressing need for detailed in
vestigations of the enzymes which catalyse the individual steps in the reac
tion chains. One hopes that in  vitro studies on coupled reactions involving 
several enzymes and their substrates will also be carried out and some insight 
of the metabolic control of these reactions be obtained. Finally, a knowledge 
of the relative distribution of enzymes and substrates in different tissues and 
in different parts of the cell would be extremely valuable and would, no 
doubt, make an important contribution to this field.
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Abstract—The rates of translocation of phenolic compounds introduced into the apical leaves of Vicia faba 
have been estimated. Some evidence for the occurrence of phenolic compounds in the sieve tubes of Salix 
and Vida has been obtained using “ aphid techniques” .

IN T R O D U C T IO N

T h e r e  is now a substantial amount of information regarding the biosynthetic pathways 
involved in the formation of phenolic compounds in plants.  ̂ Precursors such as acetate and 
the cinnamic acids can be produced in photosynthesizing tissues and there be further elabor
ated to flavonoids and higher molecular weight phenolics. Whether phenolic compounds 
can actually move through the tissues and, in particular, be translocated in the phloem is 
debatable at the present time. In the case of woody plants, it would be interesting to know 
whether the flavonoids, tannins and lignins found in the bark and wood arise from phenolic 
compounds formed in the leaves or from more common metabolites such as acetate and/or 
carbohydrates.

Hillis and his associates favour the theory that the formation o f Eucalyptus wood 
polyphenolics occurs in situ from carbohydrates. They demonstrated the translocation of 
“̂̂C-labelled D-glucose from the phloem to the heartwood-sapwood boundary followed by 

the incorporation of label into the phenolics. The histological studies of Wardrop and 
Cronshaw ̂  using Eucalyptus also suggested that the tannins were produced from carbo
hydrate ; in this case starch. Hathway ̂  on the basis of ringing experiments with Quercus 
pedunculata claimed that (-t-)-gallocatechin and leucodelphinidin were translocated down 
from the leaves to the trunk and there oxidized to phlobotannins. In the case of phenolic 
glycosides. Miller"̂  believed that they accumulated at sites of low metabohc activity and 
remained in these tissues until the death of the plant. His conclusions were mainly based on 
the treatment of gladiolus corms with o-chlorophenol which was converted to the jS-gentio- 
bioside; this was not translocated to the shoots when these corms were germinated or to

* This work was supported by grants from the Agricultural Research Council and the United States 
Department of Agriculture.

1 J. B. H a r b o r n e  (Ed.) Biochemistry o f Phenolic Compounds. Academic Press, New York ( 1964) .
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resulting daughter corms. Macleod and Pridham® were unable to confirm this using quinol- 
treated Vicia faba  seeds. The young shoots from the germinating seeds did contain arbutin. 
No movement of natural flavonoids from scions to stocks could be detected when Delavean^ 
examined grafts of Tropaeolum spp. Gorz and Haskins,however, were able to show that 
small amounts of coumarin could be translocated across graft unions.

The experiments we now wish to describe support the idea that phenolic compounds can 
and are translocated in the phloem of higher plants.

R E S U L T S  A N D  D IS C U S S IO N

Initial experiments with Vicia faba  plants ( ~ 30 cm high) showed that resorcinol, when 
introduced into the main vein of an apical leaf, became distributed over the whole plant, 
including the roots, within 30 min. A similar, although somewhat slower distribution, was 
effected by placing small volumes of resorcinol and other phenols dissolved in a dilute solution 
of “Tween 40” on the epidermal surfaces of the laminae. The minimum rates of movement 
of a number of foreign and naturally occurring phenols, introduced into the vein, are given 
in Table 1.

T a b l e  1. P h e n o l  t r a n s l o c a t i o n  r a t e s  i n  Vida faba

Rate of movement 
Phenol down stem (cm/hr)

m-Hydroxyphenyl-jS-D-glucoside 108
Arbutin 90
Aesculin 84
Salicin 66
Resorcinol 60
Catechol 54
Phloroglucinol 54
Quinol 48
Saligenin 42
Caffeic acid 42
Ferulic acid 30
Kaempferol 18
Quercetin 12

The general translocation rates for phenols (with the exception of the flavonoids) appear 
to fall within the range found by others for ‘̂̂ C-assimilates (see Kursanov^^). There is also 
fairly good evidence that glycosidic derivatives migrate more rapidly than the phenolic 
aglycones. The low rates observed with the flavonoids may be due to poor penetration 
and/or insolubility factors. Roberts^  ̂has suggested that the planar structure of these com
pounds may adversely affect their translocation. When resorcinol, catechol, quinol and 
saligenin were fed the corresponding mono jS-D-glucosides were also observed in the tissues.

Although these results show the feasibility of phenol translocation they can be criticized 
on the grounds that the compounds tested were foreign to the plant and/or, were introduced 
into the phloem in a “ non-physiological” manner. The only certain way of showing that
8 N. J. M a c l e o d  and J. B. P r i d h a m . Unpublished results.
® P. G. D e l a v e a n , Compt. Rend. 258, 318 (1964).

H. J. G o r z  and F. A. H a s k i n s , Crop S d . 2, 255 (1962).
A. L. K u r s a n o v ,  Advanc. Botan. Res. 1, 209 (1963).

12 E. A. H. R o b e r t s , Nature 185, 536 (1960).
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phenols are translocated is to demonstrate their natural occurrence as sieve-tube constituents. 
This can be achieved with little risk of contamination from phenols in surrounding tissues by 
the “ aphid stylet” technique using Tuber olachnus salignusd^ Like other aphids, this organism 
feeds directly from sieve-tubes. Our own attempts to use this procedure with Salix spp. were 
unsuccessful although Bate-Smith and Swain̂ "̂  report that phloem exudates obtained in this 
way from similar species did contain small amounts of fluorescent materials which appeared 
to be phenolic on paper chromatograms and which gave u.v. spectra characteristic of cinnamic 
acid derivatives.

T. salignus is a large aphid and therefore ideally suited for the “aphid-stylet” technique. 
Aphids feeding on herbaceous hosts are usually smaller and more delicate and hence cannot 
readily be dissected whilst feeding. The phloem constituents can, however, be examined by 
an analysis of the gut contents or the honeydew but this method does suffer from the dis
advantage that the enzymes in the alimentary tract (cf. Auclair̂ ®) may modify the con
stituents as they pass through.

Therefore, before utilizing Macrosiphum pisi for an examination of the phloem of Vicia 
faba, buffered extracts of the aphid were examined for enzyme activity. Thus a- and jg-D- 
glucoside : glucohydrolases, a-D-galactoside : galactohydrolase and an esterase capable of 
hydrolysing chlorogenic acid were all shown to be present (Table 2). The location of these

T a b l e  2 . E n z y m e  a c t i v i t y  i n  M .  p / s / e x t r a c t s

Substrate Products Inference

Maltose Glucose 11

Isomaltose Glucose 1> a-D-Glucoside: glucohydrolase
Methyl-a-D-glucoside Glucose J 1

Raffinose Galactose, sucrose a-D-Galactoside : galactohydrolase
Cellobiose —
Methyl-j8-D-glucoside Glucose 1

Gentiobiose
Arbutin

Glucose
Glucose, quinol I

> j8-D-Glucoside: glucohydrolase

Salicin Glucose, saligenin J ■
Chlorogenic acid Caffeic acid, quinic acid Esterase
Catechol “ Melanin” 1 Phenolase(+)-Catechin “ Melanin”

enzymes in the body was not determined but it is reasonable to assume, that some, at least, 
must have been present in the alimentary tract. Phenolase activity was also apparent in the 
M . pisi extracts. This enzyme complex is common in insects but here again httle is known 
about its location except that it occurs in some bloods and cuticles.̂ *̂  The enzymic modi
fication of dietary phenolics was therefore considered to be a possibility but it seemed un
likely that this would be a rapid process and, more important, that the actual synthesis of 
phenols from non-phenolic compounds would occur.

An examination of the gut contents of M .pisi feeding on V. faba stems after introduction 
of foreign phenols into the apical leaves confirmed that there was Httle change in the com
pounds that were fed. Thus quinol, catechol, resorcinol, feruHc acid, caffeic acid and arbutin
13 J. S. K ennedy  and T. E. M ittler, Nature 171, 528 (1953).
14 E. C. B ate-Smith and T. Sw a in . Unpublished results.
15 J. L. A u c l a i r ,  Ann. Rev. Entomol. 8, 439 (1963).
15 C. B. Cottrell, Advances Insect Physiol. 2 ,1 7 5  (1964).
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were all present after 1 hr in aphids feeding at stem sites approximately 10-15 cm from the 
points of introduction of the phenols. Some slight hydrolysis of arbutin to quinol had 
occurred either in the plant or the alimentary tract and no glucosides appeared to have been 
synthesized. This suggests that the glucosylation observed in the earlier experiments did not 
occur in the sieve-tubes but in the adjacent tissues. The honeydew from M. pisi feeding 
on the stems of untreated V. faba  plants contained jS-(3,4-dihydroxy-phenyl)-L-alanine 
(DOPA), which occurs in relatively high concentrations in this plant (Guggenheim^ ;̂ 
Andrews and Pridham^®), and hence appears to be translocatory material. Other com
pounds giving azo dyes with diazotized /?-nitroaniline/NaOH were also detected as sieve- 
tube components.

Paper chromatographic analysis of the honeydew from T. salignus feeding on branches 
of Salix daphnoides showed the presence of compounds with phenolic properties which were 
also detected in leaf and bark extracts of the plant (Table 3). One compound was positively 
identified as tyrosine.

T a b l e  3 . S o m e  c o m p o n e n t s  f o u n d  i n  T. salignus h o n e y d e w  a n d  t h e  
b a r k  (B) a n d  l e a v e s  (L) o f  s . daphnoides

R f values in EAW solvent

B and L Honeydew 
components components Properties Identity

0 34 (B, L) 034 u.v., blue fluorescent Cinnamic derivative?
0 59 (B) 059 Diazo spray, red Tyrosine

Ninhydrin, blue
072  (L) 072 U.V., blue fluorescent Cinnamic derivative?
0 92 (B) 092 u.v. blue fluorescent

Diazo spray, red

The results of this study show clearly that phenols introduced into the leaves can move 
down the plant by the normal processes of translocation and there is definite evidence for the 
occurrence of phenolic compounds as natural constituents of the sieve-tubes. The presence 
of tyrosine in the sieve-tubes of Salix has been clearly established and this phenolic amino 
acid has been noted, together with phenylalanine, in honeydews from aphids feeding on a 
number of different hosts.^  ̂ On the basis of this observation alone there is no reason to 
suppose that all complex phenolic compounds are biosynthesized in situ from non-aromatic 
derivatives. These two amino acids could be translocated to tissues possessing the necessary 
ammonia lyaseŝ .̂ 2 0  there be converted to polyphenolics via the corresponding cinnamic 
acids. The presence of DOPA in the sieve-tubes of V. faba  is interesting in view of its probable 
metabolic importance in other plants in alkaloid,^  ̂ betacyanin^^’^̂  and, possibly, caffeic 
acid formation.
17 M. G u g g e n h e im , Z. Physiol. Chem. 88, 276 (1913).
1® R. S. A n d r e w s  and J. B. P r i d h a m . Unpublished results.
1® J. K o u k o l  a n d  E. E. C o n n ,  J. Biol. Chem. 236, 2692 ( 1961) .
20 A. C. N e is h , Phytochem. 1,1 (1961).
21 E. R a m s t a d  and S. A g u r e l l , Ann. Rev. Plant Physiol. 15,143 (1964).
22 L. H o r h a m m e r , H .  W a g n e r  and W. F r it z s c h e , Biochem. Z . 339, 398 (1964).
23 L. M i n a l e , M . P ia t t e l l i and R, A. N ic o l a u s , Phytochem. 4, 593 (1965).
24 N. J. M a c l e o d  and J. B. P r id h a m ,  Biochem. J. 88, 45P (1963).
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E X P E R IM E N T A L

V id a  fa b a  (Var Johnson’s Longpod) plants, approximately 30 cm high, were used in all 
the feeding and aphid experiments which were carried out at room temperature. Small 
branches of S a lix  daphnoides infected with Tuberolachnus salignus were obtained from the 
grounds of Royal Holloway College.

P aper C hrom atography

Phenolic compounds were examined on Whatman No. 3 paper using «-butanol-ethanol- 
w ater(40; 11:19;BEW )andethylacetate-aceticacid-water(9 :2 :2 ;EAW)solvents. Location 
was effected by u.v. light, diazotized j?-nitroaniline/NaOH and, in the case of phenolic amino 
acids, ninhydrin. EAW solvent was used for sugars and quinic acid which were located with 
/7-anisidine hydrochloride and AgNOg-NaOH, respectively.

Phenol Translocation R a te

Aqueous solutions (I %, w/v) of phenols were fed into apical leaves of V .fa b a  plants for 
periods varying from 10 min to 3 hr. This was achieved by partially dissecting the main 
veins from the laminae, dipping these veins into the solutions contained in 5-ml beakers and 
then cutting off the ends of the submerged veins. After treatment, the stems and roots of the 
plants were quickly cut into 1 cm sections and these were extracted with aqueous methanol 
(80%, v/v) and examined on paper chromatograms. The rate of translocation in cm/hr 
could thus be calculated.

E n zym e A c tiv ity  in Macrosiphum pisi E x tra c ts

Extracts were prepared by macerating feeding aphids with 0 05 M-sodium acetate buffer 
(pH 5 6; 5 aphids/2 ml buffer) and incubating (25°) the centrifuged preparations with various 
substrates at 0 5 % (w/v) concentrations. The products were examined on chromatograms 
(see Table 2). Control reaction mixtures using boiled enzyme preparations were also 
examined.

L oca tion  o f  Phenols F ed  to  V. faba Using M. pisi
All but the apical leaves were removed from V. fa b a  plants and aphids then placed on the 

main stems 10-15 cm down from the leaves. The organisms were confined to these regions by 
cotton wool packed around the stems. Phenols were introduced into the veins, as previously 
described, and after 1 hr the aphids removed and aqueous extracts examined on paper 
chromatograms.

C ollection  o f  H oneydew

This was achieved by allowing it to fall on to glass plates placed beneath the plants. The 
individual globules of syrup were then dissolved in small volumes of water and taken up in 
capillaries for chromatographic analysis. In other cases aphids were induced to excrete 
honeydew by anal stimulation with a needle. The droplets could then be collected directly 
with capillary tubes.

E xtraction  o f  P lan t Tissues

This was effected with cold aqueous methanol (80 %, v/v). The solutions were filtered and 
concentrated in a rotary evaporator at 40°.
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MELANINS FROM DOPA-CONTAINING PLANTS

R. S. A n d re w s *  and J. B. P r id h a m  

Department of Chemistry, Royal Holloway College, University of London, Englefield Green, Surrey

{Received 1 June 1966)

Abstract—The melanins from plants which contain DOPA and related compounds have been examined and 
shown to be largely composed of the catechol-type pigment. Some indole units also appear to be present, 
however.

IN T R O D U C T IO N

N ic o la u s ,  Piattelli and associates have shown that animal melanin pigments have structures 
based on indole and they suggest that catechol melanins may predominate in the higher 
plants and some fungi. ̂  The type of melanin present in a particular organism can be 
ascertained by procedures such as alkaline fusion and nitrogen determinations. The latter 
give relatively high values {ca. 6-7 %) for animal melanins and low (ca. 1 %) for the plant 
pigments. Typical animal melanins yield 5,6-dihydroxyindole and 5,6-dihydroxyindole-2- 
carboxylic acid when fused with alkali. These indole derivatives were not produced from a 
number of higher plant and fungal melanins.^ Instead the degradations yielded simple 
aromatic compounds such as catechol, protocatechuic acid and salicylic acid.

Only a few plant species appear to contain ^-(3,4-dihydroxyphenyl)-L-alanine (DOPA) 
as a natural constituent, and many of these exhibit blackening (melanogenesis) reactions. 
For example, the broad-bean {Vicia faba) has relatively high concentrations of DOPA in 
many organs®’ ̂  and produces a black pigment in the flowers, the senile leaves and pods and 
the seed hila. Similarly, DOPA is found in V. angustifolia, Astragalus cicer, Lupinuspolyphyllus 
and Baptisia australis f  and these plants exhibit blackening. Melanin pigmentation also occurs 
in species which contain compounds related to DOPA. The banana {Musa sp.), which has 
^-(3,4-dihydroxyphenyl) ethylamine (dopamine) as a constituent, is an example of this.®

It has commonly been assumed that plants containing DOPA and related derivatives 
produce melanins by biochemical pathways similar, but not identical to those outlined by 
Evans and Raper in 1937*̂  (e.g. Thomson Ç Pridham®). It was of interest, therefore, to examine 
melanins from DOPA-containing species in the light of the more recent discoveries by 
Nicolaus ef

* Present address: Department of Surgery, Royal Infirmary of Sheffield, Sheffield 6.

3 R. A. N i c o l a u s  and M. P i a t t e l l i ,  Rend. Accad. Sci, Fis. Mat. 32, 3 (1965).
2 M. PIATTELLI, R. A. N ico L A U S  and E. F a t t o r u s s o ,  Tetrahedron 20,1163 (1964).
3 M. G u g g e n h e im ,  Z. physiol. Chem. 88,276  ( 1913) .
4 R. S. A n d r e w s  and J. B. P r i d h a m , Unpublished results.
5 L. A. G r i f f i t h s ,  Nature 184, 58 (1959).
5 W. C. E v a n s  and H. S. R a p e r ,  Biochem. J. 3 1 ,2162 (1937).
7 R. H . T h o m s o n ,  In Chemistry and Biochemistry o f Plant Pigments (Edited by T. W. G o o d w in ) ,  p. 351. 

Academic Press, New York (1965).
® J. B. P r i d h a m , Ann. Rev. Plant Physiol. 1 6 ,13 (1965).
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RESULTS AND DISCUSSION

Melanins were isolated after exhaustive solvent extraction and acid degradation of 
tissues from the pods and flowers of V. faba, the pods of V. angustifolia, A. cicer, L. polyphyllus 
and B. australis and banana skins. In addition, synthetic melanins were prepared by the 
oxidation of L-tyrosine and catechol with a potato phenolase preparation. All of these 
pigments gave very similar i.r. spectra (Figs. 1-4) which closely resembled those published by 
Bonner and Duncan for various animal melanins.® Little structural information can be 
gained by i.r. measurements with those materials but absorption bands at 1670-1690 cm“  ̂
(strong) and 1250 cm“  ̂ (broad) which are normally assigned to carboxyl groupŝ ® were

Dopamine

Tyrosine

Catechol

4000 3000 15002000 1000

cm".'

F ig . 1. Infra-red spectra of melanins prepared by  the oxidation  of dopamine, tyrosine a n d
CATECHOL wrra POTATO PHENOLASE.

observed with most of the natural pigments. In the case of the synthetic melanins (Fig. 1) 
from DOPA and catechol the 1670-1690 cm“  ̂ bands were weak and with the dopamine 
melanin, negligible. It is interesting to note that the banana skin melanin (Fig. 2) also showed 
negligible absorption at 1670-1690 cm“ .̂ Treatment of the pigments from V. faba  (flowers), 
V. angustifolia, A. cicer and B. australis (Figs. 3 and 4) with alkali resulted in a marked reduc
tion of the characteristic carboxyl bands and their replacement by a weak band at 1380 cm“ ,̂ 
presumably due to ionization. One further strong band at 1600 cm“  ̂was exhibited by all the 
natural and synthetic melanins. Simple quinonoid structures normally give bands in the

® T. G. B onner  and A. D u n c a n , Nature 1 9 4 ,1078 (1962).
L. J. B ellamy, The Infrared Spectra o f Complex Molecules, 2nd. Edn., Methuen, London (1962).
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region 1645-1680 cm  ̂ but a lowering of the frequency to 1600 cm  ̂occur in the extended 
and possibly chelated quinones.

3 4 5 6 7 8  9 10

L. polyphyllus

Musa sp.

100015004000 3000 2000

c m ''

F ig . 2 . Infra-red spectra of melanins from L. polyphyllus pods a n d  ba nana  {Musa sp.) skins. 

T able 1. N itrogen content an d  alkaline fusion products of melanins

Source %N
Alkaline fusion products 

detected

Astralagus cicer pods 12
Baptisia australis pods 16 ---
Lupinus polyphyllus pods 1*3 Catechol, protocatechuic acid 

5,6-dihydroxyindole.
Musa sp. fruit epicarp. 15 —
Vicia angustifolia pods 14 Catechol, protocatechuic acid 

5,6-dihydroxyindole.
Vicia faba

Flowers 21 Catechol, protocatechuic acid 
5,6-dihydroxyindole.

pods 13 —
Tyrosine (synthesized with phenolase) 7-1 —
Dopamine (synthesized with phenolase) 68

The nitrogen contents of the pigments are given in Table 1. The low values obtained with 
the Papillionaceous melanins suggest that they are all of the catechol type. In the case of the

" R. N. Jones and C. Sandorfy , In Chemical Applications o f  Spectroscopy (Edited by W. W est) Vol. 9, 
p. 274. Interscience, New York (1956).
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polymers horn L. polyphyllus, V. faba  (flowers) and V. angustifolia tills was further confirmed 
by alkaline fusion (Table 1) which yielded catechol, and protocatechuic acid. Small amounts 
of 5,6-dihydroxyindole, presumably from an indole melanin, were, however, definitely 
present in the fusion products. It can always, of course, be argued that oxidative polymeriza
tion of DOPA to a melanin was an artifact occurring perhaps during the isolation of pigment 
from the tissues. Although this is possible, it is reasonable to assume that this reaction does 
occur to some extent in vivo (particularly in organs such as V. faba  flowers which contain

V. faba (flowers)

B. australis

15004000 3000 2000 1000
cm-i

F ig . 3. Infra-red spectra of melanins from V. faba flowers a n d  B. australis pods.

 = after alkali t r e a tm e n t ;-----------= normal spectrum.

ca. 11 mg DOPA/g F.W.**) producing a pigment largely composed of catechol residues 
co-polymerized with some indole units. The slightly elevated nitrogen content (2* 1 %) of the 
bean flower melanin is perhaps significant. What is most remarkable is the fact that more 
DOPA is not incorporated into the tissue melanins by a pathway approximating to that 
envisaged by Evans and Raper.® Piattelli and his associates believe that catechol melanins 
are fomed in vivo by oxidative polymerization of catechol itself. Some support for this idea 
came from the isolation of catechol from an alcoholic extract of the spores of Ustilago may dis : 
these contain a catechol melanin. In higher plants catechol does not appear to be a common

12 M . PIATTELLI, E. FATTORUSSO, R. A. N icoLA us axid S. M a g n o , Tetrahedron  21, 3229 (1965).
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constituent,^^’ but it has been shown that anthranilic acid, a derivative of the shikimic acid 
pathway, can be converted to catechol by a chloroplastic enzyme system from Tecoma stans}^  

Nagasawa et investigated the browning of broad-bean seed testas and suggested 
that this pigment arose from a DOPA-glucoside (cf. Andrews and Pridham^^) which was 
first hydrolysed and then oxidized by phenolase. However, there is at present no evidence to 
confirm that the brown pigment is derived from DOPA. Our attempts to obtain the pigment 
from the mature testas by digestion with strong HCl resulted in the formation of antho-

V angustifolia

A. cicer

4000 3000 2000 1500 1000

F ig . 4 . Inpra-red  spectra of melanins from V. angustifolia a n d  A. cicer po ds .

 = after alkali t r e a tm e n t ; -----------= normal spectrum.

cyanidins followed by a rapid blackening of the tissues even when the reaction was carried 
out under nitrogen. The fiual product, a very dark brown powder, had a low nitrogen 
content (1 1 %) and on alkaline fusion it yielded phloroglucinol as a major product together 
with other unidentified phenolic compounds. These results suggest that the product was

13 w .  K arrer, Konstitution und Vorkommen der organischen Pflanzenstoffe, Birkhauser, Basle (1958).
14 J .  B. H a rb o rn e  (Ed.) Biochemistry o f  Phenolic Compounds, Academic Press, New York (1964).
13 p . M a d h u su d a n a n  N air and C. S. V aidyanathan , Phytochem. 3 , 235, 513 (1964).
15 T. N agasaw a , H . Takagi, K . K awakami, T . Su z u k i and Y. Sahashi, Agr. Biol. Chem. {Tokyo) 25,441 

(1961).
17 R . s. A n d r ew s and J. B. Pridham , Nature 205, 1213 (1965).
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mainly derived from the leucoanthocyanins^® and other flavonoids present in the testa. The 
possibility of some biogenetic relationship between these flavonoids and DOPA should 
perhaps be borne in mind.

M A T E R IA L S  A N D  M E T H O D S

Plant materials. These were collected from the gardens of the University of London 
Botanical Supply Unit.

Preparation o f  pigments. Dried, blackened pods were soaked in distilled water containing 
a little detergent for 3 days in order to soften the tissues and remove extraneous surface 
materials. The pigment-containing outer layers were then carefully scraped off with a knife 
blade and extracted with cold acetone. The resulting grey powders contained white fibrous 
tissues which were, as far as possible, all removed with a forceps. Continuous successive 
Soxhlet extractions with methanol, pyridine, methanol, acetone and ether were then carried 
out and the powders air dried. Degradation of remaining polysaccharide, protein, etc. was 
effected by refluxing with 6 N HCl for 5 days and the black suspension was then filtered off 
and washed successively with water, methanol, ethanol, acetone and ether and again air dried. 
In the case of the A. cicer pods and V. faba  flowers the preliminary soakings were omitted 
because these tissues were more succulent and readily extractable.

In order to synthesize melanins in vitro, potato phenolase was prepared by adding an 
equal volume of acetone (—20°) to fresh potato juice at 0°. The precipitate was centrifuged off 
and OT M sodium phosphate buffer (pH 6 8) added. Insoluble material was spun down and 
substrates (0 02 % L-tyrosine, dl-DOPA and dopamine) added to ahquots of the supernatant. 
Air was passed through the reaction mixtures at room temperature for 20 hr and the insoluble 
melanins isolated by centrifugation, washed with solvents and degraded with HCl as 
described above.

General methods. Infra-red measurements were made with an Infracord 137 using KBr 
discs.

Alkahne degradation of the pigments was carried out according to the method of Piattelli 
et al.'̂  Separation of the products into phenols and phenolic carboxylic acids using bicarbonate 
was not attempted.

Phenohc compounds were examined on paper chromatograms using the following 
solvent systems: butanol-1 : ethanol: water (40:11:19); butanol-1 : acetic acid: water 
(60:15:25) and 2 % aqueous HCl. Paper electrophoretic examinations were also made using 
0 2 M sodium acetate (pH 5-2) and 8 mM sodium molybdate (pH 5-2) solutions as electro
lytes.^  ̂ Compounds were located on the papers with u.v. light, diazotized ji-nitroaniline/ 
NaOH and AgNOg/NaOH spray reagents. The specimen of 5,6-dihydroxyindole which was 
used as a chromatographic standard was prepared from the di-0-benzyl derivative of 
5,6-dihydroxyindole-2-carboxylic acid (a gift from Professor R. A. Nicolaus) by heating, to 
remove the carboxyl group, followed by hydrogenolysis to remove the benzyl groups.
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