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ABSTRACT

The various molecular forms of oc-galactosidase from
dormant and germinated Vicia faba seeds have been studied. The
enzymes have been purified by multistage procedure and have been
examined by ultracentrifugation and gel-filtration. The molecular
weights of the enzymes, as determined by ultracentrifugation, were
160,000 - 2850 for enzyme I from dormant seeds, 54,340 - 5225 for
enzyme II from dormant seeds, and 47,060 z 2941 for enzyme II from
germinated seeds. There was some discrepancy between these values
and those obtained by gel-filtration and this is discussed.

Enzyme II from dormant seeds can be resolved on OM-cellulose into
two active fractions (II1 and IIZ) together with four other inactive
protein fractions. Enzyme II1 and II2 have molecular weights of
45,730 - 3073 and 43,390 - 1409, respectively, as shown by ultra-
centrifuge measurements. Gel filtration measurements give similar
values. Enzyme II from germinated seed can also be resolved into
similar fractions by ion-exchange chromatography.

Amino acid analysis of all the molecular forms of the enzyme
together with the molecular weight data, suggest that enzyme I is
composed of subunits of II; the latter enzyme may be composed of
a mixture of II1 and 112 together with other inactive proteins.

This theory is to some extent supported by the fact that a
preparation of enzyme II was observed to convert in vitro to an
enzyme with very similar and physical properties to enzyme I
from dormant seeds. Some factors affecting this conversion have
been investigated.

The kinetic properties of the various forms of
ocmgalactosidase have been examined including substrate specificity,

effect of pH, Vma% and Km determinations with p-Nitrophenyl



oC-D-galactopyranoside as substrate and activation by K and
other alkali metal ions.
The physiological role of oc-galactosidases in seeds has

been considered.



ABBREVIATIONS
1upPAC International Union of Pure and Applied Chemistry
10B International Union of Biochemistry
DEAE Diethyl aminoethyl
CM Carboxymethyl
Km Michaelis constant
Vmax Maximal velocity
Upp Uridine diphosphate
UTP Uridine triphosphate
NAD Nicotinamide adenine dinucleotide

PNPG g-Nitrophenyl (X*D-galactoside
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I. INTRODUCTION



A. GENERAL CONSIDERATIONS

Carbohydrates with terminal oC -D-galactosyl residues are
widely distributed in nature. In particular, oligo- and poly*
saccharides containing oc-D-galactopyranosyl units are common
reserve metabolites in plants. The occurrence and structure of
these compounds have been reviewed by French (1), Courtois and
Percheron (2) and Whistler and Smart (3). Enzymes”* galactosidases,
which hydrolyse the (X-“galactosidic linkages of these carbohydrates
are also widespread in nature (4).

The main purpose of the research described in this thesis
was to examine the multiple forms of oC-galactosidase occurring in
the leguminous seed. Vicia faba. at various physiological stages.

The physical and catalytic properties and interconversion of these
forms was investigated and an attempt made to relate these

observations to the state of development of the tissue.

B. PROPERTIES OF Ol1“GALACTOSIDASE

OC -iD-Galactosidase (oC-g-galactosyl galactohydrolase; E,C.
3.2.1.22) was first discovered in bottom yeast in 1895,
simultaneously by Bau (5) and Fischer and Lindner (6), This
enzyme was originally given the name melibiase, because of its

ability to hydrolyse the disaccharide melibiose.

CH. ,OH
OH
OH + ROH , OH

OH OH



The name melibiase was later changed to oc-galactosidase
by Weidenhagen (7,8) who studied the substrate specificity of the
enzyme and found that it could hydrolyse a number of (%-D-galactosides
possessing various aglycon residues.

CX-Galactosidases are ubiquitous in all the major groups
of organisms. The occurrence and cellular location of these
enzymes have been discussed in a recent review (&). Although the
enzymes have been isolated from a large variety of sources,
particularly seeds, highly purified and apparently homogeneous
preparations have only been obtained in a few cases. These
include cxl-galactosidases from Diplococcus pneumoniae (9,10),

Prunus amygdalus (11,12), Medicago sativa (13) and Vicia sativa (14),
The first crystalline preparation ofoC-galactosidase was obtained
by Suzuki et all. (15) from the fungus Mortiarella vinacea.

To add to the complexity of the oc-galactosidase group of
enzymes recent studies have shown that in some organisms two or more
forms of the enzyme may exist. The existence of different
molecular forms of an enzyme derived from the same organism which
show essentially similar catalytic activities is common. These
forms or isozymes may be located in the different tissues of the
organism or in different parts of the cell (16, 17, 18). The
existence of multiple forms of an enzyme may be caused by a variety
of factors and these have recently been reviewed by the IUPAC - 1lUB
commission (see Table 1) (19).

Petek and To Dong (20) were the first to demonstrate the
existence of multiraolecular forms ofoc-galactosidase. They showed
that the enzyme from coffee bean could be separated into two active
forms by chromatography on an alumina column (20). Courtois and
Petek (21) later demonstrated that these enzymes (20) had similar

substrate specificities, A similar isolation of two isozymes of

cx.-galactosidase from Plantago ovata was also reported %22).



Table 1.

Multiple forms of enzymes

Reason for

Grou Examples
P Multiplicity
1. Genetically independent Malate dehydrogenase in
proteins. mitochondria and cytosol.
2. Heteropolymers (hybrids) Lactate dehydrogenase.
of two or more poly-
peptide chains, non-
covalently bound.
3. Genetic variants Human glucose 6-phosphate
(allelic) dehydrogenase.
4. Protein conjugated with Phosphorylase a and b.
other groups.
5. Proteins derived from one The family of chymotryprins
polypeptide chain. arising from chymotrypsinogen
6. Polymer of a single Glutamate dehydrogenase of
subunit. molecular weight 1,000,000
and 250,000.
7. Conformationally different All allosteric modifications
forms. of enzymes.



Suzuki # aJ. (15) detected three isozymes of oc-galactosidase in
the fungus Mortierella vinacea. The separation in this case was
accomplished by DEAE-Gephadex column chromatography; the
molecular weights were not examined but one of the forms was
crystallized. The presence ofoc-galactosidase in Vicia faba was
first demonstrated by Pridham (2,3). It was later shown that
dormant Vicia faba seed possessed two molecular forms of
CL-galactosidase (24, 25, 26) (I and II) which could be separated
by Sephadex G-100 gel filtration. Using the same technique Dey and
co-workers (27) have shown the presence of two molecular forms of
Oc-galactosidase in seeds of several other plant species. The two
forms of c&-galactosidase from coffee bean seeds which were isolated
on alumina by Petek and To Dong (20) were not apparent when
extracts of this seed were examined by Sephadex G-100 gel
filtration (27). CX-Galactosidase obtained from A. niger (28, 29)
gave only one enzymically active peak when examined by chromatography
on Sephadex G-200, Bio-gel P-200, DEAB-Sephadex and DEAE-cellulose.
However, when this enzyme preparation was passed down a column of
CM-cellulose, three active forms were resolved (29). The
existence of these three ionic forms of oc-galactosidase (29) was
also confirmed by iso-electric focussing. Dey and co-workers (27)
have determined the molecular weights of the multiple forms of
(X-galactosidase from various dormant seeds by gel-filtration (30)
and observed that thelevel of the higher molecular weight form of
the enzyme was 2-6 times greater than that of the lower molecular
weight form in most of the species. The authors have also stated
that seeds which are not mature and/or have too high a water content
may not exhibit this difference in enzyme levels. It was also shown
that the higher molecular weight form of (X-galactosidase from

V. faba possessed a sub-unit structure (25) as on treatment with



6 M-urea six protein peaks were produced none of which possessed
enzymic activity.

It is known that in general a change of configuration of
hydrogen and hydroxyl groups on any single carbon atom of a glycoside
substrate may be sufficient to reduce the rate of hydrolysis or
completely inhibit the hydrolytic action of the corresponding
glycosidase. In particular, all glycosidases show absolute
specificity for the configuration at the anomeric carbon atom of
the glycoside. A great deal of work has been done on the specificity
of a number of glycosidases (B.C. 3.2.1.20-26) and this has been
extensively reviewed by Helferich (31), Pigman (32), Gottschalk
(33) and Wallenfels (34). In case of/3-glucosidase any substitution
of hydrogens or hydroxyl groups on carbon atoms 2, 3 or 4 of the
/i-D-glucopyranoside substrate, completely prevents enzymic
hydrolysis. However, substitution at C-6, only decreases the rate
of hydrolysis by/“-glucosidase. Similarly, replacement of the
primary alcohol group of the pyranoid ring by -K (i.e. conversion
to-D-xylopyranoside) produces a 2o0o-fold reduction in the rate of
hydrolysis. In case of ot-galactosidase, in addition to the
configuration of the anomeric carbon, two main factors govern the
rate of hydrolysis of the substrate. Firstly, the ring structure
must be pyranoid and secondly, for the maximum hydrolysis rate the
configuration of -E and -OH groups on carbon atoms 2, 3 and 4 must
be the same as that of D-galactose. Like other glycosidases, such
as/3-galactosidase (35, 36, 37),/3-gl»cosidase (35, 37) and (X-manno-
sidase (35), changes at C-6 of the glycosyl moiety of the substrate
are normally tolerated by oC-galactosidase. Hence,*-L-arabihosides
are normally hydrolysed by the enzyme (15, 25, 35, 37, 38, 39).

However,oc-galactosidase from Streptococcus bovis (40),



Spidinluin ecaudatum (10), Diplococcus pneumonae (9) and

Calvatia cyanthiformis (41) cannot use”“-I“arabinosides as

substrates. Pigman (42) stated that D-glycero-OC-D-galactoheptosides
should serve as substrates for Ot-galactosidase. However, this could
not be demonstrated with either sweet almond or yeast (43)
oc-galactosidase. Pigman (43) was able to show tha“6-galactosidase
from the former source could hydrolyse D-glycero-/~-D-galactoheptostde.
Dey and Pridham (44) studied the specificity of the two molecular
forms of6x-galactosidase from V. faba and showed that neither enzyme
(I or II) was able to hydrolyse p-nitrophenyl/~-D-galactoside or
£-nitrophenyl ot- and #-D-glucosides. This confirmed the expected
absolute specificity towards the (X-configuration at C-1 and in
addition, indicated the importance of the configuration at C-4.
Substitution at C-6 of the galactose moiety of anfX-D-galactoside”s
seemed to be relatively less important in the case of the higher
molecular weight form of the enzyme (I); changing -CH”OH to -CH”
(i.e. oc-D-galactoside tocx-D-fucoside) did not cause any appreciable
decrease in the rate of hydrolysis. On the other hand, the lower
molecular weight form of tic-galactosidase (II) from V. faba

hydrolysed p-nitrophenyl (X-D-fucoside almost three times as fast

as the corresponding galactoside. Complete removal of the primary
alcohol group from a galactoside (i.e. conversion of oc-D-galactoside
to/3-_Ir-arabinoside) decreased the rate of hydrolysis by enzyme I
but had little effect with enzyme II. The authors have also shown
that the affinity of the enzyme for substrate is largely dependent
on the structure of the glycon moiety andfor both forms of enzyme
(I and IT), follows the order: oc-D-galactoside * oc-g-fucoside A
/3-J%arabinoside. This may suggest that one of the specific points
of binding of the substrate to the enzymemay be through primary

alcohol group of the galactose moiety.



The replacement of the anomeric oxygen atom of an
oc-galactoside by a sulphur atom on the effect of hydrolyzability
bycK-galactosid”®ase is still in question. In the case of E. coli
/3-galactosidase, 0 and p-nitrophenyl l-thio”0-D-galactosidase
have affinities for the enzyme that are similar to those of the
corresponding “-galactoside, although U-nitrophenyl/3-D-galactoside
is hydrolysed 7 x 105 times faster than the corresponding thio-
galactoside (34, 45-48)'.

The variation in the structure of the aglycon residue of
the substrate may or may not have a marked influence on hydrolysis
by glycosidases. Wallenfels and Malhotra (49) have shown that the
aglycon residue of a/3-D-galactoside exerts a strong influence on
the enzyme - substrate affinity (~) in the case of £. coli
/3-galactosidase. Variation in the structure of aglycon residues
of (X-D-galactosides and their effects on the affinity and the
rate of hydrolysis by the two forms of cC-galactosidase from
V. faba was examined by Dey and Pridham (44). These workers have
shown that the hydrolysis of aromatic glycoside derivatives
proceéds more rapidly than those of the corresponding alleyl
derivatives. The relationships between Km and Vmax values
exhibited a highly irregular pattern with changing aglycon structure
It was suggested that a greater affinity of the enzyme for the
substrate may not be the essential factor for rapid hydrolysis and
vice versa. Amongst the aromatic oc-D«galactosides studied, it
was shown that a bulky bromonaphthyl aglycon residue did not change
the affinity or the rate of hydrolysis to a great extent with either
form of cx-galactosidase from V. faba. However, the affinities
for both forms of enzyme have been shown to have some tendency to
to increase when electron-attracting substituents are present in

the phenyl ring of the substrate. The factors effecting the



affinity are probably complex and include the position and the

size of the aromatic substituents, their electronic effects and the
degree of hydration (44). On the other hand, Vmax values with
(X-galactosidase from sweet almond have been shown to increase with
both increasing electron-releasing and electron-withdrawing
properties of the phenyl ring substituents of the substrate (12).

In case of galactose-containing oligo-saccharides such as
melibiose and manninotriose, Bailey and co-workers (40, 50, 51) have
shown that reduction of the terminal reducing group (producing mel-
ibiitol and manninotriitol, respectively) decreases the rate of
enzymic hydrolysis by Streptococcus bovis (40) Oc-galactosidase.

On the other hand, oxidation of the terminal reducing group, as in
the case of conversion of melibiose to melibionic acid/ does not
appear to effect the rate (52). The rate of hydrolysis of a
homologous series of OC-linked oligogalactosides was reported to
decrease with increasing chain length (4, ref therein). However,
Courtois * JjZ.(53) and Bailey (40) have shown in the case of
OC-galactosidases obtained from pénicillium sp. and Streptococcus
bovis, that the rate of hydrolysis increases with the increasing
chain length of the oligosaccharides. 1In addition to the

hydrolysis of the terminal galactosyl residue, almondcx-galactosidase
has been reported to split the internal galactosidic linkage in
stachyose forming galactobiose and sucrose (48, 54). (X-Galactosidase
from coffee bean on the other J»and, can only hydrolyse stachyose

(55, 56) and verbascotetraose (57) in a stepwise fashion starting
from the nonreducing end. (X-Galactosidase from St**wtococcus bovis
(40, 51) and Etoidinium ecaudatum (50) acting on verbascose and
ajugose behaves in a similar fashion.

In addition to hydrolytic activity glycosidases are also

known to catalyse transgalactosylation reactions (58, 59).



Hydrolysis and transglycosylation are essentially similar reactions;
in the former case glycosyl residues are transferred to water and

in the latter to other hydroxyl groups such as those attached to
simple alcohols or carbohydrates. The first observation of
transferase activity bycx-galactosidase was made by Blanchard and
Albon (60); the enzyme was prepared from yeast. The authors

showed that galactose could be transferred from melibiose to a
second melibiose acceptor molecule with the formation of mannino-
triose (5, 61). Following this report,cx-transgalactosylation was
studied extensively, especially by Courtois and his co-workers, with
respect to acceptor specificity and the effect of acceptor
concentration, temperature, pH and source of enzyme (21, 34, 62, 63).
The results obtained so far, show that the hydrolysis and the
transfer reactions are catalysed by the same enzyme, and also that
they talce place on the same active site of the enzyme molecule.
With/3-galactosidase, the synthesis of glycosides from free sugars
(acting as donors) and simple alcohols has also been reported to
occur in addition to transfer and hydrolytic reactions (64, 65).
Wohnlich (66) reported that oc-galactosidase from wheat bran had a
high transferase/hydrolase ratio. Shiroya (67), on the other hand,
found that the reverse was true withoc.-galactosidase from cotton
seed using raffinose as both donor and acceptor. Tanner and Handler
(68), however, have isolated an enzyme from Phaséolus vulgaris seeds
that transfers galactose from galactinol to raffinose with the
formation of stachyose; this enzyme possessed very little hydrolytic
activity. The specificity of transgalactosylation catalysed by
oc-galactosidases from various sources has recently been reviewed

by Dey and Pridham (4). Li and Shetler (10) have shown that
phosphorylation, oxidation or reduction of either C-1 or C-6 of

D-glucose or D-galactose destroys the acceptor properties of these

hexoses when pneumococcalcx-galactosidase is used as catalyst.



They have also reported that 2-deoxy-D-galactose but not

2 -deoxy-D-glucose served as acceptor for transgalactosylation

with the same enzyme. Méthylation of the C-3 hydroxyl of

D-glucose also destroys the acceptor properties of this hexose,

Galactosidases are also known to synthesize oligosaccharides

when incubated with high concentrations of galactose or other mono-
saccharides (de novo synthesis) (69, 70). This procedure has been
used for the synthesis of several glucose and galactose derivatives
(71, 72, 73). When yeast (X-galactosidase was incubated with
D-galactose, a galactobiose and a galactotriose were isolated from
the reaction mixture, andCX-d— * 6)-linkages were assigned to these
compounds. Other products, also formed in small amounts, were
(X-d—"3), oC-d—*4) and cx-(1—* 5)-galactobioses (1, 74).

Clancy and Whelan (y4, 75) using the same enzyme and substrate
obtained a high yield of CXr(I— %6)-linked galactobiose together

with smaller amounts of (X-(1—-5>5), (X-(1-* 4)- and cX-(1—*3)-linked
disaccharides and higher oligosaccharides. /3-galactosidase has
similar properties and Wallenfels and Malhotya (34) have demonstrated
the formation of /3-d—) 6) ,/*-(1—>4) and/3“d —* 3)-linked

galactosyl glucose by allowing glucose and galactose to react together.

C, SEED DEVELOPMENT AND GERMINATION

The metabolism of carbohydrates in seeds is very much
dependent on the physiological state of the tissues. Seeds in
higher plants develop from ovules present-tn the ovary of young
flowers, as a result of changes following the reception of pollen

by the stigma. The mature seed contains materials which are
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utilized during the process of germination. Gould and Greenshields
(76) have examined the metabolism of glucose, fructose, sucrose and
galactosylsucrose derivatives during the process of maturation of
Phaséolus vulgaris seeds. It was observed that the hexoses tended
to disappear from the cotyledons and embryo but the sucrose content
remained unaffected. On the other hand the galactose-containing
oligosaccharides, such as raffinose, stachyose and verbascose,
began to appear in the seed during the final stages of maturation.
Reid and lEeier (77) made a similar observation in the case of
Trigonella loenum Graecum.

Many seeds do not germinate when placed under conditions
which are normally favourable for germination. Such seeds can be
shown to be viable, as they can be induced to germinate by special
treatments. Some seeds will only germinate under natural
conditions if they are kept for a certain period of time. These
seeds are said to be in a state of dormancy. Dormancy may be
defined as the period during which changes occur in the seed which
allow it to become viable and hence germination becomes possible.
Dormancy can be due to various causes, such as immaturity of the
embryo, impermeability of the seed coat to water and gases, special
temperature or light requirements or the presence of chemicals
which inhibit germination. The possible causes of dormancy have
been reviewed by Mayer and Poljakoff-Mayber (78). Dry seeds are
characterized by a markably low rate of metabolism. This is
probably a direct result of their low water content (5-10%), The
dry seed is usually well equip”d with functional units, which can
carry out a large number of biochemical reactions provided the
initial hydration of the enzymic protein can take place.

Germination of seeds may be regarded as those consecutive

steps which cause a quiescent seed, with a low water content, to



increase its metabolic rate which in turn initiates the formation

of the seedling from the embryo. The chemical changes which occur
in the seed at the onset of germination are complex in nature.

They consist of three main types: (a), the breakdown of reserve
materials; (b) , the transport of metabolites from one tissue to
another especially from cotyledons to developing points and (c),

the biosynthesis of new materials from the breakdown products from
the reserves. The changes in the storage reserve during germination
from several leguminous species has been extensively studied by

many workers (79-86). Mayer and Poljakoff-Mayber (78) recently
reviewed the whole phenomenon and conclude that some of the storage
products undergo very marked metabolic changes but those substances
which are present in the greatest amounts are not necessarily broken
down first. The metabolic changes occuring in the early stages of
germination are the results of the activities of various enzymes.
The enzymeswhich have hydrolytic or transferase properties are
either present in the dry seed or very rapidly appear as the seed

imbibes water.

D. FUNCTION OF OC-GALACTOSIDASE

1. In Plants

In considering the biochemical role of oc-galactosidase
in plants one may begin by examining the metabolism of commonly
occu:”ng sugars which contain OC-galactosyl units. Raffinose is
one such sugar and this consists of a D-galactopyranosyl residue
joined by anoed—p 6)-linkage to the glucose moiety of a sucrose
molecule. The raffinose family of oligosaccharides is in fact,
the most widely occujjing group of galactosyl sucrose derivatives

in plants (87 - 90). The lower members of the series, raffinose
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and stachyose, have been reported to occur in many plant organs,
such as roots, seeds, shoots, underground tubers, etc (89, 91-94),
in amounts usually equal to or greater than that of sucrose. The
higher members of the series, however, have been found only in seeds
and roots. In leguminous seeds it has been reported that the
raffinose family of oligosaccharides constitute the soluble reserve
carbohydrates during dormancy (76, 95, 96). In Vicia faba (97)
raffinose and stachyose were found to be accumulate&and increase in
concentration during seed maturation.

The possible biosynthetic pathways for the formation of
raffinose in several plant species has been examined by a number
of workers and appears to consist of the transfer of a galactose
moiety from UDP-galactose to sucrose (97, 98, 99).

UDP-galactose + sucrose —* raffinose + UDP.
UDP-galactose has been detected in many plant tissues, including
Vicia faba seeds (97), and may rise from UDP-glucose by the action
of UDP-glucose-4*-epimerase (100), or from galactose via galactose-
l-phosphate which involves galactokinase and UDP-galactose
pyrophosphorylase. Duperon (101) has shown that 14C—labelled
glucose rapidly gives rise to labelled sucrose as well as raffinose
in Phaséolus vulgaris.

In vitro, raffinose has been synthesized by allowing
sucrose to react with £-nitrophenyl <X-D-galactoside or melibiose
in the presence of OC-galactosidase (102 - 106). This enzyme is
predominantly a hydrolase and in order to obtain significant
amounts of transfer product high concentrations of sucrose and
melibiose have to be used. The physiological importance of such
reaction is not clear. The thermodynamics of the process are
unfavourable although it is conceivable that high concentration of

sucrose could be present in the cell to overcome the problem.



There are no known endogenous galactose donors for such reaction,
however. Tanner and Handler (107, 108) have discovered a specific
transferase with poor hydrolytic properties, in ripening seeds of
Phas&olus vulgaris. In vitro this enzyme catalyse the transfer of
a galactosyl moiety from galactinol to raffinose with the production
of stachyose. The author suggests that this reaction can occur in
vivo and that galactinol is regenerated from free inositol by the
transfer of a galactosyl residue from UDP-galactose.

UDP-gal + inositol —> galactinol + UDP

Galactinol + raffinose —> stachyose + inositol

UDP-gal + raffinose —> stachyose + UDP
In subsequent work Sensor and Handler (109) showed that galactinol
functions as a galactosyl donor in all plants containing raffinose
and stachyose. When plants were subjected to photosynthesis in the
atmosphere of 14CQA for 30-60 minutes, label first appeared in
galactinol and this was followed by introduction of label into

raffinose and stachyose” Fig. 1 )e
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A similar observation was reported by Shiroya (67) who
showed that when 14COA was fed to the needle of Pinus strobus.
sucrose and raffinose in the phloem became labelled after 8 hours.
Study of the kinetics of the labelling in the leaves of
Lamium macalatum after feeding 14 (109) reveals that the
galactinol pool is saturated with 14C more rapidly than the
oligomers of the raffinose series and that under conditions of
continued photosynthesis, label accumulates in r affinose and
stachyose and decreases in galactinol. During the process, label
accumulates initially in the galactosyl portion of the galactinol
and then in the galactosyl residues of raffinose and stachyose.
This shows that in this case raffinose and stachyose is produced by
the specific transfer of a galactose moiety from galactinol to
raffinose. It is likely that by a repetition of this process the
whole series of raffinose oligosaccharides is produced (110), In case
of, stachyose, the highest specific activity during a short period
of exposure to , was found in the terminal galactosyl residue
(111) . A study of this biosynthetic process in the ripening seeds
of Phaséolus vulgaris confirms the work with Lamium leaves, and
reveals that the synthesis of raffinose and stachyose takes place
in the seeds not in the pod (112), During ripening of Phaseéolus
vulgaris seeds, the pool of inositol and sucrose which accumulates

during the early stage of seed development disappears as galactinol

is formed. Later the level of galactinol decreases as galactinol -
raffinose - 6 - galactosyl transferase (68, 113) activity rises and
stachyose is formed (112), The formationofstachyose in vitro was

demonstrated by Shiroya (76) who incubated raffinose with a cotton
seed extract which contained OC-galactosidase, In V. faba seeds

the biosynthesis of verbascose, a member of raffinose series of



oligosaccharides, was shown to occur from stachyose and galactinol
@10).

Gould and Greenshields (76) studied the change in the
levels of galactose-containing oligosaccharides in ripening and
germinating seeds (Phaséolus vulgaris) and demonstrated that on
germination these oligosaccharides disappear leaving mainly sucrose
in the cotyledons and sucrose, glucose and fructose (76) in the
eipbryo. No free galactose was detected in any part of the
germinating seeds. Shiroya (67) reported similarly that raffinose
and stachyose, which are contained in resting cotton seeds,
disappear rapidly and completely in the early stage of germination.
Neither galactose nor melibiose were detected at any stage of
germination. This author also observed that the activity of
<X-galactosidase in resting, soaked cotton seeds is much higher than
that of invertase, and hence raffinose and stachyose are hydrolysed
by the former enzyme and give rise to sucrose and galactose. The
failure to detect free galactose intissues where active hydrolysis
of galactosylsucrose derivatives is occurring suggests that
galactose utilization is very efficient and that the rate of
utilization of the monosaccharide is at least as high as the rate of
removal of galactose from the oligosaccharides by OC-galactosidase.
The galactose utilization system was examined in the cotyledons of
germinated cotton seeds by Shiroya (67) who showed that seeds
infiltrated with raffinose metabolized the trisaccharide but no
galactose was detected in the tissues. The actual pathway of the
metabolism was not explained by the author, Pridham ~ alL. (I1l4)
have examined the fate of raffinose in germinating V. faba seeds.
They suggest that the concerted action of oc-galactosidase and

sucrose-UDP-glucosec glucosyl transferase may form an important



mechanism for the rapid utilization of raffinose and other
galactosylsucrose derivatives. The V. faba seeds have also been
shown to possess galactokinase activity which is capable of
converting the free galactose, 1liberated from galactosylsucrose
by the action of oc-galactosidase, to galactose-l-phosphate (115).
This latter reaction presumably is at least partly responsible for
the failure of the seeds to accumulate free galactose during
germination, Galactose-l-phosphate are, no doubt, be converted to
UDP-galactose by UTP-galactose-l-phosphate uridylyl transferase,a
ubiquitous enzyme which has been detected in germinating V. faba
seeds (J.B. Pridham and M.W. Walter, unpublished work).

Pridhaia and co-workers conclude that the metabolism of
the raffinose family of oligosaccharides and sucrose provide a
ready source of sugar nucleotides for cell wall synthesis and
other important biosynthetic processes. Pazur et (116)
examined the metabolism of galactose-containing oligosaccharides
in soya-bean (GLlvcin max) and have come to a similar conclusion
regarding the conversion of galactosylsucrose derivatives to
UDP-glucose and UDP-galactose. Further, along with other workers,
they point out that these two nucleotides are interconvertible via
UD?-glucose-4 *-epimerase,

The utilization of galactose in connection with cell wall
formation has been demonstrated with several plant species (117, 118)
Altermatt and Neish (119) examined the utilization of “galactose
for cell wall formation in wheat plants and the fate of galactose
in Avena coleoptiles was examined by Ordin and Bonner (120) and by
Thimann and co-workers (121). In both cases, by feeding
D~f**C/ galactose, it v/as observed that little was produced

and that most of the label was incorporated into insoluble products.
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many of them being associated with the cell wall. In vitro
experiments by McNal et al. (122) and more recently Panayotos

and Villemez (123) have shown that the galactose from UDP-galactose
can be incorporated into Phaseolus aureus cell walls and that
/9-(1—-* 4)-linkages are produced. Of particular interest is the
evidence that suggests that growth of the galact an chain, in this
case is on the reducing end.

Endogenous sucrose, whether free or derived from the
breakdown of galactosylsucrose, may also be metabolized in higher
plants by coupled hydrolysis and phosphorylation reactions.
Hydrolysis of sucrose in higher plants may be effected by invertase
(usually /9-fructofuranosidase) resulting in ther production of
glucose and fructose. The importance of such reaction in vivo
is in some doubt : invertase activity is widespread in plant tissue.
The hydrolysis of sucrose in germinating Phaseolus vulgaris seeds
has been examined by Gould and Greenshields (76) and Cooper and
Greenshields (124) who have shown that the situation is complex.
The authors suggest that the cotyledons of steeped and germinated
beans possess sucrose activity (alkaline sucrase; optimum pH 7,7).
The embryos of steeped seed also possess a similar enzyme activity
but after three days of germination another sucrose hydrolysing
enzyme (optimum pH 4,9) appears in these tissues in addition to
the alkaline sucrose. This facid* enzyme appears to be a
/f-fructofuranosidase, whilst the alkaline sucrase appears to be
a true sucrase which only hydrolyses sucrose. Regarding the
functions of these two hydrolytic enzymes in vivo, the authors
(76, 124) observed that before the appearance of the
/9-fructofuranosidase there was a lack of free reducing sugars in
the tissues although sucrose was present. The appearance of

this enzyme in the embryo, on germination, coincides with the
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appearance of glucose and fructose.

Glucose and fructose released by hydrolysis can
undergo further metabolism involving the enzymes of the glycolytic
pathway and can be reconverted to sucrose and other oligo- and

poly-saccharides or used as a course of energy.
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In addition to galactose-containing oligo”saccharides,
photosynthetic tissues of plants also contain galactosylglycerides
(cf. Fig.2 ) (125-132), The total galactolipid content of the
chloroplast is related to the chlorophyll content of the leaf
tissue (129), Rosenberg and his co-workers (133, 134, 135) demonstr-
ated that in the cells of Buglena gracilis, the appearance and
disappearance of chlorophyll is accompanied by the simultaneous
appearance or disappearance of galactosyl diglycerides in
approximately fixed ratio. The authors suggested that the galacto-
lipids may have a possible function in the localization of the
porphyrin structure of the chlorophyll by forming a stable 'lock
and key* fit between the phytol chains of the chlorophyll molecules
and the fatty acyl chains of the galactolipids. The biosynthetic
pathway to galactolipids in plants is not yet clear. Ferrary and
Benson (136) observed a rapid incorporation of 14C into mono-
galactosyl diglyceride and a slower entry into digalactosyl
diglyceride during the growth of Chlorella pyrenoidosa in 14CO":
they conclude that the digalactosyl diglyceride is synthesized by
galactosylation of monogalactosyl diglyceride and that both galactose
transfers involve UDP-galactose although in the first the linkage
formed is 0 and in the second case oc . Neufeld and Hall (137)
have demonstrated that spinach ehloroplasts catalyse the transfer
of galactose from UDP-galactose to an uncharacterized endogenous
acceptor with the appearance of mono-, di-, tri- and possibly tetra-
galactosyl diglycerides. Chang and Lundin (138) found a stimulatory
effect of galactolipids on the rate of cytochrome C photoreduction
by intact spinach chloroplast. Moreover, both Ferrary and Benson
(136) and Kates (131) found that galactolipids have a high rate of
turnover. Helrasing (139) believes that galactolipids play an

important role in the photosynthetic apparatus of plants. Sastry
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and Kates (140) and Helmsing (141) suggested that in vivo
digalactosyl glycerides are hydrolysed to monogalactosyl glycerides
and galactose by the action of (X-galactosidase and that the latter
are then cleaved to glycerides and galactose by the action of

/3 -galactosidase. Several plant species have been tested for the
presence of galactoiipase, specific enzymes for the hydrolysis of
galactolipids (139, 140, 141, 142). These have been found in
spinach leaves (141) and runner-bean leaves (139) and they catalyse
the following reactions.

Digalactosyl diglyceridedigalactosyl monoglyceride +
fatty acid.

Digalactosyl monoglyceride — * digalactosyl glyceride +
fatty acid. Further hydrolysis of the digalactosyl glycerides been
reported to catalyse by (X- and-galactosidase.

Che of the major galactose-containing reserves in leguminous
seeds is galactomannans (143-145). Galactomannans are composed of
chains of/?-(!— *4)-linked D-mannopyranosyl residues carrying a
varying proportion of single D-galactopyranosyresidues joined by
(X-d— e>6)-linkages to the mannan chain (see fig.2 )¢ The galactose/
mannose ratio is also reported to vary depending on the source of
the galactomannans (147, 148, 149, 150). Formation of reserve
galactomannans during the development of Trigonella foenum gcaecum
seeds has been examined recently by Reid and Meier (77). Their
results demonstrate that the galactomannans begin to be laid down
in the seeds at the early stage of development and continue to be
formed until the seeds reach their full size and yellow. After
seed maturation the galactoraannan content appears to decrease.
Courtois and his co-workers (151, 152, 153) have shown with seeds
of G. ferox and G. tricanthos that no changes in the proportion

of galactose to mannose residues occur during the formation of the
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polysaccharide. The authors suggested that the galactose and
mannose residues in galactomannans are probably laid down at the
same time by a specific mechanism (77) rather than by random
attachment of D-galactosyl residues to a preformed mannose chain
(154) . When the galactomannans begin to form in vivo (77), the

low molecular weight carbohydrate in the seed are mainly glucose,
fructose, sucrose, galactinol and a trace of stachyose. However,
after the deposition of galactomannans is complete, the most
abundant sugar then present is stachyose which is accompanied by
small amounts of raffinose, sucrose, galactinol and hexoses.

Reid and Meier (77) suggested (in the case of Trigonella P-G)

that as stachyose and galactomannans are synthesized in the seeds
at the same time, that galactinol may be involved in the formation
of both. Here it may be recalled that the biosynthesis of stachyose
in the seeds of Phaseolus vulgaris a legume, which does not contain
reserve galactomannans, has been shown to proceed by the transfer
of an oc-galactopyranosyl residue from galactinol to raffinose

(108), The authors (77 ) suggested that the apparent decrease in
polysaccharide may be due to a decrease in the solubility of the
polysaccharide as the seeds dry out. Germination of seeds usually
results in a rapid (degradation of the galactomannans. For example
Percheron and his co-worker (118) have shown that the galactoraannan
in Trigonella foenum graecum seeds is utilized first by removal of
galactose residues which is reflected in the changes““alactose/
mannose ratio of the polysaccharide isolated from the seeds at
various stages of germination. At later stages the mannose back-
bone is cleaved. In vitro cx-galactosidases from A. njger (28),

P. vulgaris (155) and coffee species (151, 152) have all been

reported to liberate galactose from galactomannans of leguminous
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seeds. Courtois ~ al. (151, 152) showed that when the galactose/
mannose ratio of the polysaccharide is less than 1, then coffee
bean cx-galactosidase can remove all galactose residues from the
mannose chains. An insoluble mannan precipitatés out when the
galactoraannan from Gleditschia ferox which has a galactose/mannose

ratio of ga 0.25 is treated with (X-galactosidase.

2. In microorganisms
A limited amount of literature is available on
ex—-galactosidases in microorganisms (cf. Dey and Pridham (4)).
Wild strains of many bacteria (64, 155) contain no oc-galactosidase,
but the enzyme can often be induced in these organisms by feeding
P'yTa.'TvO
various OC-D-galactChides ; ¢ (157, 158, 159) and in some cases
R0

-D-galact (Rides' ' (156, 160). Melibiose can induce both OC- and

-galactosidase in E. coli and A. aerogenes (45, 157, 160-166).
In Streptococcus sp. (167) an OC-galactosidase, which can hydrolyse
blood group substance B, can be induced by galactose, lactose,
raffinose and melibiose. Hogness and Battley (160) and Sheimen
and Crocker (159) observed that phenyl and O-nitrophenyl

galactosides induced the formation ofoc-galactosidasein A. aerogenes

and E. coli.

3. In animals

The (X-galactosidases in animal tissues have received
relatively little attention compared with those of plants. The
main potential substrates forOC-galactosidase in animal tissues are
galactose-containing lipids and oligosaccharides.

Ceramide trihexoside, a glycolipid, possesses an oc-
linked terminal galactosyl residue (168, 169), The accumulation

of this compound ((X-B-Gal—(1-— ~ 4)—/$-D—Gal—(1— ~ 4)-— D—



Glc-(1 —> 1I)-ceramide) in Fabry’s disease, in various organs of

the human body has been examined by Wise et aJ. (170), The
characteristic symptoms of the disease are skin lesion, angio-
keratoma, cerebral artery haemorrhage and renal failure. The
disease was initially reported to be due to a lack of a ceramide
hexosidase, an (x-galactosidase which removed the terminal
(X-galactosyl residues from ceramide trihexoside (171, 172, 173).

It was later shown that normal human tissue contained two
(X-galactosidase isozymes. The predominant form, (X-galactosidase

A, is thermolabile, has an acidic isoelectric point, and is able

to hydrolyse the terminal Oc-galactosyl residue of ceramide
trihexoside (171, 172). This isozyme appears to be absent in
patients with Fabry’s disease. The other isozyme E, which is thermo-
stable and has a neutral isoelectric point, cannot remove the
terminal sugar residue: this isozyme is present in cases of Fabry’s
disease (and in normal individuals) (174, 175). Kind (176) observed
that the <X-galactosidase A contains r#raminic acid and that

removal of this acid converts it to isozyme 3. Beutfer and Kuhl

(177) suggested that the basic defect in patients with Fabry’s
disease might be the failure to convert the precursor (OC-galacto-
sidase B) into the active enzyme ((X-galactosidase A) i.e. that
nuraminic acid cannot be transferred to enzyme B (178, 179).

This phenomenon may be analogous to the possible defect in Tay-
Sachs disease (180-183) in which it has been suggested that the

lack of the hexosaminidase A is due to the inability of the tissue
to convert hexosaminidase B to the A form (184, 185),

Human erythrocyte plasma membrane contains(X-galactosidase

(186) along with other glycosidases. The glycosidases can remove
carbohydrate from intact red blood cells and in vivo this could be

an important mechanism for modifying the erythrocyte plasma membrane.



Blood group substances isolated from human secretion are
well-known glycoproteins. The major sugars present are L-fucose ,
D-galactose, N-acetyl, D-glucosamine, N-acetyl D-galactosamine and
N-acetyl nuraminic acid (187, 188), The serological specificity of
blood is associated with the pattern of sugar residues at the
terminal non-reducing ends of the carbohydrate chains of the blood
group substances (187, 188, 189). Blood group substance B is
known to contain L-fucosidic and D-galactosidic residues as
terminal end groups, (X-Galactosidase from coffee beans has been
shown to hydrolyse the terminal “lactose residue from the B
substance and reduce serological activity (190). This has also
been demonstrated with oC-galactosidases extracted from Clostridium
maebashi (191), Trichomonas foetus (192) and Streptococcus sp,

(67) . It should be noted that not all (X-galactosidase can act on
B substance in this way: such as the case with (X-galactosidases
from brewer’s yeast, almond emulsin. Patella vulgata (193) and

Mortierella vinacea (15).
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II. MATERIALS AND METHODS



General : Analar grades of reagents and only glass distilled or
deionized water was used. All operations involving enzymes, unless
specified, were carried out at 4°.

Vicia faba seeds, variety Bunyard exhibition (long pod)
were used as a source of enzyme preparations.

Enzyme Assays: Enzyme activities were determined by measuring only
the initial rates of substrate hydrolysis. (X-Galactosidase was
assayed by addition of appropriately diluted enzyme solution (0.1 ml)
to a mixture of Ivlcllvaine buffer (194), pH 5.5 (0.6 ml) and 2.0 m M -
PNPG (0.3 ml) preheated to 30°. This temperature was maintained for
15 rain and the reaction was then stopped with 0.1 M - sodium carbonate
solution (5.0 ml) and the P-nitrophenol released measured using a
Unicam SP. 500 spectrophotometer at 405 nmm. The extinction co-
efficient of P-nitrophenol, under the assay conditions used is —

1.53 X 10" cm /m mol (44).

A unit of activity is defined as the amount of enzyme that
hydrolyses one jumol substrate per min. under the condition
specified.

Specific activities are expressed as enzyme units per mg.
of protein.

The galactose released from galactomannans was measured
by the micro-cuprimetric method of Nelson (195) using an arsenomolyb-
date reagent (196). The reagent was prepared as follows:-

Copper reagent A: Na”So” (20.0g) NaHCo” (2.0g) and

Rochelle salt (2,0g) in water (100 ml).

Copper reagent B: 15% aqueous Cu8o0”.5I”0 solution.

35 volumes of A and 1 volume of B were mixed together. One ml of
this solution was added to each digest at the completion of the

enzyme reaction. The mixture was then heated in a boiling water
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bath for 20 minutes, cooled and arsenomolybdate reagent (1,0 ml;
diluted 1:2, v/v, with 1.5 N and water (3.0 ml) then added.
The resulting colour was measured at 560 nm (Unicam SP.500). The
amount of galactose released was determined from a calibration curve

prepared using D-galactose (Fig. 3).
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Fig. 3. Standard curve for determination of galactose by the

Nelson (195) method.



Determination of Protein: This was carried out by the method of
Ctoc™Itev].
fdm. arut*fi. (197) as modified by lidwry * ~ (198) . The
procedure was as follows:
Reagent A: 2.0% Na”CO” in 0.1 N-NaOH.
Reagent 3: ¢ .57c CuzSO*. SH”O in 1.0% Rochelle salt.
Reagent C: reagent A (50 ml) mixed with reagent B (1ml).
Folin - Ciocalteu reagent (obtained from 3DH, Pool,
Dorset, U.K.). Diluted to 1l:1 (v/v) with water to reduce
the acid strength from 2N to IN.
3M - Trichloroacetic acid (0.4 ml) was added to the appropriately
diluted enzyme solution (1.0 ml). The precipitated protein was the
collected by centrifugation at 5000 r.p.m. using a MSE bench centri-
fuge and the supernatant solution was discarded. The precipitate
was then suspended in water (0.9 ml) using a Rotamixer, IN-NaOH
(0.1 ml) was then added. After solil"ﬂg'iaéh of the protein, solution C
(5 ml)was added followed 10 minutes later by the diluted Folin-
Ciocalteu reagent (0.5 ml). After 30 minutes the absorbance of the
solution was measured at 750 nm (Unicam SP. 500). Crystalline
bovine serum albumin was used to prepare a calibration curve
(Fig. 4).
Estimation of Carbohydrate: The total carbohydrate content in
enzyme preparations was measured by phenol/sulphuric acid method as
described by Dubois _et aT. (199). Glucose was used as standard
(Fig. 5) and the results expressed as glucose equivalents.
Ammonium sulphate fractionation: Powdered ammonium sulphate was
added in c*. 0,5g quantities with gentle and constant stirring at

4~ and pH 5.5. Percent saturation was calculated from the noiBOgram

described in Methods in Snzymology (200, 201).
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Fig. 4* Standard curve for determination og protein by the

Lowry et al. (197) method.
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method of Dubois et al. (199)



Sephadex gel filtration; Sephadex G-100 and G-200 columns (S6 cm x

cm internal diameter) was prepared by the method described by
Andrews (30). The columns were eluted with MeIlIvaine buffer, pH
5.5, at a flow rate of 30 ml per hour and 3 ml fractions were
collected. The packing of the column was checked and the void
volume (Vo) determined by using 0.2% blue dextran 2000 (Pharmacia
chemicals, Uppsala, Sweden). Columns were calibrated at 4°. The
recovery of enzyme activities from Sephadex columns was of the order
of 90-95%. Enzyme fractions were concentrated and dialysed using
an ultrafiltration cell with XM-100 A and PM-30 membranes (Amicon
Corporation, Lexington, Massachusetts, U.S.A.) for enzyme I and II
respectively.
Ion exchange chromatography: (a) Anion-exchange chromatography -
Whatman chromedia DE 11 anion-exchange cellulose was pre-cycled
according to the method described by *Mikes(202), The precycled
resin was then equilibriated with MellIvaine buffer, pH 8.0 (194)
and then deaerated and a column (10. cm x cm internal diameter)
prepared. The enzyme preparation (dialysed against Mcllvaine buffer,
pH 8.0) was then applied to the column and a linear salt gradient
(0.05 M-Nacl in Mcllvaine buffer, pH 8.0, 300 mi - 0.5 M-NaGl in
jAcIlvaine buffer, pH 8.0, 300 ml) used for elution. Fractions (3 ml)
were collected at a flow rate of 15 ml/hr.

(b) Cation-exchange chromatography -

Whatman ion-exchange cellulose, CM 32, was pre-treated according to
. Mikes (202) and equilibriated with Mcllvaine buffer (pH 3.5),
deaerated and the column was then packed (1.5 cm x 20 cm internal
diameter) . The enzyme preparation was dialysed against the same
buffer and was applied to the column. A linear NaCl gradient in
Mcllvaine buffer, pH 3.5, as described for DSAB-cellulose

chromatography, was used for elution. In some cases a stepwise, pH
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gradient was also used for elution. Tiiis was carried out with
successive 60 ml volumes 6f Mcllvaine buffers pH 3.5, 4.0, 4.5, 5.0,
5.5, 6.0, 6.5 and 7.0. Three ml fractions were collected at a flow
rate of 15 ml/hr. both with linear salt and stepwise pH gradients.
Ultra centrifugation study: Sedimentation equilibrium experiments
were carried out by Dr, S.P. Spragg, of the Department of Chemistry,
University of Birmingham, using Keif standard Spineo Model £ Ultra-
centrifuge with a RiTC rotor unit. Sedimentation was measured by
using a UV absorption optical system at 284 nm. Optical density

was checked 19 times in each experiment and the data were edited

and programmed by Computer. The sedimentation experiments were
carried out at 20°-21°. The enzymes were examined in Mcllvaine buffer
pH 5.5. The concentration of enzymes were 1.20, 1.72, 3.80 and 4,10
rag/ml for enzyme I, enzyme II, enzyme II1 and enzyme II2 respectively.
Amino acid analysis: Amino acid compositions of enzymes were examined
at the Centre for Material Services, University of Birmingham, with a
GBOL 5AH automatic amino acid analyser using the standard two column
technique (Table 2). Tyrosine was not estimated in any case because
of the method used for hydrolysis the proteins (6 N-HGl for 24 hours
at 110%). Same enzyme solutionsused for the ultra centrifugation
study were used for amino acid analysis.

Circular dichroism: Circular dichroism measurements were carried

out by the University of London Intercollegiate Research Services

at Westfield College, using a Roussel Jouan Dichrograph 180. The
enzyme (EX from dormant seeds; 1.2 mg/ml) was examined in Mcllvaine
buffer, pH 5.5 using a path length of 0.5 cm for 250 - 330 nm and
0.05 cm for 200 - 260 »mm.

Ultraviolet spectrum: Ultraviolet spectra of purified enzyme

preparations were examined with a Unicam SP. 800 spectrophotometer,



Amino Acid

lysine
Histidine
Arginine
Aspartic Acid

Tiireonine

Glutamic Acid
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine

Phenyl Alanine

Table 2

Amino Acid Compositions of various forms of oc-gaiactosldase from Vicia

Enzyme II
(Dormant Seed)
Recovery -
90.3%

micro mol per 100 mg of protein

Enzyme I Enzyme II Enzyme 117
(Dormant Seed) (Dormant Seed) (Dormant Seed)
Recovery Recovery Recovery

71.5% 90.1% 8A.7%
14.5 15.5 14.7
3.9 6.9 3.8
10.8 12.0 10.3
34.s 32.4 30.0
15.7 18.0 13.0
26.1 26.7 23.0
22.9 23.s 21.8
%2.7 16.6 19

25.5 26.0 24.1
1b.8 la. 8 14.7
8.4 10.4 15.1
14.0 16.8 14.0
1.1 1.7 1.7
9.6 11.2 10.4
19.9 19.6 16.8
7.4 8.0 8.7
9.6 11.0 11.0

15.1

5.6

10.3

32.6

16.0

25.1

24.2

20.8

25.1

18.4

9.9

15.0

aizyme I

(Converted from
Enzyme II

Recovery -

10.7

24.1

10.6

90.3%

Enzyme II
(Germinated Seed)
Recovery - 92.1%



using 1 cm path length cells. Mcllvaine buffer, pH 5.5, was used as
blanlc.

Purification of (X-galactosidases; The following steps were carried
out in succession:-

Stage 1. Extraction: Mature and dry (referred to as dormant) testa-
free Vicia faba seeds (Long pod, Bunyard Exhibition type) are finely
powdered in a grinder and extracted for 30 minutes, three times

with Mcllvaine buffer, pH 5.5 (1 kg/1000 ml buffer). The extract
was then centrifuged at 10,000xg for 30 minutes and the clear super-
natant solution used as a source of crude enzyme.

Stage 2, Variation of pH: The pH of the solution was lowered to
2.5-3.0 with 1.0 M - citric acid solution. Slow addition of citric
acid and efficient stirring was maintained and the mixture was then
kept overnight at 4° with constant, gentle stirring. The resulting
inactive proteins were removed by centrifugation at 22,000xg for 20
minutes and the pH of the supernatant solution was readjusted to 5.5
with 1.0 M - disodium hydrogen orthophosphate solution.

Stage 3. Protamine sulphate treatment: Protamine sulphate solution
was added to the enzyme preparation to give a final concentration of
10 rag/ml and any nucleic acid precipitated over 24 hours was removed
by centrifugation.

Stage 4. Acetone precipitation; Analar acetone (precooled to -20°)
was gradually added to the enzyme solution, which was also kept
between -4° and -10°, to a final concentration of 30% (v/v). Constant
and gentle stirring was maintained all through the procedure. After
20 minutes, the inactive protein precipitate was removed by Centri-
fugation at 27,000xg for 3 minutes. The acetone concentration in
the supernatant solution was then increased to 60% (v/v) and the

resulting active precipitate centrifuged down, collected and dissolved



in Mcllvaine buffer, pH 5.5. This solution was dialysed first against

3-4 changes of water for 6 hours (each change) at 4°, to remove traces

of acetone, then against Mcllvaine buffer, (pH 5.5; diluted 1:4, v/v

with water), for 24 hours. The turbidity was removed by centrifugation,

Stage 5. iVimoniura sulphate fractionation: The active enzyme solution

was fractionated with ammonium sulphate using the procedure already

described. Precipitate”s obtained by 0-30% saturation with ammonium

sulphate were spun down and discarded and the concentration of

ammonium sulphate in the supernatant solution then increased to 70%;

the active precipitate was centrifuged off, collected and dissolved

in Mcllvaine buffer pH 5.5. The solution was then dialysed against

3-4 changes of buffer, pH 5.5, for 6-8 hours (each change) to

remove ammonium sulphate.

Stage 6. Sephadex gel filtration: The dialysed enzyme solution was

then passed through a Sephadex column (see page 42 ). Eluted

enzyme fractions were pooled separately then concentrated and

dialysed against Mcllvaine buffer, pH 5.5.

Stage 7. Recycling through Sephadex column: The isolated dialysed

enzyme was recycled twice through a Sephadex column and the various

fractions obtained treated as in Stage 6.

Stage 8. Cation-exchange chromatography: The enzyme solution from

stage 7 were dialysed against Mcllvaine buffer, pH 3.5 and then

passed through a CM-cellulose column, which had been pre-cycled and

equilibriated at pH 3.5, as described in the earlier section. The

resulting 'peaks* of activity were pooled separately and concentrated.
In one instance enzymes I and II from dormant seeds were

examined in DE 11 anion-exchange columns (see page 42 ) after stage

7, The enzymes were not absorbed by the exchanger and no further o

examination was undertaken.
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A summary of the complete purification procedure is

given in Table 3



Purification Stage

Extraction

Acidification (pH 2.5)

Protamine Sulphate Treatment
.Acetone Fractionation

Ammonium Sulphate Fractionation
Sephadex G-100 gel Filtration and
Concentration

Recycling through Sephadex G-100 and
G-200 Gel Column and Concentration

CM-cellulose Chromatography and
Concentration

Table 3

Purification of dormant Vicia faba seed oc-galactosidases

volume Enzyme Activity
(m1) (milliunits/ml)
3,700 183
4,200 143
4,300 140
120 3,392
45 9,223
I I I I
2.5 5.0 103,225 30,510
2.5 5.0 99,000 27,880
11~ 11~ II"
1.0 1.0 92,540 31,200 28,500

* Recovery was calculated on the basis of the total enzyme activity from the proceeding stage

Protein
(mg/ml)

II

Sp. Activity
(milliunits/mg
of protein)

15.2
44.7
66.4
165.4
342
I I
41,290 13,260
47,143 14,300
II" II"

65,631 11,119 6,753

Recovery*

($)

87
83
81

101

99

93

75
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ITI. RESULTS AND DISCUSSION
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A. OC-GALACTOiilDASE FROM DORMANT VICIA FABA SEEDS

The occurrence of multiple forms of OC-galactosidase in
Vicia faba seeds has been discussed in the introduction of this
thesis (see page 11). In the present study, further work on the

purification and properties of these forms is described.

1. Purification

Initially attempts were made to improve the purification
methods of Dey and Pridham (25) and to obtain <X-galactosidases free
from other contaminating glycosidases and in higher yields.

The extraction of (X-galactosidases from dormant seeds
was accomplished by soaking the powdered seed in Mcllvaine buffer,
pH 5.5, for approximately 1.5 hours then centrifuging the
suspension immediately. This procedure was found to be better than
extending the soaking for longer periods (24 hours; Dey and
Pridham, ref. 25) and resulted in higher total and specific
activities.

The second stage of purification which consisted of
lowering the pH of the enzyme extract, resulted in complete
removal of all the contaminating glycosidase activities (25).

In the third stage the nucleic acid was removed by
protamine sulphate. Some protein seemed to be co-precipitates&
along with the nucleic acid and this resulted in a slight increase
in the specific activity. The protamine sulphate treatment was
found to be helpful in achieving effective purification in later
stages.

Fractionation of the proteins with acetone in stage 4

removed fats, phenolic compounds and other acetone soluble



materials from the preparation together with some soluble
carbohydrates. A two-fold increase in the specific activity
was obtained at this stage.

Following stage 4 preliminary further fractionation with
ammonium sulphate, ethanol and acetone (second acetone fractionation)
were attempted and the results are shown in Table 4, On the basis
of those investigations it was decided to proceed with the main
fractionation using ammonium sulphate in view of the relatively
high activity yields obtained and the simplicity of the technique.

The ammonium sulphate fractionation, stage 5, of the
enzyme preparation from stage 4 resulted in a further two-fold
increase in the specific activity with a recovery of 85%.

The first Sephadex G-100 gel filtration, stage 6, produced
two protein fractions (enzyme I and II; Fig. 6) with oC-galactosidase
activity (cf Dey and Pridham, ref. 24). These were pooled
separately and concentrated by using an Amicon ultra-filtration
cell. The elution volume of enzyme I was very close to the void
volume of the column but enzyme II was well within the fractionation
range of Sephadex G-100. It was thought that enzyme I might
consist of more than one enzymically active protein and, therefore,
fraction was next passed through a Sephadex G-200 column (Fig, 7).
The elution pattern showed a single active peak.

Enzyme I and II thus obtained were recycled, stage 7,
separately, through Sephadex G-200 and G-100 columns respectively
and the fractions with high specific activity pooled and concentra-
ted as before.

Ion-exchange chromatography was used, stage 8, to achieve
further purification of enzyme I and II, When(X-galactosidase I

from stage 7 was applied to a cation exchange (eW-cellulose)
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Table 4

Fractionation of tx-galactosidase from dormant Vicia faba seed.
Enzyme (16,000 railliunits)

Ammonium Sulphate,

Ethanol and Acetone.
precipitates were then dissolved in buffer

assayed.
Precipitant Percent
0-30
Ammonium 30 - 50
Sulphate
50 - 70
0-30
Ethanol 30 - 50
50 - 70
0-30
Acetone 30 - 50

50 - 70

179
1196
1450

1490
426
136

1407
1023
136

Protein

22.
20.

22.

22.
25.

in 50 ml was fractionated by using
The resulting
(5.0 ml)

Activity

21.5
54.4
72.5

68.0
53.3
18.1

63.1
41.0
18.2
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144
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Fig. 6'] Separation of two forms of (X-galactosidase (landll) from
mature Vicia faba seed, by Sephadex G-IOO gel filtration. Enzyme
from purification stage 5 was applied to the column( 2*5cmX86cm) .
Experimental conditions are given inthe text, p*4Z «O-— O |,

(X-galactosidase activity; »= x > protein.
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Sephadex G-200 gel filtration of purified c?s-galactosidase I

from mature Vicia faba seed. The procedure and the conditions were

the same as those described in Pig. 6 *o— 0> c”-guluctosidase

activity; X % , protein.
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column which was then eluted stepwise with Mcllvaine buffers of

different pH, two protein peaks were obtained but only one of these

which was eluted at pH 4.5, was enzymically active (Fig. 8).

Enzyme II when passed through the Cfl~cellulose column gave rise to

six protein peaks but only two, which came off the column at pH

6.0 and 6,5, possessed tx~galactosidase activity (enzyme 114 and

I12 respectively; Fig. g). The total protein associated with the

two active peaks was approximately equal but the activity of enzyme

II1 v?as three times that of enzyme 112, When the two molecular forms

(enzyme II1 and enzyme II2) from GM-cellulose column were combined

in two different ratios and passed through a Sephadex C-100

column, in both cases a single peak resulted with an elution volume

the same as that of the unresolved enzyme II (Fig.10). Elution

of both enzymes I and II from CM-cellulose columns was also

carried out using a linear salt (NaCl) gradient (0.04M - 0.5M;

pH 3.5). Enzyme I came off the column as a single peak at a salt

concentration of 0.35M-NaGl (Fig.ll ). Enzyme II was resolved, as

before, into two enzymically active proteins (Fig.)2) with

enzyme II1 eluting at a Na6l concentration of 0.12M and enzyme II2

at 0.17M. The identification of the two molecular forms of

enzyme II for comparison with enzyme II1 and enzyme II2 obtained

from GM-cellulose using a pH gradient was achieved by Kinetic

studies (see page 77) and observation of the relative peak areas.
Enzymes I and II derived from the Sephadex columns were also

subjected to DEAB-cellulose column and elution was effected with

Mcllvaine buffer (pH 8.0; ) with a linear salt gradient. Enzyme I

was eluted off as a single peak and was unretarded by the column:

no noticeable increase in the specific activity of this enzyme

resulted from this procedure (Fig.13). Enzyme II was not further

\
resulved by DEAE-cellulose.
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Fig. 0 . CM-cellulose cation exchange,
stepwise pH gradient ranging from pH 3.5
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chromatography of purified enzyme I from dormant Vicia faba seeds.
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~ 60 60 100
CM-cellulose, chromatography of purified enzyme II from dormant Vicia faba seeds.
7.0. The procedure and conditions are described in the text,

Fig. 9
gradient ranging from pH 3.5

V- y- X— X— re- K - x
110 N'A%f fractions
The elution was gayried eut using a sgtepwise PH

p.1,2 0-0,cX-galactosldase activity ;x- x,protein.
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Pig. 10* Sephydex G-100 gel chromatography of an artificial mixture
of Enzyme II andil from mature Vicia faba seeds, The enzymes
were mixed in different activity ratio and passed separately
through the column (25cmX86cm ).~The method is described in the

text, p. ¥2. *o O > enzymes II and II in a 4:1 ratio; A

in 1:4 ratio.
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Elution was carried out using a linear salt (NaCl)
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CM-cellulose chromatography of purified enzyme II from mature Vlcla fabaseeds.
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The elution was carried out using a linear salt
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Fig. 13 . DEAE cellulose chromatography of purified enzyme I and II from mature Vlcla faba seeds.
p.

salt (NaCl) gradient ranging from 0.05M to 0.5M.
-galactosldase XI.
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The procedure Is described In the text,
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.

The elution was carried out by linear
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2. IJomogen”tv and Molecular Weights of (X-galactosidases

The symmetry and coincidence of protein and activity

peaks obtained from Sephadex and CW-cellulose columns (see Fig.7.8S)
] 2

for enzymes I, II, II and II strongly suggested that these

preparations were homogeneous. In addition, 96-98% of the activity

could be recovered from these columns starting with enzymes

purified to stage 8.

Calculation of apparent molecular weights of the
preparations using the gel filtration method of /jidrews (30)
confirmed the values obtained by Dey and Pridham (25) for enzymes I
and II (see table 9). The present studies also showed that the
molecular size of enzyme II and its two components, II1 and 112
were approxin®ately the same.

All preparations after stage 8 of purification were passed
through Sephadex columns and then examined with an analytical ultra-
centrifuge using the sedimentation equilibrium method. The complete
data for this study is given in tables 6, 7, 7, and 3.
Oi-Galactosidase I, II, II1 and 112 all sedimented as single
components. A computer analysis of the data by Dr. S.P. Spragg,
showed that there was a linear relationship between Log"”* of the
vertical displacement of the fringe and the radial distance in each
case. The weight, number and zeta averages calculated for each
form of (X-galactosidase were found to lie within a very narrow
deviation range thus indicating the horaogenity of the preparations.
The molecular weights (weight average molecular weights) of the
various forms of (X-galactosidase are compared in TablelO (see also
Tables 6, 7, 3, 9) with the data obtained by gel-filtration. The
errors quoted for molecular weight determinations by gel-filtration
are -10% in the case of non-conjugated proteins (30), If this is

taken into account and the gel-filtration values then compared with



Table 5

ivlolecular weight of various forms of-galactosidase
from dormant Vicia faba seed; obtained by Sephadex
G-100 gel filtration method (30),

Molecular forms of

Mol 1 Weight
ex.-galactosidase o-ecular Weig

I 209,000
II 38,000
114 30,000

11" 36,000
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Table 10

Molecular weights of various forms of <?“-galactosidase, from
dormant Vicia faba seeds, obtained by Sephadex G-100 gel
filtration and by the sedimentation equilibrium method.

. Molecular
Molecular Form of Carbohydrate Molecu%ar Welght Weight by
. Content by Sedimentation
cN.-galactosidase % Equilibrium Sephadex G-100
) ke gel filtration
160,400
. ! 209,
I 8.0 + 2,850 09,000
II 7.8 54,340 38,000
+ 5,225
45,730
A 4
11 4.2 + 3,073 38,000
11~ 4.3 43,390 38,000

+ 1,409
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the ultra-centrifuge data it is apparent that the molecular weights
obtained by both methods may be similar for enzymes IIl and 112 and
that the molecular weight of these forms is of the order of

40,000. This value in turn appears to be similar to that for
enzyme II as calculated from gel-filtration studies. There is,
however, a discrepancy in the data obtained by the two methods in
the case of enzymes I and II. The ultra-centrifuge measurement
gives a higher value than gel-filtration for enzyme II and, in the
case of enzyme I, the molecular weight obtained by gel-filtration
was much higher than that given by the ultra-centrifuge study.

With the latter enzyme. Dr. S.P. Spragg reported that there was
some indication that this protein possessed a sub-unit structure
that could associate and dissociate depending on the *age* of the
preparation and pH (on two occasions molecular weight values of
365,300 b 5875 and 44,140 b 1730 were obtained). Some support

for this observation is given later (see page 103 and Fig. 3\ ).

No evidence of association/dissociation phenomenon has euer been
observed when enzyme I was examined on Sephadex columns although
treatment of the enzyme with urea (Dey and Pridham ref. 25) did
suggest that it might possess a sub-unit structure.

In the case of glycoprotein, peroxidase, Andrews (30)
observed that gel-filtration gave a 20% higher value than other
methods. Although all the Vicia faba OC-galactosidases contain
carbohydrate (see page58 ) the result reported by Andrews does not
easily help to explain the anomalies as in one instance (enzyme I)
the gel-filtration study gave a higher value than the ultra-
centrifuge study where as with enzyme II the reverse was true
although both enzymes contain the same amount of carbohydrate.

It is, of course, possible that the carbohydrate in enzyme I

occupies a different position in the molecule from that in enzyme II,



3. Amino Acid Analysis

All the purified Oc-galactosidases from dormant beans
showed an absorption maximum at 280 nm (Fig, 14, 15, 16, 17). The
E 280/260 ratio of enzymes I, II, 11" and 11* were 1.37, 1.43, 1.42
and 1.37, respectively. The E%% 280 values were 18, 21, 19 and 18,
respectively.

The amino acid compositions of the four (X-galactosidase
preparations from dormant Vicia faba seeds were analysed by the
standard two column technique as described in the experimental
section. The same seventeen amino acids were present in each
form: any tryptophan present would, of course, have been destroyed
during the hydrolytic process (see Table 2 and Experimental
Section p. 44 ). The total recoveries of amino acids from
enzymes I, II, II1 and 112 were 71.5, 90.1, 81.7 and 90.3%,
respectively. All enzyme proteins showed a high content}f;spartic
acid, glutamic acid, serine and glycine but in view of the
differing yields of amino acids no firm quantitative comparisons
of the total analysis can be made. However, the compositions
of enzyme II1 and II2 would appear to be similar (see Fig. 18 and
Table 2 , p.44) with the possible exception of the histidine,
cysteine and methionine contents. The difference in the acidities
of these two proteins, as revealed by the CM-cellulose study, may
be due to differences in the environments of the charged groups
rather than absolute differences in the amounts of acidic and basic
amino acids present. As enzymes II1 and II2 are ccwnponenté of
enzyme II it is not surprising to find that when the latter enzyme
is hydrolysed it also produces a similar amino acid pattern to
enzymes 11* and 11* (Fig. 18 and Table 2 ). In addition Fig. 18
(see also Table 2 p. 44 ) shows that, with the exception of proline

(which is difficult to analyse, 203), there is a close relationship
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Pig. 18 . Pattern of amino acid composition of mature seed
OC-galactosidases. o 0» enzyme I.A ;O o > enzyme II ;
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between the amino acid contents of enzyme I (Fig. 19) and the
other forms when calculations are based on the assumption that
enzyme I has a molecular weight of ca 160,000.

In conclusion, the simplest working hypothesis which can
be put forward on the basis of the molecular weight and amino acid
data available is as follows: (1) that enzyme II contains equimolar
amounts of the proteins II1 and IIz; which are of similar size but
which can be readily separated because of their differing acidities;
although other enzyraically active components, all of mol, wt. 40,000,
are also probably present (see p.57 ); (2) that a number of units
of enzyme II can associate to form enzyme I although at the present
stage of work the number is uncertain.

The nature of the carbohydrate associated with the
<x -galactosidases (TablelG) is not known. It may form part of the
glycoprotein molecules on the other hand, in view of the large
amount of soluble polysaccharide present in the seeds, some of this
could be physically bound to the proteins. It is of interest to
note, however, that enzymes I and II have almost identical total
carbohydrate contents (which tends to support the association
theory) and this is exactly double the quantity present in 114 and
IIZ. If the hypothesis alone is correct then some or all of the
inactive proteins detected by CM-cellulose chromatography of

enzyme II may well possess very high carbohydrate contents
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dor-na. BE
4. Catalytic Properties of the\3eed Enzymes

Effect of pH on activities

Following the purification, molecular weight determination
and amino acid analysis the general enzymic properties of the various
forms of cX-galactosidase were examined.. The initial velocities
of PNPG hydrolysis by the (X-galactosidases were studied over the pK
range of 1.5 - 7.0 using Ivlcllvaine buffer and where necessary
addition of a KCl - HCl mixture. In Fig. 19 the pH activity profiles
show that all forms of the Vicia faba CX-galactosidases have two pH
optima. Enzyme I showed a minor optimum at pH 2.0 and main peak at
pH 5.7. The activity at pH 2.0 is only 36% of that at pH 5.7,
Enzyme 1% shows a similar pH activity profile with two pH optima at
2.0 and 5.5. Unlike enzyme I, enzyme II is equally active at the two
optima. Enzyme 11 from dormant seeds showed pH optima at 3.0 and
5.5. However, enzyme 112 exhibited optimal activity at pH 2,0 and
5.5. Again both enzyme IIl and I12 were equally active at their !
respective pH optima.

Specificity: hydrolysis of galactomannans

Previous studies had shown that both cx-galactosidase I and
IT from Vicia faba hydrolysed various alkyl and aryl galactosides
and oligosaccharides possessing terminal, non-reducing(%-galactosyl
groups (44). Specificity studies have now been extended to an
investigation of the hydrolysis of galactomannans, such as Locust
bean, Tara and Guar gums, by the various enzyme forms at pH 5.5.
It was initially observed that the higher molecular weight enzyme
(I) hydrolysed Locust bean and Tara gums with the liberation of galac-
tose. Guar gum was unaffected by this enzyme. None of the lower
molecular weight forms of the enzyme were active towards any of the

galactomannans.



<X-galactosidase I cX-galactosidase
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CTC-galactosidase II (X-galactosidase II
/
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Fig.19 . Effect of pH on activities of ot-galactosidases from mature Vicia faba seeds. PNPG substrate.
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The three giims are polysaccharides composed of a
linked mannopyranose backbone carrying galactopyranose units joined
by oc-(1—>6)-linkages: they differ in their degree of branching
(3 ). 1In case of Locust bean and Tara gums, on average, one
galactose moiety in linked to every third or fourth residue of the
mannopyranose chain. On the other hand, galactose units are attached
to every alternate mannose residue in Guar gum. The galactose
contents of Locust bean, Tara and Guar gums are 23%, 25% and 36%
respectively. Quantitative estimation of galactose liberated by
enzyme I from Locust bean gum and Tara gum was measured at 15 minute
intervals for a period of 1 hour. This showed that enzyme I liberated
16,5% of the total galactose from the Locust bean gum in 45 minutes
and then hydrolysis ceased under the particular experimental
conditions used (Fig.20 )¢ Enzyme I required 1 hour to remove 16%
of the galactose from Tara gum hydrolysed under identical conditions
(Fig.20 ).

Examination of the residual polysaccharide products
resulting from the treatment of galactomannans with enzyme I was
also carried out by the method of specific optical rotation, by
D~'1CM - Dea (Unilever Research Laboratory, Sharnbrook, Bedford).
The enzyme-t#eated Locust bean gum and Tara gum showed depletion of
galactose and accompanying increases in the proportions of mannose
(Table! 1).

Effect of substrate concentration:-

The Vmax and Km values for all the purified preparations
of enzymes, at the two pH optima in each case, using PNPG as
substrate are shown in Table|2. ¢ P-Nitrophenyl oc-D-galactoside
was inhibitory at higher concentration with all forms of the enzymes
(see Fig.2! ). The Km and Vmax values were determined from the

linear parts of the Lineweaver-Burk plots. At the higher pH optima
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60
(mins.)

Pig. 20 ¢ Hydrolysis of galactomannans by purified (X-galactosidase
I from mature Vicia faba seeds. Assay mixture contain O'Iml.
galactomannan (5mg/ml), 0*8 ml. Mcllvaine buffer pH 55 and O'Iml
enzyme I (6650 milli units) . Temperature of assay 30? Galactose
liberated was estimated by the method of Nelson(I95). o——o0 »

Locust bean gum; x X> Tara gum.
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Table H

Analysis* of monosaccharide contents of galactomannans before and
after treatment withcx-galactosidase TI.

Treated Untreated
Galactomannans
Mannose (%) Galactose (%) Mannose (%) Galactose (%)
Locust bean ~3 17 77 23
gum
Tara gum 81 19 75 25

4Analysis carried out at the Unilever Research Laboratory using
an optical rotation technique.



Table \2

Properties of o<-galactosidases from dormant Vicia faba seeds

Enzyme Forms

II

11~

iis

pH Optima*

Vmax*

(u raol/min/rag)

24

14.

*£-Nitropbenyl (X-D-galactoside as

.15

62

.93
.95

.61
.72

.97
.91

substrate

Km*
(mM)

0.54
0.48

0.35
0.34
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Enzyme I Enzyme I[

PH 2.0 pH 5.5
PH 3.0
pH 5.5
Enzyme II'
PH 5.5
PH 2.0 2.0
5.5
3 2 4 2 1 6 8 10 -3 -1 2 1 6 8 10
10+~//s7
Fig.2l . Effect of substrate concentration on the initial rate of hydrolysis of PNPG by «.-galactosidases from mature Vicia faba Seeds in Mcllvaine buffer at

their respective pH optima.
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some comparisons of the various forms of the enzyme can be made.

3 2 - .
Enzyme II and II have similar Km values which are lower than for
enzyme II, The Vmax value for enzyme I is eight times higher than
that of enzyme II and the latter enzyme possesses a higher Vmax

. 1 2 .
value than either enzyme II or II . Hence it appears that the
. - 1 2 c s
combination of enzyme II and II in enzyme II produces a synergistic
effect with increasing catalytic activity. The higher Vmax
value for enzyme I obtained at pH 5.5 than at pH 2,0 should be
noted and compared with the related values for enzymes II, 11 and
2

II* where there is not the large difference between activities at

the low pH optima.

Effect of phenolic compounds and metal ions on the activity of
-galactosidases.

During the purification of oC-galactosidase by the method
recommended by Dey and Pridham (25) it was noted, in this present
study, that at the Sephadex G-100 gel filtration stage approximately
200% recovery of the enzyme activity could be obtained. It was
thought that a natural inhibitor might by present in the crude
enzyme preparation which was being removed by the gel. One
possibility was /3-(3,4-dihydroxyphenyl)-Jr-alanine (DOPA) which
is present in broad bean tissue in high concentration (204, 2050.
The effect of this phenolic compound and its oxidation products on the
activity of oC-galactosidase was, therefore, examined by incubating
enzyme preparations (enzymes I and II) after Sephadex fractionation
with a 1% solution of DOPA. Incubation was carried out for periods
up to six hours to allow accumulation of DOPA quinone and other

oxldatl>on products but no noticeable inhibition of either enzyme



was observed. A solution of DOPA through which air hadbeen
bubbled also proved to be an Ineffective inhibitor.

In order to look for other natural inhibitors which might
have been present in the crude enzyme preparation and removed during
gel filtration, all the fractions from a column were individually
tested for inhibitory properties. In this experiment a dialysed
enzyme preparation (after the ammonium sulphate fractionation stage)
was passed through a Sephadex G-100 column and about 200 fractions
(3 ml) were collected using Mcllvaine buffer, pH 5.5, containing
0-1M-KG1 aseluenij. The Vt of the column was 430 ml). A pure
preparation of enzyme 1(0,4ml; O ,D:~0”*=0,5) was then added to
samples (0.3 ml) of every alternate fraction and the tubes allowed
to stand for 12 hours at 4°. The fractions were assayed for enzyme
activity (Fig.*”"). The experiment was repeated to observe the
effect of the column fractions on pure enzyme II (Fig,2”). In
both cases no inhibitor could be detected in any of the fractions
instead a synergestic activation when the fractions containing
enzyme II were incubated with pure enzyme I was observed. This was
later thought to be due to the conversion of enzyme IIto enzyme I
which has a higher specific activity (see page|o3).

Oc-Galactosidase from E. coli (206 ) was reported to be
activated by NAD in the presence of i ions and that these
components were essential for stabilization of the enzyme when in
diluted solution. Ot-Galactosidase from V. faba, on the other hand,
was found to be unaffected by such treatment and dilution, unlike
the case of the E. coli enzyme, had no effect on the activity.
However, in view of the failure to detect endogenous inhibitors in
crude ($—-galactosidase preparations it was considered that activation

was probably a result of a purification stage possibly involving



JO Miraf*o/SOt ¢Q'O) iCjTATJog OSBPJIJSOJOBXBS- )o



B@S
2 go

j - ia
j -bptsojo-bxbS
£ *G*0) jCjjAjjos ss-bp
y y \ AO
eracTjo'Ejj JO inif'o/



ou

addition of metal ion.

The gel filtration columns used in the later stages of
enzyme purification were eluted with buffer containing 0.1M-XCl
and hence it was thought that this salt might be responsible for
the effect. In further experiments to corroborate this view, an
ammonium sulphate fraction of V. faba cx-galactosidase was applied to
Sephadex G-100 column which was then eluted with Mcllvaine buffer
containing no Kcl. Two forms of the enzyme (I and II) were
resolved but the recovery of the total activity was in this case
only 100% (Fig.id §).

When an ammonium sulphate fraction of the enzyme was
incubated with Mcllvaine buffer containing O.IM-K6I or O.IM-KHAPO%
activation was observed and therefore the ion was considered to
be the activating agent.

The effect of K ion concentration was investigated “'iising a
carefully dialysed ammonium sulphate fraction of the enzyme which
was incubated with various concentrations of Kcl at 4°, pH 5.5 for
1 hour. It was observed that maximum activation occurred with 0.12M-
KCI (Fig. 2 6 )i and that higher concentrations of the salt inhibited
the enzyme.

The effect of time of incubation with 0.12M-XGl on the
activation is shown in Fig. 23, * There was a 48% increase of
activity after 2 hours but the maximum (60%) was only reached after
6 hours.

The action of other alkali metal ions on the activation of
cx-galactosidase was also examined. Samples of a dialysed ammonium
sulphate fraction of the enzyme were incubated with Li0l, CsGl and
R|*1 (0.IM) for 2 hours prior to the(X-galactosidase assay. Cs*
and Rb” produced no activation (Table|3 ) but Li”* increased the

activity by 32%. The effect of Na” ion was examined by first
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Table

Effect of Monovalent Cations ono4-galactosidase (I and II)
activity.

Ion Hydrated Ionic % Increase in
as Chloride (0.IM) Radii (A°) * Activity**

i~ 10.03 32

Na 7.90 0

K+ 5.32 48

Rb*“ 5.69 0

Cs"- 5.03 0
NH4 5.37 28

* see ref. 207

** using 1 unit enzyme and incubating for 2 hours at 30°,
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extracting the enzyme from dormant seeds with dionized water instead
of Mcllvaine buffer which contains Na ions. The Na ion had no
effect on the activity of the ammonium sulphate fraction of this
enzyme. This latter enzyme preparation was activated by ions.
The effect of ammonium sulphate on cx-galactosidase activity was also
studied. An increase of 28% in the total activity was obtained when
an enzyme preparation obtained after the protamine sulphate
stage of purification was incubated with a 0-1M solution of this salt.
A detailed interpretation of the results obtained with the
alicali metal (and NH* ) ions is difficult. Inspection of the ionic
radii of the hydrated ions shows that the values are very similar
for the activating ions, K and NH~ (5.32Aand 5.3'g\ - ref.20?) which
in turn are different from those for Na*, and 6s* (7.90,
5.69Aand 5.03%“respectively, ref. 20?) which have no activating
effect. Obviously, therefore, activation could depend on the ionic
radius but the case of Li” which has a large hydrated ionic radius
(10.03) and appears to activate ““galactosidase cannot be
reconciled with this theory. It should be noted, however, that the
Ufti used in this experiment was the only salt which could not be
obtained as an ’'Analar* reagent. It is, therefore, conceivable that
activation in this case could have been due to an impurity.
Kachraar and Boyer ( 207? )have shown that pyruvate Kinase
from muscle is activated by and and that this activation
is inhibited by Na and ILi , These authors suggest that the close
relationship between the three activating ions in terms of ionic
radii in crystals, ionic mobility and the size of the hydrated ion
is the reason why they all affect the kinase in a similar manner.
Happold and Beechey (208)studying the activation of tryptophanase

by also believe that the ionic radius of the ion is an important



factor and Evans et all, (209) conclude that activates AcetiCthio»
kinase by producing a conformational change in the enzyme protein
which results in the exposure of buried active sites.

The investigations with alkali metal ions so far described
were all with relatively crude enzyme preparations (i.e. pre-
Sephadex stage of purification) containing a mixture of multiple
forms of £X-galactosidase. The effect of ions on individual
forms of the enzyme was next studied. The reason for this study
was that other workers had shown that the extent of metal ion
activation is often changed during the course of enzyme purification.
Forexample, Bach and Whitehouse (210) showed that partially purified
arginase is activated by Co**, and Ni** (in descending order of

effectiveness) but that the highly purified enzyme does not respond

to activation by Co”* and Ni**. In addition, crude phosphorylase
kinase (211 ) is activated by Ca””* and but not by Mg**, but the
purified enzyme is activated by and Mg*"* and not with Ca**. No

explanation has been given for this phenomenon.

In the following experiments the basic kinetic properties of
highly purified samples of all forms of the dormant bean cC-galactosidase
(i.e. post en-cellulose stage, except enzyme II which was post
Sephadex G-100 stage, (seep. 55 ) were examined.

The influence of jon on the pH optima of the(X-galactosid-
ase isozymes, using pNPG as substrate are shown in Fig. §)(ol?c(%).

In the case of enzyme I, the K"ion produced a shift in both optima
i.e. the normal values of pH 2.0 and 5.5 were both increased by 0.5
PH units. The ratio of the activities at the two optima was not
changed by addition of K*, ion had no effect in the case of
enzyme II but the two pH optima for enzyme 11* were changed with
the pealc at pH 3.0 decreases to 2.0 and that at pH 5.5 increases to
6.0. With enzyme I12 the first pH optima changed from pH 2.0 to

3.0 but the other shoulder remained unchanged. In view of these
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observed changes in the optima an attempt was made to show that x™
ions altered the conformation of the protein in the case of enzyme I.
In this experiment (carried out at Westfield College by Dr. P.M.Scoopes)
the circular dichroism of the enzyme was measured in the presence
of 0.12I'd-Kcl (f'ig.29)- It was observed that Kcl immediately
decreased the absorbance value at 210 nm by 40% (]*ig.2 9) , but no
further significant diminution occurred if the solution was allowed
to stand for 18 hours (46%). The circular dichroism at 270-280 nm
where aromatic amino acids absorb (212) was unaltered when was
added to the enzyme in Mcllvaine buffer, pH 5.5. The diminution of
the absorbance at 210 nm probably indicates that some kind of
disorder in the polypeptide chain of the protein (212 ) is produced
by and indeed, the extent of this disorder could be the cause of
the change of pH optima.

The effect of on Vmax and Km values of all the forms of
~X-galactosidase was also examined at the two optima in each case i.e.
those optima observed in the presence of (see Tabled”). Potassium
ion had no effect on the Km values or substrate inhibition with any
of the isozymes. The effect of K ion on Vmax values was also
negative. ions are unable to activate enzymes I and II, after
these proteins are passed through Sephadex G-100. One possible
explanation of this phenomenon is that in the case of the purified
enzymes the produces a rapid marked change in conformation
resulting in a change in the pH optima without altering the kinetic
properties. With the relatively crude mixture of enzymes I and II
(pre-Sephadex treatment) there may also be present a modifying
factor (possibly a protein) which allows only a slow and different
reaction of K with the enzyme which in this case changes the Vmax

values. Further work is obviously required to substantiate this
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theory. It would be difficult to carry out a useful kinetic
analysis of this action of k"™ on the pre-Sephadex mixture of
enzymes: a search in the Sephadex column fractions could possibly
be made for this hypothetical 'modifying factor'.

One~further observation of interest is the measurement of
bound in the various purified dormant seed CKr-galactosidases
which were all prepared in the absence of exogenous (Table] "),
shows that enzymes II1 an£ II possess a very low K+ content in
comparison with the other forms. A comparison of the contents of
enzymes I and II from dormant seeds is of special interest as the
former contains four times as much of the ion as the latter (all
attempts to remove the bound from the enzymes by dialysis have
failed) . In this connection it should be remembered that the
ultracentrifuge data suggests that enzyme I is a tetramer of enzyme
II and hence the possibility that is involved in the
association of monomer units and the increase in specific activity

should be considered.
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Table 115

Potassium content of various forms of
CK-galactosidases from dormant and germinated
Vicia faba seeds.

Molecular Form of Potassium Content
ex.-galactosidase meq/mg protein

T 40.0
(Dormant seed) ’

I
(Obtained from 35.0

IT in vitro)

II
10.0
(Dormant seed)
II
. 9.5
(Germinated seed)
11 3.0
(Dormant seed)
A
11 0.5

(Dormant seed)
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B. CHANGS3 IN THE OC-GALACTO3IDASE PATTiRN
DURING SEED MATURATION

The O0(.-galactosidase content of extracts of maturing
V. faba seeds have also been examined. Buffered extracts of the
tissues were partially purified by lowering the pH to 2.5 (stage 2,
P- 45) and then applied to Sephadex G-10G columns. This procedure
showed that young green bean seeds contain only the lower molecular
weight form of the enzyme (II) at low levels (Fig.j 0 ). The fully
grown green seeds, still remaining in the pod, also showed a
similar pattern. The higher molecular weight enzyme (I) begins to
appear if the pod is;left on the plant to dry out after the seeds
have reached their full size. The appearance of enzyme I was also
observed when the pods were removed from the plant and dried in the
labbratory at room temperature. The increase in thé level of activity
of enzyme I parallels the decrease in the activity of enzyme II
during maturation (Fig.3(j). The activity profile of enzyme 11%
and enzyme 112 (components of enzyme IX, which are resolved on Rk-
cellulose) remains similar during the maturation period and the patterns
in turn closely resemble those obtained with the fully dormant seed
(Fig.5 0~.

The changes in the DC-galactosidase pattern occurring during
maturation almost certainly reflect a complex underlying series of
biochemical reactions. It is possible that the changes in the level
of enzyme I and II are not directly related i.e. that independent
synthesis of enzyme I occurs whilst enzyme II is being degraded. A
further explanation could be that the enzymes are present in the
maturing tissues at an early stage are in inactive forms and that

inhibitors and/or activators are synthesized which in turn control
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seed in the pod. B, appearance ofOL-galactosidase I while dried in the laboratory at room temperature;

132

144 225 306 ml 63 144 [ o] 306 ml 63 144 225 306 ml 144 225 306 ml
Volume of effluent

Sephadex G-100 gel chromatographic study of the distribution ofiX-galactosidase I and II during maturation of Vicia faba seeds. A,fully grown green
C and D, different stages of seed maturation.
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the levels of enzymes I and II, A third possibility, which is
partly supported by the results of the study on the nature of the
enzymes from dormant seeds, is that enzyme I is directly derived
from association of units of enzyme II. A combination of all these

phenomenon may also of course, exist.

C. THE CONVERSION OP ENZYME II TO I

The hypothesis that enzyme I is derived from enzyme II
during maturation was investigated further,

(X-Galactosidase II was extracted from a batch of fully
grown immature seeds and purified as far as the ammonium sulphate
fractionation (stage 5; see p.46 ). When this preparation was
stored at 4°, pH 5.5, for 7 days it was observed that there was an
increase in the specific activity. Examination of this 'aged* enzyme
by Sephadex G-100 gel filtration, showed that two forms (I and II)
of the enzyme were now present. A further examination of the enzyme
over a period of 10 weeks was then mad®, Fig.31” shows the changes
in the patterns of enzyme I and enzyme II during this time and

shows
Table Yg.the increasing specific activity. The gradual appearance of
enzyme I (which has a specific activity 10 times greater than
enzyme II) can be correlated with the increase in specific activity
of the enzyme solution. It appeared, therefore, that enzyme I could
be formed in vitro from enzyme II. It was interesting to observe,
however, that if enzyme II was further purified by passage through
Sephadex G-100 it could not be converted to enzyme I. Further
experiments were then carried out in an attempt to accelerate the

conversion and the effects of pH, temperature and protein
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Changing enzyme patterns

104

306

(Sephadex G-100)

ml 63 235 306

on storing enzyme II from Vicia faba seeds at 4°.

ml 63 144 225 306

Volume of effluent (ml)

(see Table,%Qfor specific and total activity values).
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concentration were examined. The results are shown in Table |

and in all cases increase in specific activities were shown to be
accompanied by the formation of enzyme I. The different protein
concentrations examined appeared to have no appreciable effect on
the conversion but the rate was increased by raising the pH to 7.0
and the temperature to 25°. An incubation of enzyme II for 12 hours
under these optimal conditions was used to prepare a sample of
enzyme I for further investigation and comparison with enzyme I from
dormant seeds. The (X-galactosidase I thus obtained was purified

(8 otages; see p.46 ) and the molecular weight, am®*no acid
composition and kinetic properties were examined. The results
compared with those for enzyme I from dormant seeds are given in
Table”0. Both the enzymes were eluted from G-200 columns as
single, symmetrical peaks of activity (Ve = 190 ml). The protein
peaks camsideCD:'d exactly with the activity pealis (Fig.*”*). The
elution patterns of both enzyhes from OH-cellulose column were also
identical (Fig. 8 ), The specific activity of the enzyme I,

derived from enzyme II, was lower than that of enzyme I from dormant
seeds but still 5 times higher than the wvalue for enzyme II. The
potassium content and the U.V. spectra of the enzymes were
approximately the same (Table jand Fig.g” ) and the amino acid
compositions showed a close similarity (Fig. #* ; Table ¥ ), With
regard to specificity, both preparations of enzyme I, unlike

enzyme II, were shown to be able to liberate galactose from
galactomannans (Fig.” 5 )' * shown in the TablqJ Q , the kinetic
properties of the two preparations were comparable: both were
inhibited at high substrate concentration (P-nitrophenyl
galactoside). The significant differences between the two

preparations of enzyme I were the carbohydrate contents and the
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Lys His Arg Asp Thr Ser Hlu Pro Gly Ala Gys Val Metlleuleu Tyr Phe

Pig. 34 e+ Pattern of amino acid composition of mature V.faba seed

CK-galactosidasel and enzyme formed from (X-galactosidase 1II

in vitro at 2% pH 70. o— 0O i enzyme I ; Q— Q , enzyme produced

from IT. Ultracentrifuge mol. wt. used for these calculations.
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molecular weights. No explanation can be given except that these
values may reflect different degrees of carbohydrate contamination.
The problem regarding molecular weights is similar to that with
enzyme I from dormant seeds i,e, that the value obtained by gel-
filtration is different from that calculated from ultra-centrifuge
measurements. In addition, the molecular weights obtained by ultra-
centrifugation are different for the dormant seed enzyme (160,000)
and enzyme I derived from enzyme II (118,000). It is possible

here that the two values represent different associations of the
common monomer unit (II): it was stated earlier (p,69 ) that some
evidence for an association/dissociation phenomenon was obtained in
case of enzyme I from dormant seeds. It should be noted once more,
however, that no such evidence is provided by gel-filtration studies.

In conclusion, the two forms of enzyme I appear to be closely
related with respect to the kinetic properties and amino acid
composition. However, the anomalous results obtained by the two
methods of molecular weight determination remain a dilemma which
must be solved before it can be stated with certainty that enzyme I,
found in dormant seeds, can be formed from enzyme II either in vitro
or in vivo.

Interconversion of low and high molecular weight isozymes
is not uncommon. Streptococcus lactis was reported to contain two
forms of yé-galactosidase (213 214). However, when the partially
purified enzyme preparation was incubated for 18 hours at room
temperature in ammonium sulphate solution (pH 7.0) and then analysed
by Sephadex G-200 gel-filtration only the higher molecular weight
form was detected (215). It has also been shown that”-galactosidase
from £, coli is made up of 4 sub-units (216,217 ) and temperature

Qependent association and dissociation can occur in vivo (21% )
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A similar phenomenon was reported with a proteinase from
Streptococcus lactis (219) and (X-chymotryp-sin from pancreatic
Juice (220). In the latter case, the conversion was dependent on
protein concentration. The interconversion of two forms (A and B)
of OC-galactosidase obtained from human leukocytes, by gel electro-
phoresis, was reported by Kint (176). The author observed that
when the mixture of isozymes was incubated with neuraminidase at
PH 5.0, the activity of form A decreased slowly whilst B increased
in activity: the total activity remained fairly constant. The
author suggested that isozyme A, which possesses an acidic
isoelectric point contains neuraminic acid and that removal of

this acid produces the isozyme B with a neutral isoelectric point.

D. (X-GALACTOSIDASE FROM GSTOIINATSD V. FABA SEED

Dormant V. faba seeds contain two active forms of
CX.-galactosidase, I and II, which can be resolved by Sephadex G-100
gel-filtration (Fig. § ) with enzyme I as the predominant activity

u2.0
in the tissues. Dey ~ al(. have observed a change in the isozyme
pattern when the seeds are germinated; the activity of enzyme I
decreases and that of enzyme II increases. This changing pattern
was only examined by Sephadex gel chro&atography and it was, there-
fore, necessary to check the identity of the activity which
increased during germination and to see if this corresponded with
enzyme II from dormant seeds.

Hence, V. faba seeds were allowed to germinate on moist
cotton wool for 24 hours and the (X-galactosidase was then extracted

and purified according to the procedure described earlier (p. 45 ;

see Table fy) . The enzyme was then subjected to a detailed
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examination, as in the case of the dormant seed enzymes, and these
results are presented in Table2 jp» fig.”* together with those
obtained with enzyme II from dormant seeds, for comparison. It

can be seen that the properties of enzyme II from both dormant

and germinated seeds are very similar. Both enzymes behave similarly
in the ultra-centrifuge and on Sephadex columns. With the latter
procedure, however, lower molecular weight values were obtained than
with the former (see p. 66). The main difference between the
enzymes from the two types of tissues is the carbohydrate content
which appears to be somewhat higher in the (x-galactosidase II from
dormant seeds. The significance of this is not clear: it could
reflect different glycoprotein structure or merely different

levels of contaminating polysaccharides (see p. 66).

On CM-cellulose column the germinated seed enzyme was
resolved into two active components (identical to II1 and IIZ) and
small amounts of four other inactive proteins similar to those
obtained from dormant seed enzyme II.

In conclusion, it is very probable that the enzyme from

germinated seeds is identical to e'nzyme II from dormant seeds.

E. PHYSIOLOGICAL IMPORTANCE OF (X-GALACTOSIDASSS

The precise role of oc-galactosidases in seed metabolism is
still not clear but the investigation described in this thesis does
suggest that it is complet and involves interconversion of isozymes

at different physiological stages.

The seed maturation process in Vicia faba would normally

appear to be accompanied by a build-up of the low molecular weight
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Pig. 3 7*. Pattern of amino acid compositions of QC-galactosidase II
from mature and germinated Vicia faba seeds, o— O t enzyme from

mature seed; % x , enzyme from germinated seed.
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162 243 270
Vo l'ainre of effluent (ml)

Pig. 38 . Comparison of Sephadex G-IOO gel-filtration of
purified (X-galactosidase II from mature Vicia faba seeds(3)
and cX-galactosidase II from germinated seeds(B).
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Enzyme II (malure seeds)

Enzyme II (germinatecl

Fig. 40 + Comparison of pH optima of cx,-galactosidase II from

mature Vicia faba seeds and enzyme II from germinated seeds,
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enzyme II (a mixture of proteins) followed by a decrease in the
activity of this form and the appearance of the high molecular
weight isozyme I with a further increase in total activity. Some
kind of 'compartmentalization* must be envisaged during this
increase in activity as it parallels the storage of galactosylIsucrose
derivatives (see p. 20 ) which are presumably the natural substrates
for cK-galactosidase. Whether this involves a physical barrier
between enzymes and oligosaccharides or whether the activity is
rendered latent by some other mechanism, such as the presence of

an inhibitor, 1lack of K , or the presence of some other unfavourable
microenvironment Is not known.

Several factors suggest that enzyme I is produced during
seed development from enzyme IT. In particular, the amino acid
compositions suggest this kind of relationship as does the study of
the conversion of form II to form I in vitro. The number of units
of IT involved in the formation of I is, at present, not clear
owing to the different molecular weight data obtained by gel-
filtration and ultra-centrifuge procedures.

It is of interest to note that the fully developed seed
possesses more of form I, with a high specific activity, than of
ITI (the isozyme with low specific activityj{ This presumably allows
the seed to mobilize its galactose containing oligosaccharide
reserves at a high rate during the early stages of germination when
it is probable that the metabolism of soluble sugars is of more
importance than that of starch.

A further observation of possible physiological significance
is that (X-galactosidase I but not II, will hydrolyse galactomannans.
This could also be of importance at the onset of germination as a

further source of energy for seedling development.
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The process of germination with respect to c<-galactosidase
patterns, at a superficial level at least, appears to be a
reversal of seed maturation. The level of enzyme I decreases
rapidly and the activity of II increases: this is accompanied by a
decrease in total cx-galactosidase activity. It isnot known whether
this is a dissociation of I into units of II or whether the
phenomenon is of a more complex nature. Dey et (221 ) have shown
that the change is probably uhder matabolic control as cyclohex\mide
interferes with the normal germination pattern and allows the

enzyme complement to revert to that found in the dormant tissue.
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