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ABSTRACT

pifferent techniques of enzyme active site labelling have been
classified and discussed with particular reference to the glycoside

hydrolases and glucoamylase. Glucoamylase from Aspergillus niger

has been purified and fractionated into 2 major forms. The
physical properties of the forms have been measured and compared.
Both purified enzyme forms have similar sedimentation coefficients,
behave similarly on disc—gel electrophoresis and have similar
molecular weights (80,000). The purified enzyme forms showed
distinct amino acid compositions, but both had carbohydrate contents
of about 15%.

The specific activities of the enzyme fractions toward wheat
~ amylopectin were similar and about four times greater than those
towards maltose. ABoth purified enzyme forms converted wheat
amylopectin to glucose to the extent of virtually 100%. The
phenomenon of revefsion has been discussed and arnalysed from a
thermodynamic point of view. Extents of reversion theoretically
expected have been calculated from available thermodynamic data and
compared with experiment. |

Both purified enzyme forms have a pH optima of 4.6 and are devoid
of "endo"-activity. The chemical modification of protein carboxyl
groups has been reviewed, and the technique of differential
modification has been applied to the two purified glucoamylases.
Carboxyl groups weredh@ﬁivated by reaction with 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride and labelled with glycine
methyl ester, glycine ethyl ester and 2-amino ethane sulphonic acid

(taurine). It was found that deactivation was most rapid in the case



of taurine, and the deactivation is restricted to ca. 20% in the
pfesence of maltose. Tﬁe use of.taurine also facilitates deter-
mination of the extent of modification by amino acid analysis.

The partially deactivated enzyme was stable towards subsequent
purification procedures and could be fully deactivated by a

second treatment in the absence of maltose. The use of 140
radio-labelled taurine in the second stage showed that maltose
protected an enzyme substrate site which contained 6 and 5 modifiable
groups in glucoamylase I and II respectively. Peptide maps of
chemically modified glucoamylase I and glucoamylase II showed

distinct differences.
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CHAPTER 1
GENERAL INTRODUCTION TO STARCH DEGRADING ENZYMES AND CHEMICAL

STUDIES OF ENZYME ACTIVE SITES

1.1 General Introduction

In living organisms the existence of enzymes which will catal&se
the hydrolysis of starch into smaller units are of vital importance'
in the utilization of this naturally occurring energy store. In
industry the starch hydrolases play a major role in producing sugars
which have many uses ranging from brewing to confectionery. ih the
fields of chemistry and biochemistry the hydrolases have played a part
in characterising the structures of starch1 and glycogen2 polymers frdm
var#ous sources.

In the initial work using the starch hydrolases, the purity of the
preparations was not deemed to be of vital importance because they were
used for a particular purpose say for example in indﬁstry to reduce the

3-5

viscosity of starch.” It was with the application of enzymes for

hydrolysing specific.linkages in polysaccharide structural determinations

thaf the degree of purity became important. Since the advent of
7

isoelectric focussing' it has been shown that enzymes which were

preyiously considered to be pure may themselves split up into many

8y 129 .14 it is difficult therefore to define the

9-11

slightly different forms
absolute purity of an enzyme. It has been reported in the literature
that there are at least eight enzymes which will degrade starch and these
are shown in TABLE 1.1 together with the usual products obtained after their
action on this substrate. Other enzymes, for example 2 enzyme,12 which
have also been reported were later shown to be one of the eight.13' 28

It appears that the physical properties of these enzymes depend upon the

micpo-organism or organ from which they are derived. Thus the a-amylase



LG Ly ob i getes 6 emhtod
Aw.wvld @m£o:dhpﬂv.rvld Oﬂhoshmom
pue sreydsoyd—|—ssoon1S—I=0

0G-GrLpGEoLtg T
JoufTod aeeutrl paxuil~(‘L)-P
* SUTBYQ
Gyt Lbior GErEE oL 6t ST
Jouwf1od JesurT @mxﬁﬁH|Av.vvlu
*sSutT®e

Trlopigetegtol o
asuf1od gesuty pexutl-(¥‘L)-P

Cgelacteetacipl g SUTRUD Jowf1od
mﬁﬁMmﬁmm mmxmﬂﬁmﬁv L)-0 T1® 3souly

. . n...l
ﬂ.VlF.V-N;M.-MManu—\MuOM—ONGWOU.D.H - Q

er-1vtoctaciee

(gt QUTIIOP TUIT wm.mmupm.mWOPHdzun
0800NTI—I~0

Gz2'vz TP gy eepeLpiGe—ce

T : ¢ —

.Nm.mmz.npxm@ 3TWTT mewp.mmmopams D

mmmdﬁm%mﬁdhpahmoozﬂm
9qeydsoydoyiao ”zmoﬁHMIv.rvUH

mommHop@haoqmooﬁHMIw ﬁmmoohﬁwu
M

mommaog@hsosmooﬁHMIw utgoadTluy ]

[es®'rOaPAYOUOONTE—g yoaess]

[eseroapAyoond-9 ueonid-y ‘-]

hmmeOMthooﬁﬂw ueontd-y‘L-0]

homdﬁoh@ASOPﬂma ueon - ‘L-0]

[eseroapLyoontS—y ueonis~y‘L-v]

aserLaoydsoyd

sseffweosy

sawmAzus—y

aseprsoontd
~9 ¢ | —oTLuy

sseuBINT TN

aseTfweoonTy

oseTlue—g

aseTfue-0

L'L*bre *o'm
6°L*e ¢ *o°H
mo_‘-N-m‘. oOoMH

6°l*2°¢ *o°1

6°lL*g*¢ *0o°d

MnFoN-m.o.m

NoPoNom. Oo'm

_‘-_‘-Nom COOM

HAONHYNARY NV HOYVLS NO
NOLLOV YELAY SL0NT0Yd

Frmzﬂz OILVIHLSXS

HWVN TVIAIUL

rrmmmEDZ
NOISSIWWOD HIWAZNH

sewlzue Jurpeadop YoaeilS oYy

L*L 319V



TABLE 1.2

Alternative Names used for the Enzymes

(1isted in TABLE 1.1)

p

TRIVIAL NAME ALTERNATIVE NAME REFERENCE
Diastase 52
a-amylase Taka - Diastase " 53
Taka - amylase | 24,54
Taka — amylase A | 19,55
Taka - amylase B . 56-58
Amyloglucosidase _ 59
Saccharogenic Amylase ‘ 60
Glugoamylase Gluc — amylase 30, 61, 64, 76
Glucamylase 62, 63
Alpha - Amyloglucosidase . 3
¥ -amylase ' 9, 40, 41, 69
Maltase : T70-74
Pullulanase Bacterial R—enzyme 9, 40

Phosphorylase P-enzyme _ 40, 75



from porcine pancreas has a reported molecular weight of 45,00014 and a

. 1
pH optimum of 6.8 5 whereas that obtained from Bacillus stearothermophilus

has an average molecular weight of 15,40416 and a pH optimum of 5.0.17
Before considering aspects of the glucoamylase enzyme which is the
subject of this Thesis; to avoid confusion it is useful to list other
alternate trivial names which have been used for the enzymes in
TABLE 1.1, these are shown in TABLE 1.2. Studies on the properties and
on the mechanism of action of these glucan hydrolases and phdsphorylase
have been reviewed in recent volumes on enzymes.9’ 43-45, 17~
a-Anylase and glucoamylase are used in industry to produce high and low
glugose equivalent sugars from wheat78 and other starches and if was
with a view to increasing the knowledge about glucoamylase that this
work was undertaken with cooperation from Ranks Hovis McDougall Ltd.

In addition to studies of the purification and physical and
enzymic properties éf giucoamylase,‘the major part of this Thesis will
be goncerned with investigations of the chemical nature of the enzyme
actjfive site. Information about the active sites of enzymes is gained
via three main techniques, X-ray crystallography, chemioai modification
of {he functional groups, and by fast reaction kinetics. Very little
X-r3y work has geen carried out on the glycoside hydrolases apart from
thé pioneering work on}lysozyme, althoﬁgh'results of studies on a—aﬁylase.

19

are now being reported. The glycosidase, lysozyme, from hens' egg

white was the first enzyme to have its complete three dimensional

80-86, 88, 89

crystal structure determined. Virtually no chemical
modification87 had been carried out on this enzyme prior to the X-ray
studies. The complete application of the X-ray crystallographic

technique is limited by the necessity of obtaining amino acid sequence

information and of suitable crystals. However provided the latter



condition is fulfilled, the X~-ray technique yields the conformation of
the protein chain in the absence of any sequence information, and
parfial sequence information can then be used to locate amino acid
side chains in the three dimensional structure. The second approach
whigh next to X-ray studies has been the most informative involves the
chemical labelling of enzyme active sites. In this technique a
molecule, perhaps bearing a label such as a radioisotope, is covalently
attgched to an amino acid residue or residues within the active site.
Upori enzymatic or chemical degradation of the protein, peptidel?ragments
bearing the molecule may be detected, isolated and characterised.
The catalytic sites of many enzymes which have so far been investigated
usuglly contain somé chemically unique or particularly reactive amino
acidl residue important for their catalytic activity. It is possible
to take advantage of their unusual reactivity to label the groups
involved in a number of ways. There are five methods of chemically
labelling active sites of enzymes, these are labelling by substrate,
labelling by nonspecific reagents, labelling by quasi-substrate,
differential labelling and affinity labelling.

Examples chosen from the hydrdlasevenzymes to illuétrate these
methods are as follows:. -

(i) 1labelling by substrate. Silverstein et 21.91 have isolated

a denatured form of enzyme substrate complex from sucrose phosphorylase.
They were able to show that one mole of glucose originating from a
sucrose molecule complexed with one mole of enzyme. A later hydrolysis

stu@y93 on a glycosyl peptide obtained after pepsin digestion of the

glugose—enzyme complex revealed that the glucose linkage was B indicating
that the formation of the complex proceeded with inversion. An example

of the isolation of an enzyme covalent intermediate demonstrated using



"Sephadex" G-25 column chromatography under both denaturing and non-
dengturing copditions has been carried out by Bell 33‘21.92 The
“enzyme used for their investigation was phosphoribosy} — adenosine
triphosphate: pyrophosphate phosphoribosyltransferase [E.C. 4.2.1c].
In'this case enzyme labelled with radioactive phosphorous was obtained.
In general however,labelling by substrate is not practical since an
enzyme/éubstrate intermediate complex has only a short lifetime.

(ii) labelling by nonspecific reagent
94-98

[

Parsons et al. have used triethyloxonium fluroborate as

the nonspecific reagent in the formation of the B-ethyl ester of the

Asp 52 residue in lysozyme. Although it would appear that the reagent

is gpecific for this particular residue, when used in a high concentration

94

6.3 carboxyl residues were modified out of a possible 11. The reagent
discriminates on the pKa value of the acid group being modified and on
steric grounds; it is known that the oxonium ion attacks anions more

99

readily than neutral species. A study of the nonspecific carboxyl
modjfication of enzymes using carbodiimide reagents will be given in
CHAPTER 6 of this Thesis with particular reference to glucoamylase.

(i$i) labelling by quasi-substrate

Labelling by quasi-substrate can be considered as a special case
of affinity labelling. A quasi-substrate is an active site directed
irreversible inhibitor which both specifically binds and reacts with an
enzyme in a very similar way to that of a true substrate. It is so
designed that it reacts covalently with a particular group or groups
within the enzyme active site which are most likely to be involved
during the catalytic reaction. It has to be stable under the conditions

of the experiment including the subsequent degradation of the labelled



———————

Ll HEWHHOS

(£31oTTdUTs J0F DPITWO USSQ SABRY sdnoad HO)

“* » syrqTyUT 9jeIgSqNS OPTSOONTS-D onIg

0 §93eAT0BUT LTMOTS

; 40
0
A m o
. : . : |
uoT umtuoXxo-[LsoonTd ateyo £ :

&g sptqryut mpmhvmpmm 9PTIS00LTS~g onay A d so3BATIOBUT

QA A

To3Ts0UT-0Ru~0IpAyue—g ¢ |~T| 10} TSOUT—ORG-oapAyue-2‘ L-0h



enzyme in order to reveal information about the functional groups at

the active site. This type of study has been carried out on a a_100
101,102,105, 106 103 :
and P-D-glucosidase and on B-D-galactosidase using inositol epoxides

0
as the quasi-substrate. It was shown1 1,102

that 2&:1,2-anhydro—
myo-~inositol combined with the active site of B-D-glucosidase and upon
hydrolysis of the ester(presumed)formed during the reaction, the product
obtained was 12192122—in0sit01 suggesting that it was the Q-isomer

104

which was the inactivator. The 1£—isomer was synthesised . ' and reacted

with yeast a—Q—glucosidase,1oo but it was found only to act as an
inhibitor and not an inactivator. The inhibition was lower than that
of D~glucose. The 1£—isomer was also tested for inactivation of
B—Q—glucosidaggobut none was observed. This supports the suggestion by
Legler,m1 that it is the 12—1,2—anhydrofgzgrinositol which inactivates
the B-D-glucosidase from the racemic mixture that he used. It has also

106,107

been shown that the D-isomer slowly inactivates yeast

a-D-glucosidases. Published interpretationsvof these results1oo have
regarded the C—~C inositol bond as a "substitute" for the C1-05 bond ip
normal substrates, but a more complete interpretation is possible in
which the C-C inositol bond may be regarded as a "substitute" for the
C1-C2 bond with no loss of stereochemical correspondence at other
positions. Molecular models were made o study the stereochemical
analogy of the two racemates of 1,2-anhydro-myo-inositol to the
carbonium/oxonium ion half chair transition state intermediate widely
supposed to be formed during the authentic enzyme hydrolysis and the

_ situation is shown in SCHEME 1.1. It is observed that when the
‘direction of the C~C epoxide bond follows the direction of the C1-05

substrate bond, the conformation of the inositol ring closely resembles



that of the half chair derivable from (both a and B) glycosides, whereas
whep the C—C epoxide bond follows the C1-C2 substrate bond the
conformation of the inositol ring differs from the half chair for the
samg orientation of the rings. The inactivation data is thus
rationalised and it may be predicted on this basis that 12—1,2—anhydro-
myo~inositol will only act as an inhibitor of B—Q—glucosidase.
Although this interaction has been studied1oo and no inactivation
occurred, no inhibition data was given. It has already been ghown
that 12—1,2-anhydroﬁgnginositol inactivates both a-and B-D-glucosidase
although the reason for the differences in rate is not apparent. It
appears that the quasi-substrate has to have some particular corres-—
pondence to the true substrate in some cases before it will react. -

This is illustrated in the case of the B-D-galactosides. The

Btgrgalactosidase obtained from Escherichia coli which is very specific

for B—Q—galactosides108 was not inactivated by 1D-1, 2-anhyd ro-myo-
0

inogitol even at high concentration.1 3 The hexosidases from Helix

pomatia which hydrolyse B—D—galactosides and B-D-glucosides at

e pr— = =

109

at ppproximately the same rate reacted with 12—1,2—anhydro-mzo—

inopitol because they are non specific with respect to the configuration
at £4 of the hexose.

Cellulase and lysozyme have also been studied using epoxy-
subgtrates. Cellulase will act usually on a B-1,4~ linked poly-glucan
howgver it also reacts with a similar oligosaccharide containing four
linked glucose residues.110 Experiments with cellulase have been
caryied out using 12—1,2—anhydroﬁgzg—inositol and other epoxides

111

combined to sugar oligosaccharides. It was found that no

inactivation occurred with 1D-1,2-anhydro-myo-inositol although a
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progressive inactiGétion of cellulase was observed when cellobiosides
of the type shown in STRUCTURE 1.1 were used. Unlike 12—1,2-anhydro
Ezg—inositol, these molecules do not have the reactive functional
group as an integral part of the quasi-substrate and therefore will be
considered later under affinity labelling.

Peptide sequence studies to identify the labelled residue after

reaction with radio-labelled quasi-substrate are underway with

Aspergillus wentii B-glucosidase A3, and a labelled peptide has been

isolated and characterised.1o3

.
-

It can be concluded that the use of quasi-substrates in the
investigation of the hydrolase enzymes is still at an early stage:
A Dbrief summary of the results published so far is given in TABLE 1.3.

(iv) differential labelling

' This type of labelling was initially described by Cohen EE,EL'115

in’T953. In this technique the catalytic functional groups of the
enzyme are first of all protected by substrate while other non-catalytic
groups outside the active site are modified by a non-specific reagent
suchvas a carbodiimide in the presence of a suitable nucleophile.

After removal of the substrate and reagents by gel-pepmeation
chromatography or exhaustive>dialysis, the partially modified enzyme

is further reacted with the‘non—specific reagent in the presence of
radip-labelled nucleophile but in the absence of any protective substrate.
After removal of unbound excess labelled nucleophile and other reagents
from the enzyme, it is degraded either chemically or enZymatically and
the peptide(s) bearing the radio-label isolated and characterised.

There are three points to be noted in this technique if errors are.to
be avoided. As there is an equilibrium between the enzyme and its
substrate,va large excess of the latter must be used during the initial
reaction if unlabelled nucleophile is to be prevented‘from reacting with

the active site functional groups. Secondly incomplete removal of the
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labelled nucleophile after reaction may lead to incorrect fesults by
indicating too many labelled peptides or give a false number of
catalytic groups in the active site. TFinally it may be found that
when the enzyme is modified it changes character and,for example,
precipitates from solution. Very little work has been published on
the use of differential labelling applied to giycoside hydrolases,
however, it has been reported by Gray‘gﬁ_gl.113 that using the
procedure essentially described by Hoare and Koshla.nd114 it was possible
to modify glucoamylase with about 80% retention of activity after the
initial modification and a considerable loss of activity occurred after
subsequent reaction without substrate protection of the active site.

A major part of this Thesis is concerned with the differential
labelling of glucoamylase, and further discussion of this technique is
given in CHAPTER 6.

A diagrammatic representation of differential labelling is given

in SCHEME 1.2.

(v) affinity labelling

As previously stated this technique of labelling enzyme active
sites is similar to that of labelling by quasi-substrate. The
essential difference is that the reactive group on the inactivator or
inhibitor molecule is external to it and not an integral part as in the
case of the quasi-substrate. The molecule used for affinity labelling
is essentially made up of two distinct parts. The first is that which
resembles the true‘substrate of the enzyme. This facilitafes the
access of the substrate into the active site of the enzyme and binds to
it in a similar way as the genuine substrate. It also helps to bring

abopt the correct conformational change which may occur within the
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enzyme when a substrate binds to it. The second part of the
molgcule is designed to carry a reactive group which will covalently
attmch itself to a group within the active site of the enzyme once it
has been carried in by the other substrate "decoying" part. The
disadvantage of this technique is that one cannot be sure that the
reactive group on the affinity label actually reacts with a group
within the enzyme which is responsible for the catalytic activity.
A gyoup on fhe enzyme which because of the conformational structure is
brought into the proximity of, but not part of, the active sit; may
rea¢t with the affinity label. This would yield some information
about the three dimensional structure around the active site and in
conjunction with other data would be useful. Once an affinity label
has been attached to an enzyme the substrate portion can generally be
removed in some way leaving a group, perhaps radio-labelled, covalently
bound to a group on the enzyme. Upon degradation the peptide(s)
bearing the label may be isolated and characterised as in the previous
cases. A diagrammatic representation of affinity labelling is given
in $CHEME 1.3.

Once again although several reviews in the field of affinity

16,117 154416 work has been published in the

103

labelling are available
. 103 103 .
field of the hydrolases, cellulase, lysozyme, B—E—glu0031dase
and B—Q—galactosidase123 have however been studied. As stated in the
section on quasi-substrates, cellulase is progressively inactivated by
cellobiosides of the type shown in STRUCTURE 1.7.
Variation of the length of the alkyl side chain showed a maximum

inagtivation when five carbon atoms were present in the aglycone. This

suggests that with this chain length the epoxide is able to reach a
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Z—Nitro-4-azidophenyl—B—Q—galactopyranoside

0 0~
OH N 7/
N
CHL,0H 0 +

J3(0)
OH

STRUCTURE 1.2. An example of an affinity label for B-D~galactosidase

‘o

N-bromoacetyl B-D-galactopyranosylamine

STRUCTURE 1.3. An example of an affinity label for B—Q—galactosidase

from Escherichia coli, and for various permeases.




position on the enzyme which corresponds to the glycosyl oxygen of the
last glucose unit of a cellotriose section in the cellulose chain.
The rate of inactivation was increased approximately four fold on
goipg from the cellobioside to the cellotrioside. A much higher
conpentration was used in this work103 than in the quasi-substrate
modification of other hydrolases mentioned earlier. In the study of
the inactivation of lysozyme with 2,3—epoxypropy1-B-chitobioside118
and —trioside,112 it was observed that with the former epoxide the
rate of inactivation was similar to that of the 4,5-epoxypentyl-f-
cellobioside and cellulase, and, fifty times higher with the chito-
trioside. It was shown by using a radicactive inhibitor that one mole
of enzyme was completely inactivated by one mole of inhibitor. In the
case of hens' egg white lysozyme a radiocactive peptide containing
fiftteen units was isolated after pepsin digestion, and aspartic acid
residue fifty-two identified as the point of attachment of the affinity
lab@l.118

Diastereomeric epoxyb(B—Q—glucopyranosyl) ethanes and 1,2-epoxy-3-
(B—Q—glucopyranosyl)propanes were synthesised and reacted with
B-D-glucosidase from sweet almonds.119 The enzyme was irreversibly
inapgtivated. 1,2—epoxy—3—(B—Q—glucopyranosyl)propane has been
synthesised and reacted with yeast hexokinase.142 It was found that this
active site directed inhibitor significantly inactivated the enzyme.
Peryy'gi.gl.120 have synthesised several 2-nitro-4-azidophenyl
glycosidase affinity labelling agents (e.g. STRUCTURE 1.2) which may be
used for studying B—B—galactosidase, B-D-glucosidase, and cellulase.

As part of an investigation into the lactose transport system of

Escherichia coli,122 N~-bromoacetyl B—Q—galactopyranosylamine (STRUCTURE

1.3» was synthesised together with other related compounds and these were
! - .
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then tested as irreversible inhibitors of lactose uptake using lac-
peymease employing the method described by YariV'gingl.124 It was
found that N-bromoacetyl B—Q—galaotopyranosylamine was inactive at
cojpicentrations up to 10-2M presumably because the inhibitor could not
reach the enzyme in Vivo. However in an investigation of the active

site of B—Q—galactosidase from Escherichia coli,123 N-bromoacetyl

B—E—galactopyranosylamine was used at 10—3M concentration as an
affinity label and found to totally inactivate this enzyme. .The
kinetics of the inactivation were first order and a methionine sulphur
wap found to be the point of attachment of the labelled molecule.
A summary of the results of affinity labelling of glycoside hydrolases
is given in TABLE 1.4.

Before concluding this section on the chemical modification of
enzymes, it is worth noting that this technique may be very useful in
the future as a tool to camouflage enzymes for therapeutic purposes.121

130

By attaching certain oligosaccharides or glycopeptides around an
engyme by chemical modification and thus camouflaging it, the
registance to proteolytic attack or to immune reaction has been

125 In this work glycopeptides from a normal

inereased in vivo.
cipculating protein, fetuin, were attached using glycosyl transferases
10 lysozyme and albumine When these modified proteins were injected
info rats they remained in ¢irculation., If the sialic acid was first
reqoved to expose the terminal galactose then they were removed by the
liyer within ten minutes and destroyed by the hepatic cells in two hourse.

If the terminal galacfose residues were also removed the hepatic uptake

wag depressed. Thus the terminal galactose gerved as an address label

.
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to direct transport to and destruction in the liver. Blocking the
terminal galactose with sialic acid permitted the proteins to stay in
circulation and prolonged their lifetime in the organism, Similar

work126’127

using plasma glycoproteins has shown the importance of
terminal sialic acid residues keeping the proteins in circulation.
Thus it may be possible to differentially modify a hydrolase in such
a way that it becomes useful in the treatment of human glycosidase
deficiency diseases such as glycogen and lipid storage diseases.

As in the case of the technique of X-ray crystallography little
application has been made of rapid reaction kinetic techniques to
glycoside hydrolases. A partial explanation may lie in the fact that
the natural substrates are polysaccharides and are therefore somewhat
ill-defined (e.g. in terms of concentration). Pre-steady state
kinetics of lysozyme — substrate interactions have been reported.128
Twg interaction processes were found when chitohexdesewas used as
substrate while only one was found for chitotriose. The temperature
jump and stopped flow methods were used for this investigation, the
regctions being followed by proton indicators or fluorescence of
tryptophane residues. The technique is useful for obtaining information
of the size of the substrate binding cavity.

It has been mentioned earlier in the chapter that hydrolase enzymes
such as a- and B-amylase, and glucoamylase play a major part in
industry e.g. to produce fermentable sugars in the brewing industry
and in providing a non-stop liquefaction and conversion of starch to
D-glucose. All industrial processes, to be commercially viable, are

opgrated on a profit making basis and any measures which may reduce v

operating costs are usually investigated.
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Various commercial organisations, and in particular those
connected with the food industry have in recent years examined the
possibility of replacing soluble enzymes by those attached to a
support thus rendering them immobile. In the petrochemical industry
immobilised catalysts are commonplace and operate satisfactorily.

At first sight it would appear that the use of an immobilised gluco-
amylase in the industrial starch conversion process would have

several advantages over the soluble form, namely, lower overall cost
bepause the enzyme is re-used and reduced contamination of the product
by protein. The saving facilitated by the use of immobilised
glucoamylase may be quite considerable considering that in 1973 the
ampunt of glucose produced from starch in the United States of America
expeeded 1 billion pounds and that during the conversion the gluco-
amylase employed was partially deactivated and the remainder was not
economically recovera,ble.137

In real terms however, the advantages may not be so great because

131-136

in many cases the conversion of starch to glucose did not exceed

139

85%, however Li et al. reported a 93.9% conversion. Most of the

conversions and hence glucose concentrations fall appreciably short of
the commercial requirement for the production of crystalline glucose.137
In the industrial conversion 6f starch to glucose the major expenditure
is on heavy fuel oil and electricity, the expenditure on glucoamylase
being only a fraction (2%) of the total "in house"™ costs. In view of
th§ cost of converting existing industrial starch conversion plants to
facilitate the use of immobilised enzymes and that these enzymes slowly
loge activity and need periodic replacement the saving of less than %

in expenditure is not at present worthwhile. There are also technical
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prpblems associated with the large scale use of immobilised enzymes
both in batch and column processes. Despite these however, immobilised
enzymes may be used extensively in newly constructed starch conversion
plants and while the incorporation of minute amounts of enzyme in the
glucose produced from industrial processes using soluble glucoamylase

is at present unimportant, Government legislation may prohibit it at
sometime in the future and thus increase the attractiveness to

industry of immobilised enzymes.

‘»

For these reasons it has been considered worthwhile to mention
briefly some immobilised enzymes. Factors such as physical robustness,
chemical - inertness, intraparticle diffusion135 as well as the cost of
sypport material have to be examined before attempting to attach an
enzyme and maintain its catalytic activity. ‘Some supports chosen for
the immobilisation of glucoamylase are given in TABLE 1.5 together with,
where reported, the activities and stabilities of the products relative
tg the native enzyme.

In addition to glucoamylase, the following enzymes have also been
syccessfully bound to ¥ —isothiocyanatopropyl-diethoxysilyl glass, the
parcentage activity of the immobilised enzyme relative to the soluble
form being shown in parenthesis. Trypsin (16—24%0, horseradish
peroxidase (27%), kidney aminocacylase (~1%) and alkaline phosphatase
(65%). The adsorptive power of the glass support was less than that
of cellulose, cross linked dextran, or polystyrene.134

The conditions used to bind an enzyme to a support must be mild

enough to prevent a denaturation of the protein while the operating

conditions of the immobilised enzyme must not effect its removal from
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TABLE 1.5

Supports used activities and stabilities of some immobilised

glucoamylases.

Activity %

Stability of

Piperidine

Support of soluble immobilised Ref.
enzyme glucoamylase
DoEvoEo Sephad.ex A—SO 35 151
" D.E.A.E. cellulose \ 16~55 136
D.E.A.E. cellulose 133
.
DeE.AE. cellulose 141
D.E.A.E. cellulose 144
Amberlite CG-50 Type II 45 138
Amberlite IR-45 (OH) 15 days 145
Microcrystalline cellulose) Impregnated
a s with
Ground borosilicate glass { i . o 131
Nylon 66 fibre chloride
Acgtivated charcoal 146
Palystyrene Beads 2.4 147
¥ ~isothiocyanatopropyl- 68 134
diethoxysilyl glass
Parous Glass 148
Cellulosic Fibres 149
Copolymer cation exchanges 150
Ethylene — maleic acid) copolymers 21 days 151
St 1ei cid ) adsorbed on
yrene — maleic a cationic resins
Acid clay or Active charcoal 156
. Cross linked acrylamide 157, 137
p-aminobenzenesulphonylethyl 139
cellulose
Derivatives of imidazolidine and 140



25

the support. It has been fortunate in the work carried out on the
attachment of glucoamylase to D.E.A.E. cellulose by Smiley133 that
the enzyme has an isoelectric point which allowed it to bind to the
ion exchanger at a pH at which it is still highly active. Barker
33“21.156 have attached several of the starch degrading enzymes to
supﬁorts sufficiently strongly to enable them to be separated from a
reaction mixture by centrifugation.

Gruesbaek152 described an insolubilised enzyme system for the
cantinuous production of glucose using glucoamylase, while Marshall

9, 153 154

et al. and Butterworth et al. have developed methods in
which glucoamylase and starch are retained above a membrane which
is permeable to products, Application of the latter procedure to
the degradation of cellulose has also been reported by Ghose EE.El'155

In this Thesis the results of various studies of the starch

degrading enzyme glucoamylase from Aspergillus niger are presented.

These studies were undertaken in order to (1) obtain information which
would assist in the more efficient industrial utilisation of the
enzyme (2) investigate the chemistry of the structure of the enzyme
and of its interaction with substrate (3) extend the field of knowledge
of chemical modification of enzymes in general and of differential

labelling of glycoside hydrolases in particular.
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CHAPTER 2
THE PURIFICATION OF GLUCOAMYLASE

2.1 Introduction

When enzymes were first used the purity of the preparations was not
thought to be of great importance, and early reports in the literature
quoting results obtained after the action of a certain enzyme on a
substrate probably resulted from the action of several enzymes on that
substrate. It was not until the late 1950's that the importance of
using "pure" enzymes was realised. With the development of gel-~
permeation chromatography, ion-exchange chromatography, gel-electrophoresis
and isoelectric focussing, the purification of enzymes was much easier to
achieve.1 In the case of glucoamylase, many workers2—15 have reported
the existence of multiple forms after ion-exchange chromatography of a
crude enzyme preparation. The number of forms obtained varied with the
origin of the enzyme and with the technique and conditions used for the
geparation.

In an early purification of glucoamyla.se16 from Aspergillus niger,

ammonium sulphate precipitation was used to obtain an enzyme which was
. 1

essentially free from a-amylase activity after acid treatment T at pH 2.9

° i i 1 ted to be
for 42 days at 10 C. This preparation was also reporte
substantially free from other enzymes such as glucose oxidase and
transglucosidase which were capable of acting upon starch or its
degradation products.

It appears that the use of D.E.A.E. ion—-exchange cellulose as a

chromatographic medium for the purification of glucoamylase from

Aspergillus niger was first carried out by Pazur et al. These workers,
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having adsorbed the crude enzyme solution on an ion-exchange column,
used a pH gradient from 8.0 to 4.0 for fractional elution. Three
fractions were obtained which showed saccharogenic activity, these being
eluted in the pH ranges 6.8 to 7.3, 6.0, and 4.5 to 5.2. After analysis
it was found that only the fractions obtained in the lower PH ranges
showed glucoamylase activity while the initial fraction appeared to be
an g-amylase.

Ton-exchange chromatography was used by Fleming et gl.,3 in their

study of glucoamylase from Aspergillus niger. After the crude enzyme

solution had been adsorbed on the D.E.A.E. cellulose ion-exchange medium,
a linear gradient of sodium chloride in 5 mM TRIS/HCl buffer, pH 7.5 was
applied to the column. After the initial elution of a polysaccharide at
the gradient front, several a—-glucosidase components were eluted between
0.05 - 0.12M chloride followed by two glucoamylase components between
0.15 — 0.18M chloride and O.21—O.?9Mw¢hloride. The létter fraction
accounted for 90% of the total glucoamylase activity of the preparation.

To illustrate the effect of culture medium upon the two forms of

4,18

glucoamylase obtained after ion-exchange chromatography, Watanabe et ale,

produced enzymes from Aspergillus awamori using unusual conditions of pH.

Tt was observed that when a normal culture of glucoamylase was subjected
to gcid at pH 2.5 at 3000, about 40% activity was lost within one hour
and the residual activity was almost unaltered over twenty-four hours.
Using D.E.A.E. cellulose ion—exchange chromatograﬁhy the enzyme culture
produced under normal conditions was separated into two fractions using a
pH gradient from 8.0 to 3.0. The fractions containing glucoamylase
activity were eluted between pH 8.0 to 7.0 and pH 5.1 to 3.9 the latter
It was observed

containing about 1.25 times the activity of the former.

that when crude e

nzyme was produced at a culture pH of 2.0 to 2,5, it was‘
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scarcely inactivated by the acid treatment at pH 2.5 and was shown by
ion-exchange chromatography to comprise only the fraction obtained
between pH 5.1 ~ 3.9 described above. The crude enzyme produced at a
culture pH between 6.0 to 6.5 was almost completely inactivated by‘the
acid treatment at pH 2.5 within one hour. This enzyme was shown by
ion—exchange chromatography to be composed mainly of the fraction
obtained between pH 8.0 to 7.0 in the initial study. This work

indicated that the two forms of glucoamylase from Aspergillus awamori

had different acid stabilities and each could be produced individually
by suitably adjusting the pH of the culture. The less acid stable
glucoamylase has been investigated further in a later publication.5
From an abstract of a Russian paper6 it was reported that a-amylase

glucoamylase and transferase enzymes from Aspergillus awamori had been

sepgrated on a D.E.A.E. cellulose column. The specific activity of the
glucoamylase was reported to have increased between 10-15 fold after
gel-permeation chromatography using "Sephadex" G-25.

Ruttloff et 21'17 have reported two forms of glucoamylase from

Endomycopsis bispora after adsorbing the crude enzyme on D.E.A.E.

cellulose and eluting with a continuous salt gradient between O to 1.0M-
chloride. The glucoamylase activity was predominantly found in the

first eluted peak.

Lineback et al.,8 have purified glucoamylase from Aspergillus niger

using D.E.A.E. cellulose. After adsorption of the crude enzyme on
D.E.A.E. cellulose, the components of the preparation were eluted by

increasing concentration of buffer at constant pH followed by constant

buffer concentration with change of pH. Tt was reported that the results

obtained using this technique were comparable to those obtained using a
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linear pH gradient. Three major protein peaks were obtained, the first
occurring at pH 8.0, 0.035M buffer copcentration, showed a-glucosidase
activity and no glucoamylase activity while the others, occurring at
pH 6.8, 0.05M buffer concentration and pH 4.9, 0.05M buffer
concentration showed only glucoamylase activity. Although the gluco-
amylase eluted at pH 6.8 appeared as two peaks, they were reported to
haveg been shown to be the same enzyme.

In a similar study by Lineback et gl.,g using a crude glucoamylase

enzyme preparation from Aspergillus phoenicis, two forms were purified by

elution from D.E.A.E. cellulose at pH 6.3 and pH 4.7 respectively.
Using "D.E.A.E. — Sephadex" as an ion-exchange medium, the

glucoamylase from liver and spleen of Macaca mullata monkeys was

purified by using a buffer concentration gradient for elution from 10 mM

to 200 mM at pH 7.0. Only one form of glucoamylase was reported.1o

The crude glucoamylase from Aspergillus niger (Agidex 3,000) was

purified by chromatography on D.E. 32 ion-exchange cellulose by Jolley12

using a pH gradient from 8.0 to 4.0 followed by a NaCl salt gradient from
0 to 1M in pH 4.0 phosphate-citrate buffer O.1M. Two forms of the
enzyme were obtained, the first being eluted at pH 6.0, the second being
eluted at pH 4.0 at a salt concentration of 1M NaCl. The ratio of the
amount of protein obtained by the salt gradient to that obtained by the
pH gradient was 5:1. The former protein was identified to be gluco-
amylase I.2’8’11 Although the protein peak eluted by the salt gradient
was not symmetrical, the protein was found to be homogeneous on Bio-Gel
P-150 chromatography in 8M urea.

For a study of the carbohydrate moieties attached to glucoamylase

from Aspergillus niger,13 radio labelled isoenzymes were produced and
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purified on D.E.A.E. cellulose as described earlier.2

It was reported by Smiley et él"14 that by using a method adapted
from that described by Todu et gl.,15 it was possible to obtain two
glucoamylase forms from a crude Aspergillus species by buffer concentration
gradient elution from D.E.A.E. cellulose at pH 4.2. The first gluco-
amylase peak emerged shortly after the acetate buffer gradient beginning
at 0.10M was applied and was completely eluted when the gradient was
between 0.35 to 0.40M. The second glucoamylase peak was eluted over the
gradient range 0.45M to 0,55M. After the isolation of the twd forms of
glucoamylase, each was subjected to rechromatography on D.E.A.E. cellulose.
It was found that each form gave rise to only one peak in its expected
position.

It has been observed19 that the glucoamylase from Endomycopsis
Eigggzg comprises several isoenzymes whose participation in the total
activity is very different. A stagge}ed distribution of the different
enzymes present during the evolution of the culture was also observed.

By using D.E.A.E. cellulose ion exchange chromatography and "Sephadex"
G—200 gel-permeation chromatography, it was possible to separate three
forms of glucoamylase from this source.

It has been recently reportedzo that the crystalline glucoamylase

obfained from Mucor rouxianus21 is a mixture of two forms. It has been

foupd that bgth forms of the glucoamylase from this source could be
separated by disc—gel electrophoresis or by chromatography on
SP-"Sephadex" C-50. Furthermore, both forms of the purified glucoamylase
have been obtained in crystalline form.

Fukui 23.2l’122 have used C.M-cellulose cation exchange chromatography

for the purification of glucoamylase from EndomxcesigPeciea IFQ 9111

prior to crystallisation. The C.M-cellulose was treated with 0.1M
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acetate buffer pH 4.0 to facilitate the adsorption of the crude enzyme
and elution was effected with 0.2M NaCl dissolved in this buffer. The
enzyme was then reported to be free from a-amylase activity which was
present in the crude culture.

Durmishidze §£L21'123 isolated two isoenzymes from Aspergillus
awamori one of which was stated to be homogeneous, similarly, Ryzhakova
et él-124 have reported the isolation of a highly purified glucoamylase
from this source. Park 33_21.,25 have investigated thirty Aspergillus

strains for the production of glucoamylase. Aspergillus awamoPi was

found to produce the largest amount of glucoamylase but a-amylase and
transglycosidase activities were also present in the crude enzyme.

D.E.A.E. cellulose chromatography separated the crude glucoamylase into

two forms. In a study by Qureshi,26 using D.E.A.E. cellulose chromatography

in TRIS buffer, the enzymes from Aspergillus niger were separailed into

two forms. Glucoamylase from "Agidex" has been fractionated on

"D.E.A.E.-Sephadex 50" and was reported to be free from B-glucanase

27

activity.

2 .
Glucoamylases from Rhizopus delemar,28 Dog serum, 9 Coniophora

30 32

and Aspergillus

oryzae,33’34 have also been purified using either ion—exchange or gel-

cerebella, Endomycopsis capsularis,31 Human intestine

permeation chromatography and in the latter two cases, two and four
multiple enzyme forms respectively have been observed.

All results have been summarised in TABLE 2.1.

Tn this work it was necessary to purify the crude glucoamylase from

Aspergillus niger ("Agidex 3,000") to enable an investigation into the

properties and action of this enzyme to be carried out.
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The crude glucoamylase from "Agidex 3,000" was purified by ion-
exchange chromatography on D.E. 52 cellulose. Glucoamylase activities
were monitored using wheat amylopectin because this was the soluble
componcnt of the starch used in the R.H.M. "Tenstar" process for the
production of gluccse. It was assumed therefore, that the subsequent
work on glucoamylase covered in this Thesis would bear a closer
relationship to its action within the industrial process than it would if

another source of soluble starch had been used.



46

10BN UOT3}BIJUSOUO0D

SUOT]0BIJ mEo G*l AmEoV sumyoA

0091 oovL o0cl 000k 008 009

*)*L Hd ga3yuq s3eydsoyd KGO°Q UT jusTpead TOBN WE

0~0 Jutsn

osOTNT[e0 *H*V*H°Q U0 Q00‘€ XoPISY JO UOT4BUOTIORLI oT®OS [TBUS

*L°¢ HUNDIg

o't

uu ogz 3e £3Tsusp 1eoTydo



47

2.2 Results and discussion

The crude glucoamylase from Aspergillus niger (Agidex 3,000) was

adsorbed on a small chromatography column and washed with phosphate

buffer pH 7.7, 0.05M., A sodium chloride gradient 0-0.25M in the same
buffer was then applied to the column. From FIGURE 2.1, it can be seen
that essentially three protein peaks were eluted from the column. The
first protein peak being eluted before the salt gradient was applied.

The second and third protein peaks were eluted between 0.12 - 0.16M chloride
and 0.18 - 0.24M chloride’respectively. The protein content of these three
peaks collectively represented 87% of the total amount applied and agrees
with the recovery found by Lineback et gl.g After testing each of the
fractions for glucoamylase activity it was found that only the latter two
gave a positive result while the first, representing 2.7% of the protein
recovered, showed none of this activity. The fractions comprising each
protein peak were separately pooled.

35-37

From results obtained using Cibachron Blue amylose as a substrate
for glucoamylase (CHAPTER 5 of this Thesis), it was suggested that the
protein obtained in the first peak may have been an enzyme having "endo"
activity, possibly a-amylase. Glucoamylase has been reported to possess
only "exo" activity toward substrates.38
Based on electrophoresis studies carried out on glucocamylase by other
workers,8 the enzyme bearing the higher charge was assigned glucoamylase I

2
and that with lower charge glucoamylase II.5 Lineback 33‘23'79 referred

to the glucoamylases obtained from Aspergillus phoenicis as A and B respectively,

" A bearing the lower charge. On ion-exchange chromatography, the gluco-
amylase carrying the lower charge should be eluted first and is therefore

glucgamylase II. It was observed that two small peaks were obtained on the
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elution profile which corresponded to the point at which the gradient had
been changed during the experiment. These had occurred at 0.1M and 0.2M
sodinum chloride concentrations. In a later experiment, conditions were
used which allowed a gradient change to occur at 0.05M and 0.25M chloride.
These small peaks did not then occur in the fractionation of the gluco-
amylases I and IT and confirmed them to be experimental artifacts.

The specific activity of glucoamylase I and II from this
purification measured at 25°C using 1% w/v wheat amylopectin in citrate
buffer(0.05M, pH 5.0)was 12.0 I.1./mg of protein and 16.0 I.U./gg of
protein respectively. The specific activity of crude dialysed "Agidex
3,000" glucoamylase was 2.6 I.U./mg of protein, so purification factors
of 4,6 and 6.2 were achieved for glucoamylase I and II respectively.

The results of a large scale fractionation of gluccamylase by anion-
exchange chromatography on DE-52 are shown in FIGURE 2.2. It can be
seen that the elution profile was very similar to that obtained from the
small scale purification. As no glucoamylase was eluted between 0-0.,10M
and 0.25-0.30M chloride in the small scale fractionation, a steep gradient
was applied between 0-0.10M chloride and the shallower elution gradient
terminated at 0.25M chloride in this purification. The small peaks

3

occurring at 1,200 cm3 and 2,200 cm

3

and the shoulders on glucoamylase II
and I occurring at 3,750 cm” and 5,750 cm3 were considered to be artifacts
caused by the salt gradient changes. Because of the large volume of
liqujd involved in this purification, it was not possible to remove the
artifacts as in the case of the small scale purification described
previjously. From the total protein applied to the column#62. 5% was
recovered as freeze-dried glucoamylases. The lower recovery obtained
from this purification than that (84.3%) from the small scale fractionation

may have resulted from a combination of the following factors:
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(a) A larger portion of the glucoamylases in the overlap region
between the two peaks was discarded.

(b) Glucoamylase was lost on the surface of the ultrafiltration
membrane or on the surface of the dialysis tube after the protein
concentration stage.

(c) Traces of solid glucoamylase remained on the glass surface of
the flask used for freeze-drying.

(@) An error in the experimental determination of protein being
either high for crude glucoamylase or low for purified glucoamyfase.

(e) A portion of crude glucoamylase remained on the ion-exchange

columnn.

The latter was considered to be unlikely because of the similarity
of this fractionation to that obtained on the small scale. The specific
activities of glucoamylase I and II from this purification were found
to be 15.3 I.U./mg of protein and 17.2 I.U./mg of protein respectively.
This represented purification factors of 5.9 and 6.6 for glucoamylase I
and [I respectively. Although specific activity has been discussed in
CHAPTER 5 of this Thesis, some specific activities obtained in this and
previous work have been given in TABLE 2.2 for purposes of comparison.

The results obtained from this purification agree with those obtained

by other workers.‘)”12

The ratio of glucoamylase I to glucoamylase II
was found to be approximately 3 to 1 in this purification. Both forms
were shown to be homogeneous by several techniques (see CHAPTER 3 of this
Thesns).

It is of interest to note that the purification procedure described

earljer for Aspergillus niger glucoamylase, bears a close relationship to

that used by Fleming gj_gl.,3 in that only a salt gradient at constant pH
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was used for enzyme elution. These workers however used a 5mM TRIS/HCl
buffer of pH 7.5, whereas in this work a phosphate buffer 0.05M, pH 7.7
was used. This was considered to be an advantage because it had been
reported that polyols may inhibit enzyme activity.39

An experiment was carried out on crude glucoamylase from (Agidex
3,000) in an attempt to use the purification procedure described by -
Smiley et gl.,14 but it was found that at pH 4.2, the enzyme could not
be adsorbed on the DE-52 ion-exchange cellulose. .

It has been reported by Lineback et gl.,4o that the leveld of
glucoamylase, a-amylase and glucosyltransferase produced by Aspergillus
higer were influenced by the kind of nitrogen, the concentration of both
nitrogen and carbohydrate, the concentration of trace elements and as
already mentioned,4 the pH of the culture medium, Conditions were
established for the production of glucoamylase with minimal quantities of
a—amylase and glucosyltransferase. The use of a purified glucoamylase
for the industrial starch conversion process was the subject of a United
States patent.41 It was claimed that by using the purified enzyme,
the yield of glucose in the hydrolysate was increased over that produced
using crude enzyme. However the increased cost of producing a
glucoamylase for use in industry would have to be balanced by the increase
in product production. As will be discussed in CHAPTER 5, some
transglucosylase activity may be considered to be a thermodynamic

inevitability of catalytic action.

2.3 The fractionation of wheat 'A' starch

Freeze-dried wheat 'A' starch from the R.H.M. "Tenstar" process was

fractionated to obtain a sample of wheat amylopectin using the method of

Schoch42 and Lansky et gl.43 A dry sample of amylopectin was obtained
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wh;,ch had a "blue value" 44,45 of 0.058. In a second fractionation using
the method of Gilbert et él.?6 the amylopectin had a "blue value" of
0.054. The results of the fractionations are shown in TABLE 2.3. The
rather high "blue value" of B.D.H. potato amylopectin (0.128) may suggest
an incomplete fractionation of the starch, the amylose component
contributing to the higher value. It should be noted that the results
quoted in TABLE 2.3 are not necessarily those representing the "true"
cogposition of the wheat 'A' starch because the experiment was neither
carried out analytically nor repeated for consistency. :

The "blue value" of a starch is a measure of the absorption value
observed when a polysaccharide is stained with iodine under the standard
conditions prescribed by Hassid et 31.47 One would expect a low
"bjue value" from the highly branched polysaccharides such as glycogen
and amylopectin and a high "blue value" for the essentially straight
chain amylose.

It can be seen from TABLE 2.3 that the weights of amylopectin and
amylose obtained in the fractionation of wheat 'A' starch are comparable
to those quoted by Gilbert gi_gl.,46 for potato starch. Although the
amylose obtained in the fractionation was not used in the study of
glucoamylase, it was noted that its "blue value" was lower than

46

reported. This may be attributed to one of the following:

(a) The amylose was contaminated by amylopectin.

(b) The amylose was contaminated by sodium chloride used in the
fractionation.

(cj Structural alteration occurred within the amylose molecules

on freeze-drying after precipitation with , butanol, or during the

conditions used for dissolution in the "blue value" assay.
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2.4 FExperimental

All chemicals used were B.D.H. "Analar" grade except where otherwise
stated.

2.4.1 Small scale purification of "Agidex 3,000" glucoamylase

5,000 cm3, 0.05M Phosphate buffer pH 7.7 was prepared48 using
deionised water and was boiled prior to use. 60 x 2.54 cm dialysis tubing
was boiled with deionised water (300 cm3) for five minutes, the water then
being discarded. The process was repeated three times. Crud? "Agidex
3,000, (10 cm3) was poured into the dialysis tube and dialysed against
phosphate buffer(0.05M, pH 7.7)(500 cm3) for two days with four buffer
changes. The surface of the dialysis buffer was layered with toluene to
prevent bacterial contamination.  Whatman D.E.-52 anion exchange cellulose
(20 ¢) was washed with deionised water (150 cm3) and 'fines' removed by
suction from a water pump. The washing process was repeated three times.,
0.5M HC1 was added to the washed suspension until the pH was 7.7. The
ion—exchange cellulose was washed with phosphate buffer(pH 7.7)(500 cm3)
and packed into a glass column (9 x 1.0 cm). Dialysed "Agidex 3,000"

(7.5 cm3) was applied to the ion exchange column. Elution was started
using phosphate buffer pH 7.7 (500 cm3). Fractions (7.5 cm3) were
collected using a Gilson Escargot fraction collector. A linear salt
gradient (0 - 0.3M NaCl) was then applied in phosphate buffer, pH 7.7,
over 1,500 cm3. Samples from each fraction tube were withdrawn and the
optical density (280 nm) recorded automatically using a Pye Unicam SP 1,800
spectrometer. Three peaks were observed, one occurring after washing the
colunm with phosphate buffer, pH 7.7, (500 cm3), the others occurring

between 0.12 — 0.13M chloride and 0.16 - 0.19M chloride. Each fraction
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tube was tested for glucoamylase activity and from the results, fractions

3

occurring between O — 100 cm>, 1,000 - 1,200 em3, and 1,300 = 1,500 cm

pooled separately. A1l three peaks showed positive results for protein

but only the latter two showed glucoamylase activity.

2.4.2 Protein Determination

This was carried out using the method described by Layne.49
The reagents were kept in separate containers until required, a 2% (mﬁﬂ
solution of sodium potassium tartrate, and a 1% (w/v) solution of cupric
sulphate being mixed in the ratio 1:1 (v/v) prior to use. Folln-
Ciocalteu reagent (B.D.H.) was diluted with deionised water in the ratio
1:1 (v/v) before use. The optical densities of the samples were read at
750 nm using a Pye Unicam SP 500 spectrometer and the results related to a

standard graph obtained using Bovine serum albumin (Sigma).

2.4.,3 Glucoamylase determination

Citrate buffer, (0.05M, pH 5.0)(2,000 cn’) was prepared?’
using deionised water and boiled prior to use. A stock solution of 2%
wheat amylopectin was prepared using this buffer, Glucose oxidase reagent
was made up essentially as described by Lloyd.gi_gl.,so except that the
'0'-~dianisidine hydrochloride was dissolved in deionised water (1.0 cm3)
before addition to the other reagent components.

Using the results obtained from the protein determination, the
enzyme solutionsto be tested for glucoamylase activity were diluted to
give approximately 35/4g/cm3 protein.

29, W/v wheat amylopectin (1.0 cm3), citrate buffer 0.05M, pH 5.0,
(0.95 cm3) and enzyme (0.05 cm3) were reacted in a Pyrex 6" x 5/8" test
tube for 15 minutes at 2500 and enzyme reaction terminated by heating to

: 3
100°¢ for 5 minutes in a boiling water bath. After cooling,1.0 cm™ was
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sampled and analysed for B—glucose, using the glucose oxidase reagent50)
and resul?s related to a standard D-glucose graph , A sémple containing
0-050n? bﬁfﬁcr to replace the enzyme was used as a blank.

The International Unit (I.U.) of enzyme activity is defined51 as
that amount of enzyme which would catalyse the transformation of one

micro equivalent of the group concerned per minute under defined

condlitions at 25°C.

3,000"

2.4.4 Large scale preparative purification of "Agidex

glucoamylase

The method ﬁsed was essentially that described in 2.4].
Phosphate buffer, 0.05M, pH 7.7, (10,000 cm3) was prepared as before.
100 x 2.54 cm dialysis tubing was prepared as previously described and
cruge "Agidex 3,000", (100 cm3) dialysed against buffen)pH 7.7,(2,000 cma)

/

for ? days with five buffer changes. The pH of the dialysed "Agidex
3,000" was then checked with a pH meter and if not equal to that of the
starting buffer, further dialysis carried out until the pH's were
ideritical. D.E.-52 ion exchange cellulose (400 g) was prepared as
desgribed in (2.41) and packed into a "Pharmacia" type K26/40, 2.6 x 40 cm,
210 cm3 capacity glass column. The column was then washed with buffer
pH 7.7 (1,000 cm3). Dialysed "Agidex 3,000" (100 cm3) was applied to the
colymn and elution begun using phosphate buffer,pH 7.7,(1,000 cm3)
followed by a linear sodium chloride gradient (O — O.1M NaCl) in phosphate
buffer)pH 7.7,(1,000 cm3). Fractions (12.5 om3) were collected as before.
A second linear salt gradient (0.1 = 0.25M NaCl) was then applied over

6,000 cm>

at pH 7.7. Samples from each fraction tube were withdrawn and
the optical density (2830 nm) recorded as before. Three peaks were

observed, occurring at 0.00M chloride, 0.12 - 0.16M chloride and
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0.18 -~ 0.24M chloride respectively. Fach fraction tube was tested for
glucoamylase activity and from the results fractions occurring between

3, 2,800 ~ 4,000 cm3, and 4,900 - 6,500 cm3 pooled separately.

0 - 500 cm
As Jiscovered previously only the latter two fractions showed
glucoamylase activity. These fractions were then concentrated to

3

50 cm” by membrane ultrafiltration using an "Amicon PM-10" membrane at

a nitrogen pressure of 40 lb/sq in in a "Chemlab™ C 100 ultrafiltration

cell. Each sample was dialysed against deionised water (15,000 cm3) and
3

freeze-dried in a 1,000 cm” flask on a "Chemlab" freeze drier.> The
solid glucoamylase I (0.55 g) and II (0.20 g) were stored in the ice
compartment of a refrigerator until required. The initial fraction was

stored in an amber glass bottle in a refrigerator.

?.4.5 The fractionation of wheat 'A' starch

The method used was essentially that described by Schoch.42
The experiment was carried out on a quarter scale. In a round bottom
flask, wheat 'A' starch (75 g) from R.H.M. "Tenstar" was suspended in a
mixture of deionised water (3,750 cm3) and amyl alcohol (250 cm3);
anhydrous potassium di hydrogen orthophosphate (2.05 g) and anhydrous
di -potassium hydrogen orthophosphate (0.45 g) were added to buffer the
pH at 6.2 - 6.3, The flask was fitted with a reflux condenser and a
high speed propeller agitator and placed in a large heating mantle. The
suspension was first stirred in the cold to facilitate a uniform
distribution of the starchlthroughout the flask and then slowly heated
to boiling point. The mixture was gently refluxed for 3 hours, allowed
to ool o&ernight and refrigerated for 24 hours, continuous agitation
beijpg maintained throughout the operations. The fractionation was

completed by centrifugation at 5,000 r.p.m. using a Beckman model €100
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centrifuge. The linear fraction was collected as the precipitate and
the branched fraction as the clear supernatant. The branched fraction
was then precipitated with an equal volume of methanol and allowed to
stand at OOC overnight. The precipitate was collected and then
dehydrated with fresh methanol in a Waring blender. The precipitate
was then filtered on a Buchner flask and dried at SOOC for 24 hours.
Starting from 75 g starch, 11 g amylopectin was obtained. The linear
éraction was not purified.
In a second fractionation using the method of Gilbert g§;§23,46
starting from 160 g wet starch, 11 g amylose, and 22.5 g amylopectin
were obtained.

Determination of "blue values" was carried out as described by
Gilbert et gl.,AS optical densities were measured using a Pye Unicam

SP 500 spectrometer.
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CHAPTER 3
THE PHYSICAL PROPERTIES AND TESTS FOR HOMOGENEITY OF PURIFIED

GLUCOAMYLASES

3.1 Introduction

It has been usual practice,'having purified a crude glucoamylase
enzyme as described in CHAPTER 2 of this Thesis, to test each form for
homogeneity, and report their physical proper’cies.‘l-15 It is of vital
importance in modern enzyme work to establish as far as possible the
degree of purity of the enzyme preparation. In the case of glycoproteins,

8,11,16-18

of which glucoamylase is one, this may be difficult to achieve

completely because of possible microheterogeneity occurring within each

49

enzyme form. This problem may be partially overcome in the future with
the application of isoelectric focussing to the purification of
glycoproteins.

In this work, three techniques have been used to examine gluco-
amylases I and II for homogeneity. These were ultracentrifugation,
column chromatography and gel-electrophoresis. Each technique will be
considered separately and the results compared with that of previous
workers. In addition to yielding information on the purity of gluco-
amylases I and II these techniques also provide information on the physical

properties of the enzymes. The extinction coefficients for glucoamylase

T and II were also measured and the results reported.
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3.2 Results and Discussion

3.2.1 Ultracentrifugation - Sedimentation Velocity

Both'seaimentation velocity and high speed equilibrium
experiments were carried out on glucoamylase I and II and photographs
obtained from each method.

From the schlieren sedimentation velocity photographs)PLATE 3.1’
it could be seen that the single peaks obtained for both glucoamylase I
and IT were essentially symmetrical about the vertical axis. fThis
indicated that glucoamylase I and II did not contain any substantial
amount of material having either a higher or lower molecular weight than
itself. However, the appearance of a single sharp peak did not indicate
necessarily a single homogeneous protein. |

Other possibilities were as follows:

(a) Two proteins with very similar sedimentation coefficients.

(b) A major component of protein together with a minor component
having a not too dissimilar se dimentation value(s).

(c) A polydisperse solute with a range of sedimentation coefficients
having pronounced concentration dependence.

(d) Several solutes interacting strongly and rapidly with each

other.

However, using experimental results obtained from column
chromatography which will be described later (3.23), it was considered
that the above possibilities probably did not account for the single peaks

obtained for glucoamylase I and II.
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3.2.2 Measurement of the sedimentation coefficient S.

Photographic plates similar to those shown in PLATE 3.1
were measured using a travelling microscope and the distance (1, cm) of
the peak ordinate from the outer reference edge recorded for each frame -

see FIGURE 3.1 and TABLE 3.1.

Diagram of Schlieren ultracentrifuge sedimentation velocity plate

‘. | a— 1,cm\
AJTR SOLUTION MENISCUS OUTER REFERENCE EDGE

SINGLE SECTOR CELL

FIGURE 3.1

1

From the formula x = T.3 - =

where 7.3 is the rotor radius in centimeters,
m is the magnification factor = 2.224,
1 is the distance moved by the peak (om),
x is the distance of the boundary from the centre,

x values were calculated and given in TABLE 3.1.
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From the figures obtained a graph of log1ox against time in seconds
was plotted,FIGURES 3.2 and 3.3,and the slopes used to calculate S using

" the formula
2.303310g10x

w34

where w is the angular velocity in radians per second.

S =

The values obtained were as follows:

Glucoamylase I: S = 3.87 Svedbergs = 3.87 x 10~ 135 rag™

3.94 x 10~ 13 raa=?

Glucoamylase II; S = 3.94 Svedbergs
\

These values were then corrected to standard conditions using the

equation:

_s n (1-v) 20° 4

O -
200 R o (=TP)

S

where n = viscosity of the buffer in millipoise at 20°¢.
N500 w:viscosity of water in millipoise at 20°C.
)
P = density of buffer at 20°C.

partial specific volume of the enzyme.

v

/}) = density of water at 20°¢.
200,w

¥ was calculated using specific volume values of each amino acid19’20'22,
and the values obtained from the amino acid analyses in CHAPTER 4 of this
Thesis. The value was assumed to be 0.7157 and no correction was made
for the possible existence of amide nitrogen from glutamine or asparagine.
Kelly 33.33.48 used a value of 0.684 for Human intestinal glucoamylase.

P was found by experiment using a specific gravity bottle.

n was found by experiment using a viscometer.

n and /p were found in The International critical Tables.
200, ¥ 20°,w
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The corrected S values for glucoamylsse I and II were:

Glucoamylase I? S -£3'87)(1O'59)(O'2855)

o = 4.30 Svedbergs.
20°,w (10.08) (0.2699)

Glucoamylase II:S =—i}'94)(10'59)(0'2855) = 4.38 Svedbergs.
20°%,w  (10.08) (0.2699)

These results agree well with those obtained by other workers — see

TABLE 3.2.

TABLE 3.2

The sedimentation coefficients obtained for glucoamylase

CLUCOAMYLASE TYPE AND SOURCE SEDIMENTATION COEFFICIENT REFERENCE
(S) SVEDBERGS
GLUCOAMYLASE T 4.30 8 THIS WORK
. 20,w
A. niger
GLUCOAMYLASE IT 4.38 SQO,w
GLUCOAMYLASE I 4.39 S2O
- ’w
Mucor rouxianus X
GL?FOAMYLASE II 4.29 S2O,w
GLUCOAMYLASE Endomyces species 4.37 820’w 6
IF0 0111
GLUCOAMYLASE A. awamori 4.65 4
GLUCOAMYLASE A. awamori 4.19 9.

Using the high speed sedimentation equilibrium method described by

thantis,21 Rayleight interference fringes produced on photographic

plates were measured for glucoamylase I and II using a travelling

microscope. A graph of log10 of the fringe displacement against the

square of the actual distance from the rotor centre was plotted, and the
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value of the slope substituted into the equation:

Mw = 2.3 (oR7) O 1084oC
(1—§p)w? d x°

whegre Mw is the average molecular weight,
R is the gas constant in ergs/mole/oK, }
T 1is the absolute temperature,

C 1is the concentration and is proportional to the displacement
distance of the Rayleigh interference fringes.

Other symbols as previously defined.

The experiment was carried out at 0.01% and 0.10% concentrations
of glucoamylase I and II. The results obtained from 0.01% glucoamylase
golutions together with those of other workers are given in TABLE 3.3
Similar molecular weight determinations were carried out using 0.1% and
0.G1%. solutions of Bovine Serum Alﬁumin and Ovalbumin, the results of
which are shown in TABLE 3.4. The values were found to be higher than
thgse reported in the literature and this was attributed to protein
aggregation. A molecular weight value of 80,000 has been used throughout
this work for both glucoamylase I and II. This value lay between the
experimental limits of error, but no correction was made which allowed
for possible aggregation, as the extent of this for glucoamylase was
unknown. These molecular weight determinations were carried out as part
of an undergraduate project.22

Several detailed reviews and books have been written on the subject
of ultracentrifugation and the reader is referred to these for the
derivation of equations which have been used, and an explanation of the

theory.24-27~
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TABLE 3.4
Experimental and literature molecular weight values obtained for
protein solutions used in this work,
| CONCENTRATION MOLECULAR |WEIGHT
PROTEIN PER CENT EXPERIMENTAL |LITERATURE [0 CRENCE
g
BCGVINE SERUM 0.01 79,500 |
AL BUMIN + \
=2,000 69, 600 25
0.10 79,000
22,500 .
T
OVALBUMIN 0.01 54,000
+
=1,200 45,000 28
0.10 55,500 ’
23,500
GL,UCOAMYLASE I 0.01 80,000
*o. 500 THIS
WORK
0.10 82,500
25,000
' . 82,500
GLUCOAMYLASE II 0.01, 2 THIS
-2,000 WORK
0.10 80,000
*5 000
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3.23 Gel-permeation column chromatography

A gel-permeation column using "Sephadex" G-200 in pH 5.15,
0.05M citrate buffer23 was calibrated using "Blue Dextran 2000", ¥
Bovine Serum albumin (BSA), and gg—tyrosine. Glucoamylase I and II
were then passed down the column and from the Kav value, (partition
coefficient between the liquid and gel phase) a molecular weight obtained

29,30

for each form. From calculation of molecular weight using elution

volume it was observed that the value obtained for BSA was much lower
than reported in the literature.29’30

Glucoamylase I and II was eluted before BSA indicating that the
enzymes had a higher molecular weight. Using a literéture value for
85427130 of between 68-70 x 103, the glucoamylase I and II would have
corrected values of approximatel&<72 b d 103.

7 From the peaks obtained ' (FIGURES 3.4 and 3.5) from glucoamylase I

and II on "Sephadex" G—ZOO'gel—permeationMchromatography it could be seen
that both enzyme forms had almost equal elution volumes (between 106-110 cm3).
This was further evidence to suggest that both enzyme forms had similar
molecular size. The elution profiles of each glucoamylase peak were
symmetrical. This suggested that each purified enzyme form was essentially
homogeneous with respect to molecular size.

Proteiﬁ content and glucoamylase activity were measured for each
eluted peak as described in CHAPTER 2 of this Thesis. Both contours’
shoyn in FIGURES 3.4 and 3.5, followed the optical density measurement at

280 nm for each glucoamylase form. Greater than 92% protein recovery was

obtpined from the gel-permeation chromatography.

* . -
"Blue Dextran 2000" is a high molecular weight dye - Pharmacia Fine
chemicals. '
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A sample of crude dialysed "Agidex 3,000" glucoamylase was subjected
to "Sephadex" G-200 gel-permeation chromatography. This produced two

peaks, FIGURE 3.6, one of which occurred in an elution volume of

3

100 cm” and showed glucoamylase activity while the second occurring at

3

an elution volume of 141 cm” showed no glucoamylase activity.

3.2.4 D.E.A.E. anion-exchange chromatography

After the freeze-driéd glucoamylase I and II had been stored
foy about three months, a sample from each form was subjected to
D.I.A.E. anion exchange chromatography. The purpose of this experiment
was to determine whether any interconversion of the two forms had
ocourrced during this period. The experimental conditions were essecntially
those used for the small scale fractionation of "Agidex 3,000" described
in CHAPTER 2 of this Thesis. The results are shown in FIGURES 3.7 and
3.8, It was observed during the salt gradient elution that glucoamylase
I contained a trace amount of glucoamylase II; while glucoamylase II did
not contain any glucoamylase I. It was concluded that no major inter-
coryversion of the two glucoamylase forms had occurred during storage,
and the trace amount of glucoamylase II which was present in glucoamylase I
had probably resulted from a slight overlap of the peaks from the large

scgle purification.

3.2.5 Disc—gel electrophoresis

In order to achieve satisfactory results from this fechnique,
the.polyacgﬁamide gel concentration, buffer pH, and buffer composition
were varied until optimum conditions were found giving a partial resolution
without severe band broadening, in a reasonable time. These conditions

were found to be 7.5% acrylamide, in TRIS/HCl buffer,pH 8.9. From the
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Plate 3.2 Electrophoresis of glucocamylase I (G-I) , glucoamylase II
(G-II) and crude glucoamylase (G-crude) in 7.5"

polyacrylamide gel at pH 8.9 (T"Is/ #CI) and 5mA per tube.
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gals, PLATE 3.2, it was observed that the two forms of glucoamylase ran
at essentially the same rate and that trace impurities were still
present in the purified preparations although some may have been from
denatured glucoamylase produced during the experiment. The crude
dialysed "Agidex 3,000" glucoamylase sample showed two distinct bands
orje of which corresponded to the purified glucoamylase position.
From the "Sephadex" G-200 gel-permeation experiment described earlier
it could be seen that the crude enzyme comprised two major fractions one
off which corresponded to that obtained from the purified glucgamylase
erizyme forms with respect to molecular size. The second fraction eluted
from the gel columm was of small molecular weight and moved faster on
ggl—-electrophoresis.

These findings agree with those of Lineback et gl.,1 Jolley,15
and Fukul et gl.,é the latter workers using glucoamylase from Endomyces
gmgcies IF0 0111. The  buffer systems were formulated according to

33 31

Ormstein, and Williams, other useful buffer and gel systems have also

, 2
been described by Maurer et QL.B_ An apparatus similar to that described

34

by Davies™ was used for the experiments. It may be possible to

campletely resolve glucoamylase I and II using a buffer system of lower
pH as described by Orr et gl.35

Paper electrophoresis has been carried out by Okazaki,36 using

glucoamylase from Aspergillus oryzae, Rodzevich Ei.él'v3 using

3 .
glucoamylase from Aspergillus awamori, and by Pazur et al., using gluco-

amylase from Aspergillus niger, the latter workers resolving both

glucoamylase forms. It is interesting to note that although glucoamylase

from Aspergillus oryzae and Aspergillus awamori have been reported by
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39

. 8
Morita et al., and Watanabe gi.gl.,3 respectively to exist in two

forms, only one form was found by Okazaki36 and Rodzevich et gl.,37

using paper electrophoresis.

3.2.6 Extinction Coefficient

When the protein determinations were carried out on gluco-
amylase using the method of Layne4o described in CHAPTER 2 of this
Thesis, the concentrations of protein were related to a standard of BSA.
If the colourimetric response of the test differed for BSA and gluco-
amylase, then an erroneous protein concentration would be obtained for
the latter. - In order to overcome this problemApistol dried and
desiccated samples of glucoamylase I and II were dissolved ih buffer and
their optical densities at 280 nm recorded.

From these, the extinction coefficients could be obtained using

the Beer/Lambert equations -
Optical Density = log1o(Io)/(I) = €.1l.c.

where Io and I are the intensities of the incident
and transmitted light respectively at 280 nm for proteins,

1 is the length of the absorbing solutioh (cm),
¢ is the concentration in molés/litre,,

€ is the extinction coefficient.
Hence’by measuring the optical density of a glucoamylase solution at
280 nm an exact protein concentration could be obtained.

Using a value of 80,000 for the molecular weight of glucoamylase I

and II, the extinction coefficients were calculated to be 134,200 1 mol™ lem™?

and 124,100 1 mol” Tem™! respectively.

!

The extinction coefficients (E:i%’ ) have also been calculated for
cm
a 1% concentration of glucoamylase I and II. These were 15.777 and
15.505 respectively. These values overcome the uncertainty in molecular

weight which arises when unsequenced proteins are being studied.
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3,3 Experimental

3.3.1 Ultracentrifugation

Sedimentation velocity

1% N/VﬁSolutions of glucoamylase I and II were made up using
citrate buffer46(0.05M,pH 5.15). A single sector ultracentrifuge cell
was made up according to the instructions supplied with the ultra-
centrifuge. The cell was filled with one of the glucoamylase solutions
amd placed in the AN-D ultracentrifuge rotor together with a counter-
bplance of the correct weight. The rotor was then placed iq the Beckman
mpdel E ultracentrifuge and accelerated to 59,780 Tepome When this
speed had been reached, photographs were téken using Ilford G30 chromatic
plates, 15 second exposure, at the times given in PLATE 3.1 and the
Schlieren angle recorded. The temperature was maintained at 20°¢c
throughout the experiment. At the end of the ultracentrifugation, the
glucoamylase solution was recovgred, dialysed against deionised water
and freeze-dried. The cell was then cleaned and dried before repeating
the experiment with the other glucoamylase solution. The photographic
plates after development in Contrast FF, diluted 18:1 with water,were

?

measured as described.

High speed sedimentation equilibrium

0.1% and 0.01% Solutions of glucoamylase I and II were made up
using citrate buffer46(0.05M’pH 5.15)and were then separately dialysed
against the buffer solution. 0.1% and 0.01% Solutions of ovalbumin and
BSA were made up using acetate buffer containing 0.2M sodium chloride
apd left to dialyse for 24 hours.

A 12 mm AOuble sector ultracentrifuge cell was made up using an
Al-Epon centrepiece according to the manufacturers instructions supplied

with the ultracentrifuge. The cell was filled such that the solution
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channel, the left hand side of the cell viewed from the rotor centre,
contained fluoro carbon oil FC-43 (0.01 cm3) and protein solution
(0.11 cm3). The solvent channel, right hand side, contained FC;43
(0.005 cm3) and dialyzate buffer (0.11 cm3). The column height was

3 mm. The cell and suitable counterbalance were inserted into the
AN-D rotor and spun for 22 hours at 25,980 f.p.nsAexcept for ovalbumin
which was spun at 31,410 T.epem. The temperature of the ultracentri-
fugation chamber was kept constant at 20°¢ throughout the experiment.
The Rayleigh interference patterns obtained on Ilfard G30 photographic
plates after 150 seconds exposure, were measured using a tra&élling

mjicroscope.

3.3.2 Gel-permeation chromatography

"Sephadex" 0—-200 (7 g) was added to citrate buffer46
(o,osM,pH 5.15) (200 qm3) and placed on a boiling water bath for 5 hours
and allowed to cool to room temperature. The gel-slurry was then
packed in a "Pharmacia" K15/9O (1.5 x 90 cm) glass column, 154 cm3 bed
volume. The head of buffer was kept below 20 cm to prevent compression
of the gel, and the column washed with buffer (200 cm3). Blue dextran
2,000 (5 mg) was made up in citrate buffer,fH 5.15 (1.0 cmB),and applied
to the gel column. Fractions (3.0 cm3) were collected using a Gilson
Escargot fraction collector. A small sample of each fraction was
withdrawn and the optical density at 600 nm automatically recorded from
a Pye-Unicam SP 1,800 spectrometer. From the peak obtained the void
volume of tﬁe column was calculated to be 30 cm3. Similarly the volume
of elution of Eg-tyrosine (5 mg) applied in buffer (1.0 cm3) was found to
be 145 cm3 from the optical density peak recorded at 280 nm. This

represented the total volume of the gel-column available for sample
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permeation. Samples (8 mg) of BSA, glucoamylase I and II and crude
dialysed "Agidex 3,000" glucoamylase (1.5 cm3) were also pgssed down
are

fhe gel column and the elution profiles of the latter threelshown in

}PIGI.IR.ES 3-4, 305 and 3.6.

3.3.3 D.E.A.E. anion exchange chromatography

A small scale ion-exchange column was prepared as
described in CHAPTER 2 of this Thesis. A sample of glucoamylase I
[5 mg) was dissolved in phosphate buffen(0.0SM)pH 7.7)(1.0 cm3) and
was absorbed on the ion-exchange column. The column was tﬂ;n eluted
gs described in CHAPTER 2 of this Thesis. The elution profile is
ghown in FIGURE 3.7 The column was then unpacked and repacked with
fresh ion-—exchange cellulose. The procedure was repeated for a sample
of glucoamylase II.

The column was then unpacked and the ion-exchange cellulose

regenerated, together with that used for glucoamylase I.'

3.3.4 Disc-gel electrophoresis

34

This was carried out essentially as described by Davis
‘using a "Shandon" small scale gel-electrophoresis apparatus. Eight
mprecibore" running tubes were cleaned using 5% "Decon 90" liquid
detergent, rinsed with tap water folldwed by distilled water and dried.
The following stock solutions were then made up and stored in amber
glass bottles in a refrigerator, except (Fﬁ which was made just prior to

yse.



(a)

()

(Q)

()

(%)
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RUNNING BUFFER (small pore gel)

1N HC1

\

48 cm3

2-amino 2-hydroxymethyl-1,3-propanediol (TRIS) added until

PH was 8.9

N,N,N' N' —tetramethylethylenedlamlne (TEMED) 0.46 cm3

delonlsed water to

STACKING BUFFER (large pore gel)
1N ‘HC1

TRIS added until pH was

TEMED

deionised water to

ELECTRODE BUFFER
TRIS

g—glycine
deionised water to

Diluted 1:10 for use

SMALL PORE GEL ACRYLAMIDE SOLUTION
acrylamide
XN,N'-methylenebisacrylamide (BIs)

deionised water to

LARGE PORE GEL ACRYLAMIDE SOLUTION
acrylamide
N,N'-methylenebisacrylamide (BIS)

deionised water to

100 cm3

48 cm3
T.3 .
0.46 cm3

100 cm

6 g
28.8 g

1000 cm3

550 cm3 required per run.

30 g
0.735 &
100 cm

10 g
2.5 8

100 om3
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(F) AMMONIUM PERSULPHATE INITIATOR

(made up just prior to a run)

ammonium persulphate 0.1 g

deionised water to 100 cm3

(4) RIBOFLAVIN INITIATOR
riboflavin 4 mg

deionised water to 100 cm3

(1) SUCROSE

sucrose 40 g

deionised water to 100 cm3

(1) BROMOPHENOL BLUE

bromophenol blue 1 mg

deionised water to 100 cm3
(J) TRICHLOROACETIC ACID

trichloroacetic acid 125 g

deionised water to 100 cm3
(k) COOMASSIE BLUE STAIN

coomassie blue 0.5 g

deionised water to 50 cm3

Diluted 1:20 with J before use
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The working gel solutions were made up from the stock solutions in the

following proportions.

Small pore gel (7.5% acrylamide)

A 6 cm3
D 6 cm3
F 12 om>

Large pore gel (2.5% acrylamide)

B 3 cm3
E 6 cm’ *
G 3 cm3
H 12 cm3

Each working solution was then degassed on a water pump for
2 pinutes. Six runnihg tubes were filled to within 1.5 cm of the top
with small pore gel solution and layered with 0.5 cm of deionised water.
After 30 minutes the water layer was removed and the large pore gel
solution was layered on each running tube to within 0.5 cm of the top.
The florescent lamp was then used to initiate the polymerisation of this
gel. Samples of glucoamylase I and IT (2 mg) were weighed out and made
up in deionised water (0.1 cm3). Glucoamylase I (0.01 cm3) was withdrawn
and added to sucrose (H) (0.2 cm3) and mixed. This solution was then
carefully layered on top of a prepared gel and the tube labelled. The
prpocess was repeated for a second gel. Two gels were prepared in a similar
way for both glucoamylase II and crude dialysed glucoamylase (0.01 em) .
The sii"gel tubes were inserted into the electrophoresis apparatus and
electrode buffer (C) added to the upper (250 cm3) and lower (300 cm3)
regervoirs. Bromophenol blue (I) (1.0 cm3) was added to the upper

regervoir. Constant current (5 mA/tube) was passed through each gel for
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40 minutes or until the bremaphenol blue marker had migrated to the end

of the gel tube. The gels were then removed, fixed in 12.5% trichloroacetic
acid (J) for 10 minutes and then stained with coomassie blue (K) for

30 minutes. The gels were then destained using 7% acetic acid for

12 hours.

3.3.5 Extinction coefficient

Samples of glucoamylase I and II were dried at 306C for
12 hours in a pistol drier and then stored in a vacuum desiccator.
Glucoamylase I (1.46 mg) and II (1.04 mg) were weighed out and dissolved
in citrate buffer(0.05M, pH 5.15),(5.0 cm3) . The optical densities of
glucoamylase I and II were then measured in 1 cm quartz cells at 280 nm

using a Pye-Unicam SP 500 spectrometer.
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CHAPTER 4
AMINO—ACID AND CARBOHYDRATE ANALYSES AND PROTEIN CONTENT OF

PURTFIED GLUCOAMYLASE I AND II

4.1 Introduction

Amino-acid analyses have been carried out on glucoamylase from

-4 Aspergillus phoenicis,5
7425

6

Aspergillus niger,

Endomyces species IFQ 0111,

Rhiropus delemar,2 and Rhizopus javanicus. Lineback et 21.,1

and Pazur‘gf‘gl.,g report values for both glucoamylase I and II using
different molecular weights. In this work amino-acid analyses have been
carried out on both glucoamylase I and II and the résults expressed as
g/100 g protein, % of total nitrogen, and residues per 80,000 molecular
weight. A comparison with the results obtained by other workers has been
made.

Glucoamylases from Aspergillus niger, Aspergillus phoenicis,

Aspergillus oryzae and Rhizopus delemar have been reported to be

gly(;oproteins.5 The cérbohydrate moieties have been identified from

1,4,8

Aspergillus niger glucoamylase by other workers and their results

compared to this work.
The protein content of glucoamylase has been measured by the method

desg¢ribed by Layne,9 and the results related to Bovine serum albumin.
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4.2 Results and discussion

4.2.1 Amino-Acid Analysis

Weighed samples of dry glucoamylase I and II ﬁere hydrolysed
in sealed ampoules under nitrogen at 11000 for various periods of time
up to 72 hours using constant boiling 6M hydrochloric acid. After
hydrolysis the samples were evaporated to dryness and made up to a standard
volume with buffer of pH 2.0 prior to analysis. Cysteic acid was
measured from glucoamylase similarly afte? treatment with performic acid
and later made up to a standard volume using q-lm hydrochloric*acid.

The asparagine and fglutamingé residues could have been in either the
amide or carboxyl form in the protein and for calculations the carboxyl
form was assumed. Tryptophan was determined after hydrolysis with

6M NaOH for 6 hours at 121°C. In each case the hydrolyses were carried
out in triplicate, except for glucoamylase I,24 hours,which were carried
out in duplicate. ‘The results were averaged and are shown in TABLES 4.1
and 4.2. TABLE 4.3 shows the number of amino-acid residues based on a
molecular weight of 80,000 for both glucoamylase I and II determined as
described in CHAPTER 3 (3.3) of this Thesis, and has been compiled using
the highest values obtained for each amino-acid in TABLE 4.1.

Because the acid hydrolysis of the bonds between different amino-
acids in the polypeptide chain of a protein do not occur at the same rate,
a time course of hydrolysis was carried out. An attempt to measure the
methionine and cystine in glucoamylase I and II after conversion to
methionine sulphone and cysteic acid respectively was carried out)but the
methionine sulphone peak was obscured under the aspartic acid peak from
both glucoamylases and the standard could not be resolvgd. The values
obtained for cysteic acid were 1.26, and 1.27 g/1OO g protein for

glycoamylase I and II respectively after 16 hours hydrolysis. These

}

values give 6 residues for the cyatine/Q gshown in TABLES 4.3 and 4.4.
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Some amino acid analyses obtained for glucoamylase I and II together
with standards are shown in FIGURES 4.1 to 4.6.

The total nitrogen content of glucoamylase I and IT, 11.45% and
11.20%?respective1y, was measured by the micro Kjeldahl method. Both,
the amino-acid analyses and nitrogen determinations were carried out at
the Lord Rank Research Centre.

It can be seen that the two forms of glucoamylase have similar
amino-acid compositions. The values obtained for glucoamylase I are
generally lower than those obtained for glucoamylase II. Th? maximum
difference between the two glucoamylase forms occurs in aspartic acid,
serine, glycine, alanine and leucine. The results agree broadly with

2,11 who used molecular

the amino acid compositions found by other workers
weighta of 99,000 and 112,000 for glucoamylase I and II,respcctively.
The compositions found in this work are also similar to those of
Lineback gj.gl.,1 who used 74,900 : 1,550 and 54,300 Y 6,690 for the
molecular weights of glucoamylase I and II respectively, except that
their values for glucoamylase I are always larger than those of gluco-
amylase II. TABLE 4.4 lists the number of amino-acid residues to the
nearest integer found in this and other work on glucoamylase.

Pazur et gl.,z have reported that the hydrolysates of glucoamylase
IT used for amino-acid analysis contained considerably more ammonia than
the hydrolysate of glucoamylase I. These results agree with those found
in this work. In order to explain the results Pazur et gl.,z suggested
that glucoamylase II may possessva higher number of amide or perhaps
glucosylamine linkages.

A method of hydrolysis of proteins described by Bennett 53‘21,10
using "Sepharose" bound peptidases may yield the values of glutamine and

asparagine present in the native glucoamylase which were unobtainable

from the acid hydrolysis because the labile groups were converted into
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their parent amino acids. A trial experiment using this method of
hydrolysis for glucoamylase I proved unsuccessful because of the low

activities of the "Sepharose" bound enzymes which were used.

4.2,2 Protein content of purified glucoamylase I and IT

The protein content has been measured with respect to
bovine serum albumin (BSA) using the method described by Layne.9
The method is only exact if BSA gives an identical colour response to
that of glucoamylase. The total protein content of the glucoamylases
could not be obtained from their extinction coefficients (CHAPTER 3,
(3.35) of this Thesis) in this case because these values were themselves
obtained from dried glucoamylase.

The results were that glucoamylase I conta‘ned 83% protein and
glucoamylase II 90% protein. These results agree with the amino-acid
analysis in that glucoamylase II contained more amino-acid residues
than glucoamylase I for similar molecular weight wvalues. The reason
for the protein contents of glucoamylase I and IT being lower than 100%
was attributed to the glycoprotein nature of these enzymes. The
discrepancies should be similar therefore to the carbohydrate content
of each glucoamylase. The same glucoamylase stock solutions were used

to measure the carbohydrate content.

4.2.3 Carbohydrate content of purified glucoamylase T and TI

The carbohydrate content of glucoamylase I and II has been
measured by two methods, each of which will be discussed separately.
The first method measured the carbohydrate content of glucoamylase
I and II with respect to D-mannose using the phenol sulphuric acid assay
described by Dubois et él.12 This method would only be exact if all

the carbohydrate present in the glycoprotein was D-Tannose. As the
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GLYCOPROTEIN
+
H, H20
D-GLUCOSE D-FRUCTOSE =~ D-MANNOSE D-GAIACTOSE
2+ . +
ATP,Mg Hexokinase NAD D-Galactose
~ oxidase
D-G-6-P 4L~ pyp6-p XL pyep D-Galactonic acid + NADH
L rcad at
340 nm
NADP+ G-6-P
Dehydrogenase

D~GLUCONATE + NADPH

|

read at
340 nm

SCHEME 4.1 DIAGRAMATIC REPRESENTATION OF PROCEDURE FOR
CARBOHYDRATE ANALYSIS IN GLYCOPROTEINS
DEVISED BY STURGEON. °
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literature stated that the majority of the carbohydrate in glucoamylase

I and II was 2—mannose1'2’4’5’11'13’20’21 it seemed reasonable to take

this as the standard for the phenol sulphuric acid carbohydrate
measurement. To correct the test for any colour produced from the
protein itself an equal concentration of lysozyme, which was known not
to be a glycoprotein, was reacted under identical conditions and the
small contribution (3%3 subtracted from the glycoprotein figures. It
has been reported by Beaupoil-Abadie gi_gl.,14 that tyrosine residues
give strong colourations with phenol sulphuric acid and this may give
rise to an error in the figures obtained. It may have been’more
correct therefore to have used a synthetic mixture of amino-acids
corresponding to the amino-acid analysis for glucoamylase I and II as
a blank. The results obtained, glucoamylase I 16% carbohydrate,
glucoamylase II 18% carbohydrate, were in close agreement with those
quoted in the literature, see TABLE 4.5.

The second method used to analyse the carbohydrate present in
glucoamylase I and IT was devised by'Stunrgeon,18 and made use of
specific enzymes to measure spectroscopically Q—glucose, D-mannose and
D-galactose after liberation from the glycoprotein by mild acid hydrolysis.
Q—Fructose can also be measured using this technique.

The technique (shown in SCHEME 4.1) was essentially as follows.
Q—Glucose was phosphorylated in the six position with hexokinase in the
presence of adenosine triphosphate (ATP). The phosphorylated glucose
was then dehydrogenated with E-gluooset§—phosphate dehydrogenase in the
presence of nicotinamide — adenine dinucleotide phosphate (NADP-&). The
reduced co—enzyme NADPH formed during the reaction had a strong absorption
at 340 nm and the optical density increase used to measure the D-glucose

concentration in the original solution.. Similarly the addition of
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phosphoglucose isomerase to the reaction solution converted D-fructose
phosphate to Q—glucose—6—phosphate and the reaction then proceeded as
before. The increase in optical density would therefore be a measure
of the D-fructose content of the solution. The addition of
phosphomannose isomerase to the reaction solution converted D-mannose-
6-phosphate to D-fructose-6-phosphate and the increase in optical
density which occurred after the addition of the enzyme was a measure
of the E—mannose in the solution. The Q—galactose concentration was
measured separately using B—Q—galéctose dehydrogenase and its coenzyme
nicotinamide-adenine dinucleotide (NAD+). The optical denéity
measured at 340 nm was a measure of the Q—galactose present in the
reaction solution. As the optical densities were very low, the
reaction was tested with a solution of Q—galactose and found to give
the correct response. It was concluded therefore that very little
g—galactose was present in the acid hydrolysates of glucoamylase I and
II which agreed with other workers. — see TABLE 4.5.

The spectra obtained from the enzyme assays:are shown in FIGURES
4.7 and 4.8. The concentrations of NADP+ and ATP were calculated to
be in excess of the test requirement and a change of 0.1 in the optical
density at 340 nm corresponded to O.O16‘I/AM/cm3 of sugar. - In the tesﬁ
for D-glucose and E—mannose, a crystal of magnesium chloride was added>
to the test solution to provide magnesium ions necessary for the
enzymic phosphorylation of the sugars. The results presented in
TABLE 4.5 were calculated from FIGURES 4.7 and 4.8 using the maximum
optical density values from the time course after mild acid hydrblysis
of glucoamylase I and II and were expressed as percentages of their dry
weights.,

Tt has been reported that the carbohydrate moieties in glucoamylase

I and II from Aspergillus niger were Q—glycosidically linked through
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Q—mannose to the hydroxyl groups of L-serine and L-threonine

in the polypeptide chain.1'4’8 24Mannose is the preponderent sugar
component of all the glucoamylases reported with lesser proportions
of D-glucose and D-galactose. Sialic acid which is present in some

plasma glycoproteins,17 has been reported to be absent from

15

glucoamylase. Hexosamines have been reported to be absent in the

5 1,13

glucoamylase from Aspergillus phoenicis” and Aspergillus niger,

but have been reported present in the form of ?—Amino 2-deoxy-D-glucose

(glucosanhinq)in glucoamylase from Rhizopus delemar2 and Rhi¥opus
1,25

javanicus.

From the protein content of glucoamylase I and II it may have been
expected that glucoamylase I would contain more carbohydrate than
glucoamylase II.However this was not found. Glucoamylase II was found
to possess more carbohydrate than glucoamylase I from both the phenol
sulphuric acid, and hydrolysis assays. These findings agree with those
of other workers - see TABLE 4.5. The discrebancy between the total
carbohydrate'aé determined by the phenol-sulphuric acid procedure and
by hydrolysis doula be attributed to the following:>

(a) A portion of the sugars being destroyed under the conditions
of hydrolysis.

(b) Incomplete release of the hexoses from the glucoamylases.

(¢) A larger protein colour contribution to the phenol sulphuric
acid assay than corrected for in the lysozyme blanks.

(d) L-sugars present in the glycoproteins.

Aira?3 and Lineback et gl.,1 reported that the carbohydrate moieties of
glucoamylase I and II were predominantly trisaccharide units with at

least two different sequences: . Man-Man-Man-, Man-Glu-Man -.
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Other units containing D-galactose must also be present, and it has
been suggested by Pazur et gl.,15 that the synthesis of the
carbohydrate moieties was apparently not under genetic control. The
role of the carbohydrate moieties in glycoproteins is not understood
but it is thought that they may give rise to immunological proper‘ties,17
and also that they may act as stabilizers of the tertiary structure of
the enzyme.4 It is possible that the presence of carbohydrate confers
resistance to proteolytic degradation. Glycoproteins appear to be
characteristic of the secreted products of eukaryotes (and-not
prokaryotes), and it has been proposed24 that the advent of the
endoplasmic reticulum made more probable the transfer of sugars to
proteins in the course of secretion. In other words’attachment of
sugars may occur "by accident™ during secretion and may not have a

specialised role.
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4.3 Experimental

4.3.1 Amino-acid analysis

Three dry samples (2 mgﬁ of glucoamylase I and II were weighed
separately into six labelled "Pyrex" glass ampoules 6" x 5/8". 6M Hydro-
chloric acid (2.0 cm3) was added to each ampoule. Each sample was de-
gassed and the ampoules filled with oxygen free nitrogen prior to sealing.
The samples were then placed in an oven at 110°C for 16 hours. The
process was repeated and the samples hydrolysed for 24 and 72 hours.
(Except for glucoamylase I, 24 hour hydrolysis for which only t&o samples
were used) . After hydrolysis, the ampoules were cooled and the contents
washed into separate pear shaped flasks (25 cm3) with deionised water
(5 cm3). The samples were evaporated to dryness on a Buchi. rotary evap-
orator. Deionised water (5 cm3) was added to each sample.flaSk and
rotary evaporated to dryness. The process was repeated until the samples
had no smell of acid vapour. Amino acid analysis buffer pH 2.0 (2.0 cm3)

3

was added to each sample and 80 mdm” applied to the Technicon auto-analyser.

19 Three dry samples

Performic acid was made as described by Hirs.
(2 mg) of glucoamylase I and II were weighed out as before and performic
acid (2.0 cm3) added to each sample. After four hours at 0°C the reaction
was terminated by the addition of concentrated hydrobromic acid (1.0 cm3)
and the samples rotary evaporated to dryness bver sodium hydroxide pellets.
The samples were then acid hydrolysed for 16 hours as described previously.
After hydrolysis and evaporation,e-fmhydrochloric acid (2.0 cm3) was added
to the sample and 40/4dm3 applied £o the auto—analyser.

Standard amino-acid samples were analysed after each sample had been

run, 25nMoles being used for each acid except cysteic, for which 5.91nMoles

were used. The amino-acid peaks were electronically integrated except for
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methionine, cysteine/? and cysteic acid which were hand integrated using

the triangulation method.

4.3.2 Protein estimation

Dry samples of glucoamylase I and IT (17.5 mg) were made up

to ?5 cm3

with deionised water and diluted 1:1 v/v with deionised water
prior to use. Bovine serum albumin (4 mg) was made up to 10 cm3 with
deionised water. ’Using the method described by Layne,9 the protein

content of glucoamylase I and II was determined as in CHAPTER 2, (2.4

of this Thesis. *

4.3.3 Carbohydrate estimation using the phenol sulphuric acid

Rrocedure

D-Mannose (7 mg) was made up to 100 cmd

3

with deionised water.
Lysozyme (7 mg) was made up to 10 cm” with deionised water. The stock
glucoamylase solutions (700 pg/cm3) used for the protein estimation were
also used in this determination. 5% (w/%) solution of phenol was made
up using deionised water. The carbohydrate contents were determined
using the phenol-sulphuric acid procedure described by Dubois gi.gl.12
D-fannose, (1.0, 0.75, 0.50, 0.25 and 0.10 cm’) were pipetted into
five "Pyrex" glass boiling tubes 6" x 1", followed by deionised water
(0.0, 0.25, 0.50, 0.75, 0.90 cm3). 5% phenol solution (1.0 cm3) was then
added to each tube and mixed thoroughly. Concentrated sulphuric acid*
(5.0 cmz) was then added rapidly to each reaction tube using an "Oxford
Pipettor"”. After 30 minuteé the opﬁical density of the solutions were

read against a blank, made from deionised water, at 490 nm using a Pye

Unicam SP 500 spectrometer. A standard graph 0-70 pg was then constructed.

*Micro-analytical Grade — B.D.H.
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The experiment was repeated for glucoamylase I and IT using 0.1, 0.2,
3 ) :
0.4 cm™ enzyme stock solution and 0.9, 0.8, 0.6 cm3 deionised water.

The optical densities of each reaction tube were read against corresponding

blanks made from the lysoxyme solution.

4.3.4 Carbohydrate estimation using hydrolysis followed by

enzymic assay

Glucoamylase I (5 mg) was weighed‘into three "Pyrex" glass
test tubes 3" x 2/8" the tops of which were drawn out to form.?mpoules.
The procedure was repeated for two samples of glucoamylase II.
°M Hydrochloric acid (1.0 cm3) was added and air purged from each
ampoule using oxygen free nitrogen. The ampoules were sealed and
placed “‘n an oven at 1OOOC. Ampoules were removed after 1.0, 2.0, and
2.5 hours for glucoamylase I, and after 1.0 and ?2.25 hours for gluco-

'

amylase II. The solutions were withdrawn from the ampoules and passed
through a Millipore syringe filter into five volumetric flasks (3.0 cm3).
One drop of phenolphthalein solution was added to each flask and

AM NaOH added dropwise until the pink colour was just visible. The
colour was then discharged by 1M acetic acid and the solution made up
with deionised water.

For Q—glucose and D-mannose determinations, a silica cell (1.0 cm3
capacity)was filled with TRIS buffer, pH 7.5, (0.7 cm3), NADP, (0.1 cm3),
ATP (10 mg/cmB) (0.1 cm3), and hydrolysed glucoamylase (0.1 cm3). A
small crystal of magnesium chloride was then added. The cell was then
placed in a Pye Unicam SP yﬁOO spectrometer and the optical density at
340 nm blanked against TRIS buffer. A baseline was obtained for optical
density ranges O to 0.5 and O to 1.0. Using the O to 0.5 range ﬁhe

enzymic determination of D-glucose was begun by adding hexokinase/glucose
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6-phosphate dehydrogenase (10/Adm3). For D-mannose determination the
0 to 1.0 optical density range was selected and Phosphoglucose isomerase
(1O/Ldm3), and Phosphomannose isomerase (1O/Ldm3) added. The maximum
6ptica1 densities were reached after 35 minutes.

For Q—galactose determination, a similar procedure was used.
The spectrometer was blanked against TRIS buffer, pH 8.5 using the
0 to 0.2 optical density range. The cell was filled with TRIS buffer,
pH 8.5, (0.4 QmB), NAD, (0.1 cm3) and hydrolysed glucoamylase (0.5 cm3).
The reaction was begun by adding B—Q—galactose dehydrogenase (ﬂO/Adm3).
The enzymes and coenzymes used were Sigma except phosphomannose isomerase

and B-D-galactose dehydrogenase which were Boehringer.
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CHAPTER 5

THE ACTIVITY OF PURIFIED GLUCOAMYLASES I AND II

5.1.1 The specificity and activity of glucoamylase

The range of substrates attacked by an enzyme yields information
about its specificity, while activity is a measure of its degree of
purity. Glucoamylase has been reported to catalyse the hydrolysis of
both a-(1,4)- and a—(1,6)—2~g1ucopyranosyl linkages in starch, and
the activities of glucoamylases from various sources have been
determined using substrates containing a-(1,4)-, «(1,6)-, and both |
a-(1,4)- and a—(1,6)—2—glucopyranosyl linkages in order to investigate
the specificity of this enzyme. It has been the normal practice
having purified an enzyme to measure its activity toward various
substrates. In this fhesis therefore, a selection of the results
reported by various authors together with those obtained in this work
have been discussed and compared. The majority of previous work on
the specificity and activity of glucoamylase has been carried out

using mixtures of the now readily isolatable forms I and II.

The activity of glucoamylase is dependent upon the following
factors: the source of the enzyme, the substrate, and reaction
conditions such as temperature, pH and buffer concentration. A
knowledge of the activity of the glucoamylase preparation used in the
food industry is important because while sufficient enzyme must be
_employed to facilitate the conversion of starchinte ]=)-glucose in a
reasonable time, an excess would not only be wasteful and decrease
product pﬁrity, but may decrease the glucose content by increasing the

rate of reversion.
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Isomaltose has been reported by several workers1-9 to act as a

10-12 4 ave reported that the

substrate for glucoamylase while others
enzyme does not hydrolyse the a—(1,6)—9—glucopyranosyl linkage in
this compound. Barker et 21'!11 however, d°d report a very slow

attack on isomaltotetraose by glucoamylase from Aspergillus niger.

Glucoamylase from Aspergillus niger and Endomycopsis bispora had been

1,2

incubated with dextran by Barker et gl.,11 and Ruttloff et al.,
respectively, with the result that this polysaccharide was not
attacked by this enzyme. Abdullah et gl.s carried out activ{ty
tests on several a—(1,6)—2—g1ucopyranosy1 linked oligosaccharides

with glucoamylase from Aspergillus niger and although the rate of

hydrolysis appeared to increase with increasing degree of substrate
polymerisation, dextran was not tested. It was for this reason that
purified glucoamylases I and II from this work were tested for activity
toward dextran, and to compare the activity to that using wheat
amylopectin., The activity of the purified glucoamylases were also
measured using maltose as substrate. This was carried out to
determine whether maltose was Bound to the enzyme active site but
reacted sufficiently slowly to enable it to be used as an active site

protector in the labelling study discussed in CHAPTER 6 of this Thesis.

Pazur et 21.13 reported that purified glucoamylase from

Aspergillus niger was capable of hydrolysing the a—(1,4)— and

a—(1,6)—9—glucopyranosy1 linkages in a variety of Q—gluCOpyranosyl
oligosaccharides and showed that the smallest structural entity
necessary in a substrate for glucoamylase action was a Q—glucosyl unit

linked through an a—(1,4)- or an a-(1,6)-bond to alg—glucose molecule
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which was either free or substituted at position 1. The initial
hydrolysis of the substrate by glucoamylase occurred at the non-
reducing end and proceeded at a faster rate if the terminal unit was
linked by an a—(1,4)— bond rather than via an a-(1,6)~ bond to the
remainder of the oligosaccharide molecule. These results have
subsequently been confirmed by Abdullah et 21.5

Kawamura et 21.,7_9 have reported the relative rates of hydrolysis
of several glucobioses by glucoamylase from different sources, However
care must be taken if these results are to be applied to large}
molecules. It has been suggested by Abdullah et gl.B that the
a—(1,6)—2—g1ucopyranosyl linkages present in amylopectin are likely
to be hydrolysed rapidly, and an erroneous prediction of the rate of
hydrolysis of these linkages would be obtained by a simple comparison
of the rate of hydrolysis of maltose and iscmaltose by glucoamylase.
However, merely having a larger molecule is not sufficient in itself to
bring about hydrolysis as demonstrated by the use of dextran as a

substrate for glucoamylase discussed previously.

Fleming et gl.j4 and Suetsugu EE,El'35 have reported that phenyl-

a-D-glucoside is a substrate for glucoamylases from Aspergillus niger

(Agidex 3,000) and Rhizopus delemar respectively. It was reported in

the latter work that the rate of hydrolysis of phenyl;a—g-maltoside
catalysed by glucoamylase occurred at a much higher rate than that of
the corresponding glucoside, the former substrate being used by

Ono ¢t 21.16 in a study of the anomeric form of sugar produced by the

~action of glucoamylase from Rhizopus delmar.: The Michaelis constants

(Km) and the molecular activities (ko) were determined by Suetsugu_el_a_l_‘.15
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for the glucoamylase catalysed hydrolysis of phenyl a-D-glucosides
with substituents 27N027 H, 2¢CH3 and RfC(CHB)B, and phenylra-g-
maltosides with p-NO,, H, p-CHy, p~C,Hs and p-C(CH,) 5. It was
found that the rate of hydrolysis of phenyl a-D-maltoside was

approximately equal to the value reported by Nagao17

for the hydrolysis
of maltose by glucoamylase, but the rate of hydrolysis of phenyl a=D-
glucoside by this enzyme was 490 times slower than maltose. Pazur

8
23.51.1 also reported that glucoamylase from Aspergillus niger

catalysed the hydrolysis of phenyl a-B—glucoside. These results are
of some interest because they open up the possibility of carrying out
precise kinetic measurements using fast reaction techniques on the
reaction catalysed by glucoamylase. Very few such studies have been
carried out on glycoside hydrolases because of the lack of suitable
substrates or the occurrence of competing transfer reactions. The
difference in ko obgserved between the glucosides and maltosides could
not be explained by the chemical nature of the bond being hydrolysed.
However, it was reasonably accounted for in terms of the statisticai
weight of productive and nonproductive complexes as determined by the
subsite affinity.of this enzyme as described by Hiromi19 which will be

discussed later.

It would appear that the ability of glucoamylase to hydrolyse an
a-(1,3)-D-glucopyranosyl linkage has not been determined conclusively.

Several workers5’18'20’21—23 have reported that such a linkage can be

1,24 have suggested that the

. . 21
enzyme is unable to facilitate hydrolysis. Thivend et al., have

hydrolysed by glucoamylase while others

reported that the rate of hydrolysis of an a—(1,4)—2—glucopyranosyl
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linkage by gluccamylase is faster than either the hydrolyses of an
a-(1,6)= or an a-(1,3)-linkage; moreover in the latter case the
rate of hydrolysis has been reported to be independent of the size of
the molecule. Fleetwood et gl.,25 reported that it was the C1-
oxygen bond of the glycoside substrate which was cleaved by this
enzyme, while it had already been shown by Weill gj_gl.26 that the
E—glucose unit liberated by glucoamylase had undergone a Walden
inversion resulting in a change of configuration at C1. Thig latter
discovery was subsequently confirmed by Ono et 21.16 and Eveleigh
et a1.”!
The specific activity of an enzyme preparation is a measure of
its degree of purity and is defined as the number of micro moles of
product produced per minute per milli gram of protein under defined
conditions. (Normally the conditions are chosen to be at the optimum
pH for maximum enzyme activity at 2500, and the substrate concentration

should be high enough to saturate the enzyme so that the kinetics of

the assay will approach zero order with respect to substrate.)

The specific activities of various glucoamylase preparations
reported in the literature are presented in TABLE 5.1. Unfortunately
not all have been measured under similar conditions and therefore a
direct comparison for each preparation cannot be made. The specific
activities of the crude enzyme preparations, have been excluded from
TABLE 5.1 because they may represent the action of more than one
hydrolase - on the substrate as has been pointed out by Lineback

4

&t al.
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Because of ﬁhe large‘discrepancy in the specific activity values
reported, Kujawski et gl.,28 proposed a unified method of
glucoamylase activity determination from microbial material. The
conditions specified were similar to those suggested for specific
activity determination but unlike the latter, pH, temperature,

substrate and reaction time were defined precisely.

To test for the presence of an 'endo'! acting enzyme in purified
glucoamylase, an experiment was carried out by Marsha1129 using

30, 31

Cibachron Blue F3GA-amylose. This substrate carries a dye on

some of the primary alcoholic groups32 of the anhydroglucose

units comprising the amylose, this is in contrast to the
Remazolbrilliant Blue R starch33 which carries the dye on the C2
position of the polymer units. The action of glucoamylase on
Cibachron Blue F3GA-amylose proceeds 1o release Q-glucose from the
nonreducing end of the substrate but on reaéhing a glucose unit bearing
the dye, enzyme activity is terminated because the enzyme is unable to
by-pPase the anomalous. unit. The action of an 'endo' acting enzyme
such as a-amylase on this substrate cleaves the dyed amylose chain in

a random manner, the small oligosaccharides thus produced are soluble
in aqueous media and their colour can be measured spectrophoto-
metrically. If glucoamylase is contaminated with an 'endo!'! acting
enzyme the oligosaccharides may be further degraded to B—glucose.

Other sensitive methods to detect 'endo'! acting carbohydrases in the
presence of 'exo'! acting enzymes on the same substrate have been reported

in the literature.34’35 These methods have the advantage that they use

a soluble substrate, 5% w/w periodate oxidised amylose, and therefore
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facilitate a homogeneous enzyme reaction. Cibachron Blue F3GA-amylose
is insoluble in aqueous media and therefore the enzyme reaction is

heterogeneous with respect to substrate.

512 Results and Discussion

In this work it was found that glucoamylase facilitated almost
complete hydrolysis of wheat amylopectin to D-glucose, (see Section
5.3.2) suggesting that this enzyme was capable of hydrolysing both

a—(1,4)—, and a—(1,6)—2—g1ucopyranosyl linkages in this substrate.

To test the ability of glucoamylase to hydrolyse an a—(1,6)-§—
glucopyranosyl linkage in dextran to produce Q—gluoose, samples of
"Sephadex" G-100 and G-200 were incubated with glucoamylase I and II
at pH 5.0. After 24 hours, no g—glucose could be detected in the
digests using the glucose oxidase assay procedure described by
Lloyd et 31.41 The dextran used for this test was highly cross
linked and insoluble so it was decided to repeat the experiment using
a soluble dextran produced by "Glaxo"™ for blood filling. Paper
chromatograms were run of each digest together with dextran and
glucoamylase blanks over a period of T2 hours but no reducing sugars
were detected. It was concluded therefore that probably no hydrolysis
of the dextran had occurred and if any reducing sugar had been

produced it was not detected by the chromatography procedure employed.

Thus the specificity of glucoamylase is apparently such that it
catalyses the hydrolysis of nonreducing end groups linked preferentially
through an a—(1,4)-bond to an aglycone which in decreasing order of

activity is: a chain of a-1,4-linked D-glucosyl residues, a single
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E—glucose residue, phenol or a substituted phenol. Polysaccharide
chains of anhydroglucose residues linked through other than
a-(1,4)-bonds (with the possible exception of a~(1,3)-) are not
attacked.

The results of this work are in agreement with previous work

reported in the literature. 12111138

From FIGURE 5.1 it can be seen that no colour was released from
Cibachron Blue F3GA-amylose when incubated with purified gluébamylase
I and II over 360 minutes while the crude dialysed enzyme produced a
colour at essentially a linear rate with respect to time. FIGURE 5.2
shows the B—glucose produced in each digest during the incubation of
Cibachron Blue F3GA-amylose with the various glucoamylases used in
this work. It can be seen that the release of Q—Qiucose by the
purified glucoamylases I and IT is small compared to that released
by the crude dialysed "Agidex 3,000" over the same period of time.

It was concluded therefore that an 'endo! acting enzyme was present
in the crude "Agidex 3,000" enzyme but it had been removed from
glucoamylases I and II during the purification procedure described

in CHAPTER 2 (2.4.4) of this Thesis.

The specific activity of glucoamylase was measured using both
wheat amylopectin and maltose as substrates. A 1% w/v wheat amylo—
pectin solution buffered at pH 5.0 was reacted with glucoamylase for
15 minutes at 25°C (2500 was the temperature suggested for enzyme
activity by the International enzyme commission).36’37 When 1% w/v

maltose was used as a substrate under identical conditions, the
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specific activities of glucoamylases I and IT were 4.1 and 3.3 )
respectively, representing approx mately 254 and 17% of the values
obtained from wheat amylopectin. Fukumot038 has reported that the

activity of glucoamylase from Rhizopus delemar and Aspergillus niger

toward maltose was in the order of 10% of that exhibited toward
amylopectin. The lower activities of glucoamylase with maltose than
with higher a-(1,4)—2—glucopyranosyl linked substrates agrees with the
findings of other workers.1'2’4'5’39’4o The maltose used in this
work was tested for the presence of other reducing sugar contaﬁinants
such as glucose and maltotetraose using paper chromatography. It was
found that the sample ran as a single spot and was therefore free from
such impurities, hence the specific activity value reported did not

represent a composite figure obtained from the action of glucoamylase

I and IT on a heterogeneous substrate.

5.2+«1 The Influence of substrate chain length on the Activity

of glucoamylase

In studies of glucoamylase from Aspergillus niger and
42

Rhizopus delemar carried out by Abdullah et 2l.,5 and Ono et al.,

respectively, it was discovered that the overall rate of reaction was
largely dependent on the chain length of the substrate, maltopentaose
reacting faster than either maltotriose, amylodextrin, amylose or maltose.
In a later work by Ono et gl.,43 it was reported that glucoamylase
exhibited a high affinity for a-Q—glucose and it was suggested that this

molecule was buried in the active centre of the enzyme. In a study on.

the mechanism of action of glucoamylase from Aspergillus niger by

Barker et al.,11 thirty oligo~ and polysaccharides were used as enzyme
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substrates. It was found that the attack of glucoamylase on the
substrates was a multi-chain process consisting of the stepwise
removal of single Q—glucose units from their nonreducing chain ends,
and is in agreement with that proposed by Pazur et 5}.39

Bendetskii44

carried out a kinetic analysis of the time dependence
of the decomposition of a linear homopolymer under the action of an
exohydrolase by single and multichain mechanisms. The equations

were reported to describe well the hydrolysis of amylose by gluco-

amylase from Rhizopus delemar. In later work Bendetskii et él.,45
reported that the mechanism of action of glucoamylase from Aspergillus
awamori depended upon the degree of polymerisation of the substrate.
When depolymerised amylose, or a linear malte—dextrin with a degree
of polymerisation of 15 were used as substrates, a multichain
mechanism was observed, However, when amylose was used, a combined
mechanism was observed. It was concluded therefore, that the greater
the average chain length of the substrate, the closer the hydrolysis
resembled a single-chain mechanism. In a review of amylases and
their properties by Allen et gl.,46 glucoamylase was reported to have
a multiple attack mechanism of action on starch. Multiple attack
corresponds to two or more bonds (but not all the bonds in a single
chain) hydrolysed per enzyme-substrate encounter, and therefore
corresponds to the combined mechanism suggested by Bendetskii et al.

for the hydrolysis of amylose.

Kinetics of 'exo' enzyme catalysed degradation of linear polymer
. 47 s
substrates have been discussed by Hiromi et al. The variation of

ko, and X with the degree of substrate polymerisation was used to
m ;
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evaluate subsite affinities Ai’ and an intrinsic rate constant kint’ of
linkage hydrolysis assuming independency of kint on chain length and
the additivity of A The calculated values of ko and Km agree with
the experimental values for substrates having a degree of polymeri-
sation between 2 and 7. It was concluded that the apparent
dependency of velocity of hydrolysis on degree of polymerisation of
substrate could be accounted for in terms of the probability of
productive complex formation, even though the intrinsic rate of
hydrolysis kint’ was independent of the substrate chain length: In
theoretical calculations of rate parameters, Ai values were taken to
be equal for each subsite but when a comparison was made between the
experimental values of rate parameters for glucoamylase catalysed
hydrolysis of linear malto-oligosaccharide substrates, it was apparent
that the Ai values should not have been equal, but should be greatest
near the catalytic site and decrease with the distance from it.

The subsite affinity values shown in TABLE 5.2 give rate parameters

consistent with the éxperimental results for glucoamylse.

TABLE 5.2
19

The subsite affinities used by Hiromi ~ for the calculation of rate

parameters for the hydrolysis of linear substrates by glucoamylase,

Subsite affinity Subsite affinity value kJ/mole
4, -0 0
20.2
: oo
A3 .
A, 1.80
A5 0.92
0.46
N 0 42
-4
— M

D =gtyain free energy.
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20
Watanabe et al. also confirmed that the velocity of D-glucose
production catalysed by both forms of purified glucoamylase was

influenced by substrate chain length.

Although it had been well established that glucoamylase could
hydrolyse both a—(1,4)—and a—(1,6)—2—glucopyranosy1 linkages in various
substrates, it was of interest to determine whether both linkages were
hydrolysed in the same active site of the enzyme or whether two
distinct active sites existed each being specific for a particular
linkage. An alternate explanation was that two enzymes exist®d each
hydrolysing a specific linkage.

The usual way of investigating such a problem is to measure the
pH/activity profile and the heat stability for each type of activity

to determine whether they are coincident.

8
Hiromi et gl.,4 carried out this type of investigation for

glucoamylase from Rhizopus delemar using maltose and panose as

substrates. The ionisation constants of the essential ionizable groups
of the free enzyme for maltose and panose were established and their
pKa's found to be 2.9 and 5.9 for both substrates. This information
together with that obtained in the study on the competition between the
two types of substrates,58 suggested that both the a—(1,4)- and
a—(1,6)-2—g1ucopyranosy1 linkages were hydrolysed in the same single
active centre of the enzyme. Hiromi gﬁ_gl.1oo have further shown that
isomaltose is hydrolysed in the same active centre as maltose and
panose. This is in agreement with the reversion reaction catalysed by

!
glucoamylase discussed in Section 5.4.1.
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5.2.2 Results and Discussion

A detailed quantitative kinetic analysis using substrates
of different chain lengths was not carried out in thié work, However
it was shown during specific activity tests that glucoamylases I and
IT hydrolysed maltose at approximately 25% and 17% of the ¥espective
rate of hydrolysis of wheat amylopectin. This agrees with the general
38,49

result reported by Abdullah et gl.5 and other workers that maltose

is hydrolysed at a slower rate than amylopectin.

5+.3.1 The degree of conversion of starch to D-glucose by

glucoamylase

The production of D-glucose from starch is the unique and
characteristic activity of glucoamylase and has been of considerable
importance in the food industry for some time. It is hardly surprising
therefore that there are many reports in the literature which refer to
the degree of conversion and action of glucoamylase on this poly-

saccharide.

Although high yields of D-glucose are obtained from starch and
amylopectin, by catalytic hydrolysis using glucoamylase, reports on the
ability of this enzyme to hydrolyse the a~(1,6)-D-glucopyranosyl

20,51 Meyer52

linkages present in these substrates were conflicting.
found that the source of glucoamylase influenced the ability to
hydrolyse a—(1,6)-2~g1ucopyranosy1 linkages in starch. It was
reported that "amyloglucosidases™ from autolysed yeasts3 and muscle54
were able to facilitate hydrolysis of such linkages whereas gluco-

amylase from Aspergillus niger and Rhizopus delemar were unable to

» 55,56
facilitate their hydrolysis. In later geports by Fukumoto et al., 1
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TABLE 5.3

The extent of hydrolysis of starch catalysed by glucoamylases

from various sources

NAME USED FOR

% HYDROLYSIS

ENZYME SOURCE ENZYME OF STARCH REF .
Clostridium acetobutylium MALTASE 100 72
Rhizopus delemar GLUCAMYLASE 92 50

" " " 100 73
Aspergillus niger AMYLOGLUCOSIDASE 100 26
Aspergillus awamori DEBRANCHING ENZYME 100 14
Aspergillus niger AMYLOGLUCOSIDASE 100 13,

39
Aspergillus usamii ¥ -AMYLASE 70 75
Rhizopus tonkinensis CLUCOGENIC ENZYME 80 76
Aspergillus niger AMYLOGLUCOSIDASE 80 77
Aspergillus oryzae TAXA-AMYLASE B 78 78
Aspergillus niger AMYLOGLUCOSIDASE 78 19
Aspergillus awamori SACCHAROGENIC AMYLASE 80 80
Aspergillus niger GLUCAMYLASE 80 11

Neurospora species AMYLOGLUCOSIDASE 75 81
Monascus purpuréus AMYLOGLUCOSIDASE 74 81

AMYLOGLUCOSIDASE 80 82

Endomyces species
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it was found that glucoamylase from Rhizopus delemar was capable of

catalysing the complete hydrolysis of starch into D-glucose from its
nonreducing ends. Similarly, Dobrolinskaya et gl.,57 reported that

purified glucoamylase from Aspergillus awamori catalysed the complete

conversion of the starch in corn meal to D-glucose, and Pazur g£|2l.?

reported that purified glucoamylase I from Aspergillus niger

converted starch, amylose, amylopectin and amylodextrin to D-glucose

in yields approximating complete conversion. Barker et gl.,11

reported that glucoamylase from Aspergillus niger facilitated‘a rapid

58

and complete conversion of amylose to D-glucose. Hiromi et al.,

10, 59

cited two works by Tsujisaka et al., in which glucoamylase from

Rhizopus delemar was reported to catalyse complete hydrolysis of

14

starch to D-glucose. Fleming et al., reported that purified

glucoamylase from Aspergillus niger (Agidex 3,000 )catalysed the

hydrolysis of stafch. However, closer examination of the literature
reveals that the completeness of conversion of starch to B-glucose has
not been precisely determined, and when this has been determined the
degree of conversion has in many cases approached, but not reached
100%.  Both Marshall et a_l_.,24 and Fleming et al .,61 have
documented examples of incomplete starch conversion to Q-glucose by
glucoamylases. Some results are shown in TABLE 5.3. In a study of

starch conversion by glucoamylase from Aspergilius niger and Rhizopus

niveus by Marshall et 2l,24 it was suggested that the incomplete
conversion of Floridean starch may have resulted from this substrate
having a relatively high proportion of a—(1,3)-£—glucopyranosyl
linkages present as reported by Peat et al. The action of

glucoamylase from Aspergillus awamori on-starches from various sources

20 )
have been reported by Watanabe et al. The extent of hydrolysis of
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the starch samples ranged from 92% for soluble potato starch to 99%
for glutinous rice starch. In a study of starch hydrolysis by

. 40 .
Smiley et al., using glucoamylase from Aspergillus awamori, it was

found that waxy maize starch had a greater initial reaction rate
than the starches from rice, potato, or corn. The hydrolysis of
both intact and gelatinized starch grains from clover leaves and

potato by a purified glucoamylase from Aspergillus niger (Agidex 3,000)

) 62
was reported by Bailey et al. It was found that the intact leaf
starch had the greatest reaction rate. Similar results were also

found using starches from tobacco leaves and maize. Shetty et al.

using glucoamylase from Aspergillus niger and Rhizopus niveus to

produce D-glucose, reported 83.9% and 31.9% conversion from each

respective enzyme source after 64 hours incubation with intact wheat

starch. The literature contains conflicting reports concerning the
64

action of glucoamylase on intact starch granules. Macrae et al.

reported that commercial glucoamylase from Aspergillus niger did not

6
attack raw starch, and Manners, 2 that glucoamylase had only a

limited action on starch granules. On the other hand, Evers gz'gl.,66
presented scanning electron microscopic evidence of attack on starch
granules by "Agidex". However, it is possible that the attack
observed by Evers 21'23.66 resulted from a-amylase in commercial

24, 35, 66

preparations of glucoamylase from Aspergillus niger.

It has been well established that a-amylase attacks granular starch.

Japanese workers68 reported that a commercial glucoamylase from
an Endomyces species gave 6.1 and 1.5% digestion of native corn starch
and potato starch, respectively, when 25 mg of starch was treated with

o . . 6
6 I.U. of enzyme for 1 hour at 37 C. Again, previous workers 9 had
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shown that this commercial enzyme preparation contained an a—-amylase
which was extremely difficult to separate from the glucoamylase.

0 .
Leach Ei‘il'7 also used an impure glucoamylase to partially digest

granular corn starch.

It is interesting to note that the percentage conversion

. 63
obtained by Shetty et al., using glucoamylase from Rhizopus niveus

29, 35, 66

which has been shown to be devoid of a-amylase still

effects an extensive conversion of intact wheat starch. Scanning
electron microscopy of the partially digested, large wheat granules

revealed different morphological modes of attack by glucoamylase

depending upon its source.

6 6 6
On the evidence of Bailey et al., 2 Manners, 2 and Shetty et gl.,3
it was concluded that glucoamylase as well as a-amylase was capable

of attacking intact starches.

The percentage conversion of various substrates given relative to
a value of 100% for soluble starch have been reported by Ruttloff

et gl.,1'2 using purified glucoamylase I and II from Endomycopsis bispora.

In the majority of studies on‘glucoamylase, starch has been used
as a substrate in order to obtain information about the enzyme. In
contrast to this, Thivend.gj.gl.21 describe a method for the
determination of starch using certain glucoamylases from Aspergillus

niger, Rhizopus delemar, and Endomyces species. The method essentially

uses the 'exo'! action of glucoamylase to discriminate between modified
and unmodified starches. By measuring the amount of Q—glucose
produced on hydrolysis by this enzyme to the total hexose present, the

amount of normal and modified starch products in a sample could be
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determined. In this work, glucoamylase was reported21 to catalyse
the hydrolysis of a-(1,3)-D-glucopyranosyl linkages, and is therefore
in contrast to the report by Marshall et gl.,24 who suggested that it
may have been the presence of such linkages which led to an

incomplete conversion of Floridean starch.

5.3.2 Results and Discussion

In this work, the production of D-glucose from wheat
amylopectin (101 x 10—6 g/cm3) by purified glucoamylases I and IT

and crude dialysed glucoamylase from Aspergillus niger (Agidex 3,000)

has been studied. Separate digests were prepared at pH 5.0 for each
glucoamylase and incubated at ?500. Aliquots were withdrawn from
each digest over a period of 8 hours and enzyme activity terminated
by heating in a boiling water bath for 5 minutes. The D-glucose
content of each sample was determined by the glucose oxidase method
described by Lloyd gi_gl.,41 and related to a standard graph. The
percentage of amylopectin converted to Q—glucose was calculated by
two independent methods. The first was based on a theoretical weight
of g-glucose available from the amylopectin. The value of 162.2

was taken as the molecular weight of every anhydroglucose unit
comprising the amylopectin polymer, no correction was made for the
lower value (161.2) for the glucose units occurring at the branch
points. The second method was based on the total amount of Q—glucose
available from the amylopectin as measured using the phenol sulphuric
acid procedure described by Dubois 21‘§1.71 relative to a Q—gluoose
standard graph. Four amylopectin aliquots were used and the results
averaged. The degrees of conversion at various times are shown in

TABLE 5.4 and FIGURES 5.3 and 5.4. It was found (TABLE 5.4) that the
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degree of amylopectin conversion based on the phenol sulphuric acid
assay procedure was higher than that based on the weight of amylo-
pectin taken.  The reason for this may be attributed to an error in
the weight of the amylopectin; the actual weight of amylopectin
present being perhaps lower than the weight taken. The slightly
high value (162.2) for the weight of an anhydroglucose unit
mentioned previously would give rise to a high value for the degree
of conversion, and the better estimate for the amount of convertible
amylopectin present is probably that given by the phenol-sulﬁhuric

acid assay.

The conversion of wheat amylopectin by glucoamylase in this work
was less than 100% as shown in TABLE 5.4. These results agree with
the results of several other workers as shown in TABLE 5.3. It
would appear therefore that either there is an obstacle within the
starch molecule which effectively blocks the complete hydrolysis by
glucoamylase or that a "reversion" reaction was taking place in
competition to the hydrolysis. In fact, as can be seen from the
results, the degrees of conversion reach a maximum after about 2 hours
under the conditions of the experiment, and thereafter fell by about
5%. This fall may be attributed to a reversion process which is
slower than hydrolysis. The incomplete hydrolysis of starch by
glucoamylase is of significance in the industrigl conversion process'
because it represents a loss of glucose theoretically available and

causes a contamination of the product with the non-degradable material.

Tt is of interest to note that the maximum degree of conversion
catalysed by the crude dialysed glucoamylase was higher than that

obtained with either glucoamylase I or II. This may perhaps be due
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TABLE 5.4

Percentage conversions of wheat amylopectinito D-glucose by

glucoamylase

% CONVERSION TO D-GLUCOSE % CONVERSION TO D-GLUCOSE
OF WHEAT AMYLOPECTIN BPASED |OF WHEAT AMYLOPECTIN BASED
ON THE WEIGHT OF AMYLOPECTIN| ON PHENOL-SULPHURIC ACID

TAKEN ASSAY n
€3] jea] Eﬁﬂ jcal M hd = jeal
INCUBATION & 2! ~ % 2\ 2 ES
TIME IN 5 s _ Sk 5 3 S
A
HOURS AT EH EH 2% ‘EH gﬁ mg
S 5 58 S S 58
pH 5.0 5 5 58 g g s
0.08 8.2 49.6 771 85.6 52.3 81.3
0.35 80.3 64.7 771 84.6 68.2 81.3
0.67 83.4 74.8 84.3 87.9 78.9 88.9
1.00 90,2 83.4 90.2 95.1 87.9 95.1
2,00 9.2 87.9 94.7 95.1 92.7 99.8
4.00 87.9 85.7 90.6 92.7 90.3 95.5
8.00 86.1 83.9 88.4 90.8 88.4 93.2

to the presence of an 'endo' acting enzyme shown to be present in the
crude dialysed glucoamylase (see Section 5.1.2) which can by-pass
obstacles in the starch structure. In cases where glucoamylase has
been ;eported to effect 100% conversion of starch to D-glucose, this

24
has been attributed by Marshall et al. = to the presence of a

contaminating a-amylase. The finding of an incomplete conversion of
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an amyloaceous polymer by a highly purified 'exo! enxyme has its
parallel in the observation that while a crude preparation of
B—amylase had been found to convert amylose to maltose, the
crystalline enzyme gave conversions which were far from complete.83
It was subsequently shown that amorphous B-amylase was contaminated

84

with a-amylase.

To determine whether the extent of starch conversion catalysed
by purified glucoamylase could be increased by the addition of
a-amylase, an experiment was carried out in which purified gluco-
amylases I and II, artificially doped with a-amylase, were used to
convert wheat amylopectin to B—glucose under identical condilions to
those previously used for starch conversion. The results are shown
in TABLE 5.5, and by comparing the degree of conversion with the
values obtained in the previous experiment (TABLE 5.4), it can be
seen that purified glucoamylase in the presence of B. subtilis
a-amylase effects a higher degree of starch conversion during the
period of the experiment than purified glucoamylase alone. These
results are in general agreement with those reported by Marshall
et gl.?4 However the presence of a-amylase did not prewvent a
decline in the degree of conversion after the maximum had been
reached.

The addition of a—amylase to crude dialysed glucoamylase had

relatively little effect on starch conversion presumably becuuse the

crude enzyme already contained an tendo' acting amylase{
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TABLE 5.5

Percentage conversions of wheat amylopectinito D-glucose

by glucoamylase doped with B. subtilis a-amylase

% CONVERSIOK TO D-CLUCOSE % CONVERSION TO D-GLUCOSE
OF WHEAT AMYLOPECTIN BASED|{OF WHEAT AMYLOPECTIN BASED
ON WEIGHT OF AMYLOPECTIN |ON PHENOL-SULPHURIC ACID

TAKEN assAY
INCUBATION Z 2 g G 8 a % B
TIME IN g & §+§ Eg; g 8 2.9 'ésﬂg
HOURS AT M EERY CI MR- MR EE
0.08 64.5 €9.8 67.6  68.0 3.7 1.3
0.35 83.4 78.9 78.0  87.9 83.2  B82.0
0.67 85.7 85.7 83.4  90.3 9.3 87.9
1.00 94.0 97.0 92.4  99.1  100.0  -97.4
2.00 92.4 92.9 95.1  97.4 97.9  100.0
4.00 9.4 92.0 92.0  97.4 97.0  97.0
8.00 90.2 90.4 85.7  95.1 95.3  90.3

From FIGURES 5.3 and 5.4 it can be seen that the rate of hydrolysis
catalysed by glucoamylase I was slightly higher than that catalysed
by glucoamylase II using wheat amylopectin as a substrate. This is in
agreement with the work of Smiley gﬁ_gl.,Ao who reported a difference
in the initial reaction rates between glucoamylase I and II from

Aspergillus awamori.
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5.4.1 The reversion reactions catalysed by glucoamylase

The normal role of glucoamylase is the catalysis of the
hydrolysis of starch to produce D-glucose. In this reaction the
enzyme could be said to transfer ‘glucopyranosyl units
comprising the starch polymer to molecules of water. If however a
solution of D-glucose in the presence of a catalyst gives rise to di-
and higher saccharides, the process is termed reversion.

This process may be formally distinguished from transglugosylation
which is best defined as the transfer of a D-glucosyl (or higher
saccharide) unit from a di- or higher saccharide to another molecule
of Q—glucose or a higher saccharide. Both reversion and trans-
glucosylation arise from transfer to another saccharide instead of
water. The difference is that reversion leads to an increase in the
average degree of polymerisation whereas transglucosylation leaves it
unaltered. However at a given average degree of polymerigation a
(normal) distribution of different degrees of polymerisation is

entropically favoured over a single unique value.

In most commercial glucoamylase preparations of fungal origin,
certain amounts of a-amylase, maltase, reversion and transglucosylase
activities have been reported to accompany the glucoamylase.1o1’ 102
Because of its adverse effect on glucose production from starch,
reversion activity in commercial glucoamylase has been extensively
studied and some of the results are presented in TABLE 5.6. Glucose
loss due to reversion may amount to 7—8% depending on the conditions
of saocharification.w3 As can be seen from TABLE 5.6, contradictory

data have been reported for the reversion activity of glucoamylase

preparations. Some authors consider the amount of "transglucosidase"
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present in commercial glucoamylase to be greatly influenced by the

fermentation conditions used to produce the glucoamylase,1o4’1o5

or by precipitation and chromatographic enzyme purification steps.106

"Transglucosidase" activity has also been reported in highly purified

20, 106-110

glucoamylase preparations. The discrepancies in the

literature as to substrate specificity’107, 110=112

103,109,112, 113

the inactivation,
and the kinds and number of products of
"transglucosidase" action would suggest that "transglucosidase" was a
collective term covering different enzymes. "Transglucosid;se activity"
is generally demonstrated by chromatographic techniques which isolate
the products of the enzyme reaction. As these techniques are both
time consuming and difficult to quantitate, Rose gi{gl.,102’ 14
developed a simple and rapid enzyme assay method allowing the amount of
D-glucose transformed to oligosaccharides by glucoamylase preparations
to be expressed in terms of International enzyme units, irrespective of
whether the reaction was accounted for by glucoamylase, by
"transglucosidase" or by the joint action of both enzymes.

Although Pazur et 21.39 reported that their purified glucoamylase
was devoid of "transglucosidase" activity using maltose as a substrate,
many other workers have observed reversion reactions from Q—glucose.

115

Hehre et al. reported that the initial reversion product from
B-D-glucopyranose was maltose, However, upon longer incubation

(5 h = 24 h) isomaltose accumulated as the major product. This agrees
107, 110

with the results reported by Watanabe et al., and Fukumoto
et al.,116 that isomaltose is the major reversion product from the
action of glucoamylase on D-glucose. Isomaltose has also been

20,106, 108,109, 111-11 117,118
reported by several workers 1106, 106,103, 3, 17, to be a

reversion product from the action of glucoamylase on various substrates



163

although the amount produced relative to other reversion products have

not been given.

5.4.2 Experimental results and discussion

In this work the reversion catalysed by glucoamylase was
carried out using conditions corresponding as closely as possible to
those employed in an industrial starch conversion process with
respect to the amount of enzyme present and the final concentration

»

of D-glucose.

When 40% w/v Q—glucose solutions at pH 5.0, 25°C, were incubated
with glucoamylases at concentrations of 70 pg/cm3, loss of Q-glucose,
(shown in TABLE 5.7) of 11%, 15%, and 5% using glucoamylase I,
glucoamylase II and crude dialysed glucoamylase»resfectively)were

observed after 23 h. In these experiments, a control solution of

TABLE 5.7

Percentage loss of 40% w/v D-glucose by reversion

catalysed by glucoamylases

OPTICAL DENSITY AT
PERCENTAGE
GLUCOAMYLASE TIME 525 nm FROM GLUCOSE LOSS OF
(hours) OXIDASE ASSAY D—GLUCOSE
GLUCosg COLUCOSE + =
ENZYME

0.33 0.3724 5
GLUCOAMYLASE I 2.83 0+3920 0.3683 6
23.00 0.3489 11
0.33 0.3638 5
CLUCOAMYLASE IT 2.83 0.3825 0.3519 8
23,00 0.3250 15
0.33 0.3504 4
CRUDE DIALYSED 2.83 0.3650  0.3500 4
23,00 0.3470 5
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40, w/v D-glucose was taken as a blank to correct for any variation

of D-glucose which did not result from the action of glucoamylase.

Because of the large dilution required to facilitate D—glucose
analysis, the percentages of reversion may be subject to error, However,
it is apparent that purified glucoamylase I and II effect a higher

degree of reversion than the crude dialysed glucoamylase over 23 hours.

In order to test whether the ﬁresence of an 'endo' acting enzyme
in the crude dialysed glucoamylase was responsible for the lswering in
the amount of reversion product produced, D-glucose (112 x 10_6 g/cm3)
was incubated at pH 5.0, 25°C for 45 hours with both purified and

a-amylase doped glucoamylase and the results shown in TABLE 5.8.

TABLE 5.8

Percentage loss of D-glucose (112 x 10_6 g/cm3)

by reversion catalysed by glucoamylases

: TIME OPTICAL DENSITY AT PERCENTAGE

GLUCOAMYLASE (hours) 525 nm FROM GLUCOSE LOSS OF
OXIDASE ASSAY D-GLUCOSE
1.0 0.7677 TAKEN AS O

G

LUCOAMYLASE I 24.5 0.7575 5
45.0 0.7500 3
GLUCOAMYLASE I 1.0 0.7650 TAKEN AS O
AND a—AMYLASE 24.5 0.7575 1
45.0 0.7560 1
GLUCOAMYLASE II 1.0 0.7950 TAKEN AS O
24.5 0.7800 2
45 .0 0.7300 8
GLUCOAMYLASE IT 1.0 0.7750 TAKEN AS O
AND a-AMYLASE 24.5 0.7725 1
45 .0 0.7500 3

The concentration of D-glucose was equal to that representing 100%

conversion of wheat amylopectin in the previous experiments described



165

in Section 5.3.2, and could be readily assayed for D-glucose using
glucose oxidase reagent without prior dilution. It was found that
losses in D~glucose, (shown in TABLE 5.8) corresponding to 3% and 8%
were observed from the purified glucoamylase I and II (100 pg/om3)
respectively after 45 hours, while the digests artificially doped with
a—-amylase (16 pg/cm3) showed losses in D-glucose corresponding to 1%
and 3% respectively over the same period of time.

The results of glucoamylase catalysed reversion from D-glucose

»

observed in this work are shown in TABLE 5.9.

TABLE 5.9

The reversion catalysed by glucoamylase observed in this work

LOSS OF CONDITIONS USED
GLUCOAMYLASE SUBSTRATE 1 cOSE  TEMPER- TIME OF CONCEN-
YIELD 4 ATURE pH  REACTDN TRATION
h OF
SUBSTRATE
GLUCOAMYLASE I  GLUCOSE FROM 4 6
WHEAT ' 112x10
CLUCOAMYLASE IT ANYLOPECTIN 4 25 5.1 8 ) /cm3
CRUDE DIALYSED 1
GLUCOAMYLASE '
GLUCOAMYLASE I 11
GLUCOAMYLASE IT  GLUCOSE 15 25 5.1 23 40% w/v
CRUDE DIALYSED 5
GLUCOAMYLASE
GLUCOAMYLASE T 1 .
CLUCOAMYLASE II 3 g/cm3
AND o-AMYLASE
CLUCOAMYLASE I uonsg 3 -6
CLUCOAMYLASE IT 8 25 5.1 -~ 45 112x10

g/cm>




166

It was therefore shown that at both high, and low D-glucose
concentrations, the presence of a-amylase was beneficial in preventing
a loss in D-glucose by reversion catalysed by purified glucoamylases
I and II. The x:xflumf/&n of +his resuwlt s aﬁ%‘buclf’fe,makc because
the final composition should be independent of the catalfst.
Furthermore the lower reversion observed from D-glucose in the presence
of a-amylase-doped glucoamylase is not in agreement with.the reversion
properties exhibited by B. subtilis a-amylase which is reported to give

129 115 in~its own

rise to reversion products from D-glucose and maltose
right. As isomaltose has been reported to be the major reversion
product of glucoamylase action on D-glucose (see TABLE 5.6), one would
expect the presence of a-amylase to have no effect on this reversion
reaction because it is unable to hydrolyse the a-(1,6)-D-glucopyranosyl
linkage in isomaltose or amylopectin. If the amount of reversion
were dependent on the presence of a transglycosylase, then one may
suppose that the purified enzymes would show a loss of this activity.
One can ascribe the greater rate of starch degradation in the

presence of the crude glucoamylase to the presence of other enzyme(s)
(see Section 5.1.2), but these should not affect the final position

of equilibrium unless they allow the operation of a new reaction

(i.e. different reactants and/or products) which cannot proceed in their
absence. It can only be postulated that in the cases of the crude

dialysed glucoamylase, and the a-amylase-doped glucoamylases I and II,

equilibrium had not been reached.

The reversion reactions catalysed by glucoamylase and a-amylase

are shown in SCHEME 5.1.
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SCHEME 5.1

Reactions catalysed by glucoamylase

B+ (6), s () pyq + BD
B¢+ (6), = @
! + HO
(@),
B-G + G s GG
¢ J' + H20
@, c,
¢—(Q) + (@), = (@), .4 + (@4
G + (@, = @, +(@),
y
(@),
G —b(G)n+ @, = i + (0,
(6),
c +(@, = ¢ + (6),
’ !

(6), (@,
G—(0) + G s ¢—=>0 + (G),
n ‘L ‘L‘

(6),, (@,
o + C s ¢=>0 + (0),
¥ J ¢
(G) (a) (G)

(1

(2)

(3)

(4)
(5)

(6)

(7

(8)

(9)



168

Reactions catalysed by a-amylase

a=G + (0, = (0, +HO (10)
G-aG+ (G), s (@) ., +HO (11)
@ @y = (@, + (@) (12)

where n+m = 0 + p

In all these equations G is D-glucose

Gn' Gm are chains of 1,4 linked

a-D-glucopyranosyl units n and m 3!

. is an a-1,4 link

l is an a-1,6 link

All reactions except (8) and (9) may lead to a consumption of
glucose. Reactions (1), (2) and (10) may consume two glucose_molecules.
Reactions (4) - (9) and (12) may not consume glucose or heat but a
random redistribution of linkages is entropically favoured. Reactions
(1) - (1), (10) and (11) in reverse, and (12) may lead to a

production of glucose.

Because of the results already reported in the literature on the
characterisation of the reversion products produced from the action
of glucoamylase on Q—glucose, and in view of the experimental
difficulty in isolating a small amount of reversion material in a
large excess of glucose, it was decided not to characterise the
reversion products produced in this work, particularly after an
attempt to do so on a small scale using gas liquid chromatography had

failed. It was decided, however, using results reported by Hehre

et al.,115 to consider the glucoamylase catalysed reversion process on

a theoretical basis assuming isomaltose to be the major reversion product.
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5¢4.3 Thermodynamic aralysis and discussion

By the principle of microscopic reversibility, it would
be expected that an equilibrium would be set up between Q—glucose
produced from the glucoamylase catalysed hydrolysis and its reversion
products. As glucoamylase catalyses the hydrolysis of both a-(1,4)—
and a~(1,6)~D-glucopyranosyl linksges in-amylopectin and other
substrates discussed in Section 5.1.1, one may expect the reversion
products formed by this enzyme to contain one or both of these
linkages. When a situation occurs in which a reactant can yleld
several different products, the possibility arises that their

formation may be either kinetically or thermodynamically controlled.

The reversion equilibrium can be generally expressed by the

following equation:-

Glu + Glu s Glu + H.0
n n+1 2

For the particular case where n = 1, the two D-glucose molecules
can corbine together to form either maltose or isomaltose containing
an a~-(1,4)- and a-(1,6)-D-glucopyranosyl linkage respectively. This

can be expressed by the following equilibrium equation:-—

ky k2
Clu=-Gluy ——= 20lu s—» Glu~Glu
k "k :
maltose -1 -2 1lsomaltose

If (k1-k;1) is larger than (k,k ,), but k,/k_, is larger than k,/k_,
then isomaltose will be the equilibrium reversion product. However,
in such a case, if the reaction is terminated before equilibrium is
reached, the principal product will be maltose since it will be formed
more rapidly. Kinetically and thermodynamically controlled reactions

have already been well established in the field of carbohydrate chemistry,
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particularly in the case of acetal formation. It would appear that
maltose and isomaltose are the kinetic and thermoydnamic products’
respectively from the reverse reaction catalysed by glucoamylase on
D-glucose.

Another interpretation for the reversion reaction observed
during the action of glucoamylase on staroh is that a transglucosylase
enzyme is present in the glucoamylase, which catalyses the transfer
of one D-glucose molecule to another at a higher rate and poggibly
to give different products than does glucoamylase. However,wit
should be emphasised that the position of thermodynamic equilibrium
will be indepenaent of the type of enzyme (catalyst) present, and will
depend solely on the relative free energies of reactants (Q—glucose)
and products (higher saccharides and water). For the reversion
reaction catalysed by glucoamylase the anomeric form of the donor
D-glucose molecule is of importance. This arises from the law of
microscopic reversibility which states that the mechanism of the
rever;e reaction is the same, in microscopic detail for the reaction
in one direction as it is in the other under a given set of conditions,
it must therefore be the B-anomeric form of D-glucose which is the
donor for the reverse reaction, as it is this form which is produced

) . 3,16,26
by glucoamylase in the hydrolytic reaction. 116,26,27

The current literature appears to be somewhat deficient in
reports of thermodynamic quantities such as the heats and free
energies of hydrolysis of various glucopyranosyl linkages, However,
‘Burton et él.13o have reported a value of 17.99 kJ mol™" for the

131

reaction 2 D-glucose 5 maltose + H,0 and Kalchkar has reported a

valﬁe of 8.37 kJ mol—1 for the reaction 2 Q—glucose s isomaltose + HéO.
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Both values have been obtained by combining data for coupled reactions
and may be subject to error. Hehre 33_21.115 have calculated a value
of 5.02 kJ mol—1 for the reaction D-glucose + B;Q—glucopyranose s
maltose + H20 by estimating initial reversion product maltose

produced by the action of glucoamylase on a 30% w/v D-glucose solution.

As this method employed the measurement of maltose after elution from

chromatographic paper, the result was not considered to be very

quantitative.
From the free energy values of hydrolysis reported for maltose130
and isoma.ltose,131 it seemed reasonable to assume that the concentration

of other reversion products produced by the action of glucoamylase on
D-glucose would be very small compared with that of isomaltose. If
maltose and isomaltose were the only possible products at equilibrium
then their ratio would be given by the Boltzmann distribution as
exp (17.99 - 8.37)/8.31 x ‘IO-'3 x 298 i.e. 1:49. TFor calculations of
reversion in this work, the reversion product has been assumed to be
composed entirely of isomaltose.

The difference between the free energies of hydrolysis of maltose
and isomaltose is consistent with the reports107’110’115’116 that

isomaltose is the major reversion product resulting from the action of

glucoamylase on D-glucose.

The physical chemistry of reversion can be considered as follows:

Glun +Glu s Glun+1 + H20

The free energy change associated with the forward reaction is

given by:
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a,..

\ final

B0pina1 = B%ipitia1 = )_RT In 2. ...
initial

-AGO =
Z:RT n afina.l

At equilibrium AGfinal = AGinitial =0

. - 0_ <
S 0 = —AG LRTInag ... .

s AG° = —RT 1n K,

(van't Hoff Isotherm) .

For the case of formation of isomaltose from glucose we have: .

Glu + Glu & isomaltose + H20

Initial activities (a) (a) (0) (w o)
Final activities (a-r) (a-r) () (LJO +T)
(r) (W, + 1)
K = > in favour of isomaltose formation]
© (a-r)
. (r) (w, + 1)
AG” = -RT 1n Kc = =RT 1n >
(a-r)
AG° = 8.37 kJ mol~! for a—(1,6)—2—glucopyranosyl bond
formation.131
“+  8.37 = -RT In K_

]

~(8.37)(298) In K,

1,000

K, = 0.0341 at 25%¢

As the value of AG° (8.37 KJ mol-1) was reported to be the
standard free energy of formation of an a—(1,6)-2—glucopyranosy1
1inkage,131 no allowance was made for the anomeric configuration of

the donor D-glucose molecule, and hence in the subsequent calculations
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FIGURE 5.5 Plot of % water present in D-glucose solution

against activity from data given by Burton et a1330
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FIGURE 5.6 Plot of percentage D-glucose concentration

against mole ratio from data given by Burton et a_11.30
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enzyme specificity has not been taken into account.
TABLE 5.10 shows data taken from Burton et a1.130 which has been
used to produce FIGURES 5.5, 5.6 and 5.7 from which numerical values

required for calculations of percentage reversion from D-glucose by

glucoamylase have been taken.

TABLE 5.10

Thermodynamic data reported by Burton et §;.13o

»

%Bgégggngxon MOLE RATIO ACTIVITY OF D-GLUCOSE ACTIVITY
] D-GLUCOSE WATER COEFFICIENT
g/cm N .
9.98 0.0106 0.989 1.02
19.95 0.0226 0.976 1.1
31.92 0.0401 0.958 1.16
44.82 0.0630 0.930 1.30
54.86 0.0850 0.907 1.38

Calculation of percentage reversion to isomaltose from an initial

40% w/V D-glucose solution using a value of Kc derived from AGEYD =

8.37 kJ mol”!

As the solutions were not dilute, deviations from ideality have
been corrected for by the use of activities, giving rise to "effective

concentrations" of the species involved in the equilibrium

1 (ao-r)2

c (ﬂ(woq-ﬂ
where a, = initial activity of Q—glucose,

activity of reversion product (isomaltose),

K

s
1]

W, = initial activity of water
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! _ [0.050678 x 1.262 = r]°
m‘{ = 29.3 = I‘]
[0.941 + r]r

(29.3) () (0.941 + r) = [0.050678 x 1.262-r]°

28.37° + 27.6992r — 0.004093 = O

r

-27.699 iy/(27.699)2+(4)(28.3)(0.004093)
(2) (28.3)

-27.699 + 27.6908
56.6 .

0.0082
56.6

0.000148

As the concentration of reversion product (isomaltose) was so

small its activity coefficient was assumed to be unity.

Percentage reversion _ activity reversion product x 100%
to isomaltose

activity initial D-glucose

0.000148 x 100%
0.06396

0.2314%

"

Similarly the percentages of reversion product (isomaltose)
calculated at other initial D-glucose concentrations using the

appropriate thermodynamic data are given in TABLE 5.11.
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FIGURE 5.8 Calculated theoretical % reversion of D-glucose

to isomaltose catalysed by glucoamylase using a

AG2.  value of ~8.37 kJ mol™
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TABLE 5.11

Data used to calculate percentage reversion from D-glucose,

based on the literature value of AG;YD for isomal‘tose.131

INITIAL FREE ENERGY ACTIVITY ACTIVITY EQUILIBRIUM CALCULATED PERCENTAGE

D-GLUCOSE OF OF OF CONSTANT PERCENTAGE LOSS IN
PER CENT HYDROLYSIS WATER D-GLUCOSE 1/KC REVERSION WEIGHT OF
Imol ™! TO ISO- D-CLUCOSE
MALTOSE BY REVER-
SION TO
TISOMALTOSE
19.95 -8.37 0.976 0.025086 29.3 0.0837 * 0.1674
40 .00 ~8.37 0.941 0.063955 29.3 0.231 0.4620
54.86 -8.37 0.907 0 117300 29.3 0.437 0.8740

Tt can be seen from TABLE 5.11 and FIGURE 5.8 that the percentage
of reversion products produced by the action of glucoamylase on several
E—glucose solutions of varying concentration using the literature value131
for the free energy of hydrolysis of isomaltose were not consistent with
either that reported by Hehre et 23.115 for 30% w/v B-glucose, nor with
that observed in this work at 40% w/v Q—glucose. In both cases the

calculated values are lower than those observed.

Tn order to obtain values of percentage reversion which were nearer
to those observed by experiment, data given by Hehre et gl.115 was used
to calculate an equilibrium constant in favour of reversion from D-glucose
to isomaltose. Using this equilibrium constant a value of percentage
reversion at 40% w/v Q—glucose could then be calculated and compared '
with the experimental value obtained in this work. In order to use the

115

data reported by Hehre et al., glucoamylase specificity for

B-D—-glucose as the substrate for reversioh nas to be taken into account.
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For the formation of isomaltose from D-glucose catalysed by

glucoamylase we have:
glucoamylase *
B=D-Glu + either a- or B-D-Clu s isomaltose <+ H20
- - K-'
c

The equilibrium constant in favour of reversion to isomaltose is given

by: -
{mole ratio? { mole ratio mole ratio{
K"_ isomaltose water isomaltose

¢ imole ratio )(activity ) _ mole mole ratio activity mole
B-D-glucosejlcoefficient] ratio total co- =ratio

- isomaltose|lglucose efficient iso-

maltose
. i . 115
Using equilibrium mole ratios from data reported by Hehre et al., and

0] ¢
activity coeéfficients given by Burton 23.31.13 a value of Kc was

calculated as follows:

_ §0.086 ) [ a4.0 , 0-086§
K = l46.15 5 L4615 46.15

(1.665) (62.2) (1.11) _ o.086§{ (1.665) (1.18) _ 0.086 Z
{ (46-15)(100) 46.15 46.15 46.15

(activity coefficients of isomaltose and water assumed to be unity).

-

KC = 1-912

* . .
The anomeric¢ configuration of isomaltose is unimportant.
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Calculation of percentage reversion to isomaltose from an initial

40% w/v D-glucose solution using K;.

E%' = 0.5229 = [(0.05068) (62.2) (1.16)-r][0.05068) (1.262)-r]
c 100 :
[0.9414r]r
0.4771r2 = 0.5926r + 0.002340 = O
r = 0.5926 * JQ0.5926)2_4(0.4771)(0.002340)
(2) (0.4771)
r = 0.5926 — 0.5887
0.9541 “
= 0.0039
0.9541
= 0.004088

. N . d. t OO
Percentage reversion to isomaltose act1v1t1;revers10n product x 1 %

initial activity D-glucose

0.004088 x 100%
0.061396

= 6 . 39020

Similarly the percentages of reversion product (isomaltose)
calculated at other initial D-glucose concentrations using the

appropriate thermodynamic data are given in TABLE 5.12 and FIGURE 5.9.
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FIGURE 5.9 Calculated theoretical % reversion of

D-glucose to isomaltose catalysed by

g£lucoamylase using an equilibrium constant

(KC) of 1.912.
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TABLE 5.12

Data used to calculate percentage reversion from D-glucose based on

the calculated value of K; for isomaltose formation.

INITIAL FREE ENERGY ACTIVITY ACTIVITY EQUILIBRIUM CALCULATED PERCENTAGE

D-GLUCOSE OF OF OF TOTAL CONSTANT  PERCENTAGE LOSS IN
SER CENT HYDROLYSIS WATER D-CLUCOSE 1/Kc REVERSION WEICHT OF
KJ mol” TO ISO-  D~CLUCOSE
MALTOSE BY REVER-
SION TO
— ISOMALTOSE
19.95 1.616 0.976 0.02508 0.5229 2.507 5.014
30.00 1.616" 0.961 0.03700 0.5229 4.291 8.582
40.00 1.616 0.941 0.06397 0.5229 6.390 12.780
54 .86 1.616 0.907 0.11730 0.5229 9.917 19.834

FIGURE 5.9 shows the calculated percentage of reversion products
produced by the action of glucoamylase on D-glucose solutions of
differing concentration. As expected the percentage reversion at 30%

15 while the

w/v D-glucose agrees with that reported by Hehre et al.,
value (13%) at 40% w/v D-glucose is in closer agreement with that

observed (11%) in this work for glucoamylase I.

115
Although the results taken from the work of Hehre et al. were
only semi-quantitative, a value for the free energy change of isomaltose
formation from D-glucose was calculated from this data to compare with

1
the value reported by Kalckar. 3

In order to carry out the calculation it was first necessary to
obtain an equilibrium constant (Ké’) which did not take into account
N /’
the anomeric conformation of the substrate. This was dervied from K,

as follows: .
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" {mole ratio} g mole ratio mole ratio
Kc = | isomaltose water isomaltose}
{mole ratio f activity ) _(mole ratio}] 2
total glucose}{ coefficient) (isomaltose}
w ,|{mole ratio activity )_(mole ratio}
Hence Kc = K | B-D-glucose | coefficient) isomaltose§

[Emole ratio i(activity ) gmole ratioi]

total glucosel] coefficient} {¢isomaltose

k- 1.92§(1-663(62.2) (1.11) ¢ E

{(46.15) (100) 46.15
3(1-665)(1.18) _0.086
46.15 46.15
= 1.086

By applying the van't Hoff isotherm to obtain a wvalue for the

free energy of formation of isomaltose at 25°C we have: ~

AG°

L4
-RT 1In K
c

-(8.314) (298) (0.0826)
1,000

—0.2046 kJ mol”]

L]

The result is somewhat surprising in that it is negative, however,
considering the qualitative nature of the data used for its derivation

it is possibly subject to error.

It is considered that FIGURE 5.9 may be of use industrially,
because, by lowering the concentration of Q-glucose present during
starch conversion, the amount of reversion product is reduced, and it
may be possible to calculate a commercially favourable optimum which '

allows for an economic glucose concentration with a specified degree of
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TABLE 5.13

The pH optima of glucoamylase preparations

GLUCOAMYLASE SOURCE pH OPTIMUM  REF.
GLUCOAMYLASE Aspergillus niger 4.0 86
GLUCOAMYLASE Aspergillus niger 4.8 39
GLUCOAMYLASE Aspergillus niger 5.0 13
GLUCOAMYLASE Aspergillus niger 3.5-5.0 23
ACID STABLE SACCHAROGENIC Aspergillus awamori 2.4-7.5
AMYLASE 87
LESS ACID STABLE Aspergillus awamori 3.9-8.2
SACCHAROGENIC AMYLASE
LESS ACID STABLE Aspergillus awamori 4.8 88
SACCHAROGENIC AMYLASE
GLUCCAMYLASE ¥-amylase 4.0 22,89

|
GLUCOAMYLASE 6.5
GLUCOAMYLASE I Endomycopsis bispora 6.0-7.0 1
GLUCOAMYLASE II 5.0-6.0
GLUCOAMYLASE I Aspergillus niger 4.5-5.0 4
GLUCOAMYLASE II
GLUCOAMYLASE A Aspergillus phoenicis 4.6 90
ACID GLUCOAMYLASE Calf heart muscle 5.2 91
GLUCOAMYLASE FROM Macaca mullata monkeys 4.8
LIVER AND SPLEEN 92
GLUCOAMYLASE FROM " 5.8
INTESTINE
GLUCOAMYLASE Dog Serum 6.1 93
GLUCOAMYLASE Aspergillus niger 4.5-4.9
GLUCOAMYLASE Rhizopus delemar 4.9 21
GLUCOAMYLASE Endomyces species 4.9
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TABLE 5.13 (continued)

GLUCOAMYLASE SOURCE pH OPTIMUM  REF.
GLUCOAMYLASE Aspergillus awamori 4.7 94
GLUCOAMYLASE Aspergillus awamori 4.5-4.7 85‘
GLUCOAMYLASE Aspergillus niger 4.0-4.5 46
GLUCOAMYLASE I Aspergillus niger 4.8
CLUCOAMYLASE II (Agidex 3,000) 4.7 &
GLUCOAMYLASE I Aspergillus niger 4.6
GLUCOAMYLASE II (Agidex 3,000) 4.7 %ﬁi
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reversion, rather than simply aiming for maximum glucose concentration
regardless of any subsequent reversion which appears to be the current
industrial practice. It should also be emphasised that reversion is
a kinetically slow process compared to hydrolysis, and higher degrees
of conversion may be achieved by stopping the conversion process
before the attainment of equilibrium.

It is clear from this discussion that there is a great need for
further reliable quantitative data on the free energies of hydrolysis
of glycosidic linkages and on the compositions of reversion p}oduct
mixtures. The effects of using different enzymes and enzyme mixtures
for catalysing the reversion process also requires further

investigation.

5.5.1 The pH Optimum for Glucoamylase Activity

The optimum pH values for glucoamylase activity which have

been reported in the literature are given in TABLE 5.13.

5¢5.2 Results and discussion

The pH optimum was determined for glucoamylase I and II
in this work, using 1% w/v wheat amylopectin as the enzyme substrate,
and found to be 4.6 and 4.7 respectively. The results are shown
graphically in FIGURE 5.10 and are in agreement with those found by
other workers which are given in TABLE 5.13. A test was also carried

out at pH 9.0 but no glucoamylase activity was detected.
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5.6 Experimental

5.6.1 The activity of Glucoamylases I and IT towards dextran

Samples of "Sephadex" G-100 and G-200 (1.0 g) were prepared
as described in CHAPTER 3, 3.3.2, of this Thesis, and the gels washed
with citrate buffer(0.05M, pH 5.0). Samples of glucoamylase I and II

3

(5 mg) were weighed and each made up to 5 cm” with buffer.

Approximately 0.15 g of "Sephadex" G-100 gel was placed in a beaker
’)

(5 cm3) and glucoamylase I (1.0 cm”) added. The procedure was

repeated for glucoamylase II, and with "Sephadex" G-200. Blanks were
made by replacing the enzyme solutions with buffer. The samples were
incubated at 25°C for 24 hours; with occasional stirring. Aliquots
(0.5 cm3) were withdrawn after this time and tested for the presence

4 The

of D-glucose using a standardised glucose oxidase reagent.
*

experiment was repeated with a soluble "Glaxo" dextran at 1% w/v

concentration. Aliquots were withdrawn after 1, 6, 12, 24, 48, and

72 hours and paper chromatograms run as described in 5.6.5 using D-glucose

. *
and isomaltose as standards.

5.6.2 The activity of Glucoamylases I and II towards Cibachron

Blue F3GA-amylose

Samples of Cibachron Blue F3GA- amyloséi (200 mg) were
weighed into four stoppered Pyrex 6" x 1" boiling tubes. Acetate

137 and boiled prior to use.

buffer 0.1M, pH 4.5 (200 cm3) was prepared
* "Glaxo" soluble dextran, and isomaltose were kindly donated by

Dr H. Weigel of Royal Holloway College.
X Cibachron Blue F3GA-amylose was kindly donated by Dr J«J e Marshall

of the Department of Biochemistry, University of Miami.
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Glucoamylase I and IT (1 mg) were made up to 1.0 cm> with buffer.
Digests were made up as shown in TABLE 5.%and incubat;d at 2500
on a mechanical shaker.

TABLE 5.14

Digest compositions used for Cibachron Blue F3GA-amylose

experiment
—— VOLUME OF ENZYME VOLUME OF ACTIVITY
4 CORRESPONDING T0 6.2  poooo 3
INTERNATIONAL UNTTS -oon .
cm3
GLUCOAMYLASE I 0.41 9.59
CLUCOAMYLASE II 0.36 9.64
CRUDE DIALYSED 0.17 9.83
GLUCOAMYLASE
BLANK 0.00 10.00

Aliquots (1.0 cmd) were withdrawn after 0, 25, 85, 115, 175,
235, 295, and 355 minutes and added to TRIS buffer (2.0 cm3) 0.5M,
pH 10.25. The optical densities of these samples were measured at
625 nm using a Pye Unicam SP 500 spectrometer. Aliquots (2O/u,dm3)
were also withdrawn after 25, 115 and 355 minutes and analysed for
D-glucose using a standardised glucose oxidase reagent,41 measured

against a blank taken after 5 minutes. The results are shown in

FIGURE 5.1 and 5.2.

5.6.3 The Specific Activity of Glucoamylases I and II towards

wheat amylopectin

Samples of glucoamylases I and II (1.0 mg) were weighed

and made up to 25 cm3 with citrate buffer 0.05M, pH 5.0. A 2% w/v
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wheat amylopectin solution was made up in the same buffer.

Duplicate digests were made up using the following procedure.

2% w/v Wheat amylopectin (1.0 cm3), citrate buffer (0.95 cm3) and
enzyme (0.05 cm3) were reacted in Pyrex 6" x 5/8" test tubes for

15 minutes at 25°C and enzyme reaction terminated by heating to 100°¢
for 5 minutes in a boiling water bath. After cooling, 1.0 cm3 was
withdrawn and analysed for Q—glucose, using a standardised glucose
oxidase reagent.41 A sample containing buffer (0.05 cm3) to replace-

the enzyme was used as a blank. The results are given in TABLE 5.1.

5.6.4 The Specific Activity of Glucoamylases I and IT towards

mal_tose

The same glucoamylase stock solutions used in 5.6.3 were
also employed in this experiment A 2% w/v maltose* golution was
made up in citrate buffer133(0.05M, pH 4.6). Duplicate digests were
made up and treated as described in 5.6.3 except that maltose replaced

wheat amylopectin. The results are given in TABLE 5.1.

5.6.5 Test of maltose homogeniety using paper chromatography

Paper chromatography was carried out using Whatman No.1
paper with a butanol “=-pyridine-water (6:4;3 v/v/v) solvent system.
Standards of D-glucose and isomaltose were applied on either side of
the maltose* test sample. After chromatography for 24 hours at 20°C,

the papers were air dried and reducing sugars located by a silver

* "Merck" - specially prepared for Biochemistry.
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nitrate — sodium hydroxide dip reagent described by Trevelyan gi‘gl.134

No isomaltose or glucose was detected in the maltose sample.

5.6.6 Conversion of wheat amylopectin to glucose

1,000 cn?, 0.05M citrate buffer pH 5.0 was prepared 3
using deionised water and'was boiled prior to use. 5.055 mg wheat
amylopectin was made up to 5.0 cms with this buffer. Samples of’

glucoamylases I and II (1.0 mg) were weighed and each made up to

3

1.0 cm” with buffer. Digests were made up as shown in TABLE 5.15

and incubated at 25°C in a water bath.

TABLE 5.15

Digest compositions for starch conversion by glucoamylases

VOLUME OF VOLUME OF VOLUME OF

TYPE OF GLUCOAMYLASE  qipotpaTR  GLUCOAMYLASE  BUFFER cmd
3 SOLUTION cm3
cm

GLUCOAMYLASE T 0.20 0.20 1.60
CLUCOAMYLASE IT 0.20 0.20 1.60
CRUDE DIALYSED 0.20 0.10 1.70
CLUCOAMYLASE *

BLANK 0.20 0.00 1.80

* -6
700 x 10 [x

Aliquots (200 m dm3) were withdrawn after 5, 21, 40, 60, 120,
240, and 480 minutes and enzyme activity terminated by heating in a
boiling water bath for 5 minutes. The B—glucose produced was
assayed using the glucose oxidase reagent,41 which had been

previously standardised against D-glucose.
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A phenol sulphuric acid assay as described by Dubois et al.71
was carried out on the wheat amylopectin solution (0.1 cm3) and on
a D-glucose solution to produce a standard graph.

The experiment was repeated in the presence of a—amylase using

the following procedure:

Crystalline bacterial a-amylase (5 mg) from B. subtilist was

made up to 100 cm3

with buffer. Digests were made up as shown in
TABLE 5.16 and incubated at 25°C in a water bath. Aliquots were

withdrawn and analysed as previously described.

TABLE 5.16

Digest compositions for starch conversion by glucoamylase in

the presence of a-amylase

TYPE OF VOLUME OF VOLUME OF VOLUME OF VOLUME OF

GLUCOAMYLASE SUBSTRATE ~ a-AMYLASE , BUFFER GLUCOAMYLASE
3 SOLUTION cm 3 SOLUTION cm3
cm cm
GLUCOAMYLASE T 0.20 0.66 0.94 0.20
GLUCOAMYLASE II  0.20 0.66 0.94 0.20
CRUDE DIALYSED 0.20 0.66 1.04 0.10

GLUCOAMYLASE *

BLANK 0.20 0.00 1.80 0.00

* -6 .
T00 x 10 },
The results are given in TABLES 5.4 and 5.5, and in FIGURES 5.3 and 5.4.

+ CalBiochem
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5.6.7 The reversion catalysed by glucoamylase from 40% w/v

D-glucose solution

1,000 cm3, 0.05M ¢itrate buffer pH 5.0 was prepared133
using deionised water and boiled prior to use. Q—glucose* (10 g) was

3

made up to 25 cm” with this buffer. Samples of glucoamylases I and

II (1.15 mg) and (0.82 mg) respectively were weighed and made up to

1.0 cm3

with buffer. Glucoamylase (Agidex 3,000) (1 cm3) was
dialysed against this buffer as described in CHAPTER 2, 2.4.1 of this
Thesis. Duplicate digests were made up as shown in TABLE 5.17 and

incubated at 25°¢C.

TABLE 5.17

Digest composition used for reversion catzlysed by glucoamylases

ENZNE VOLUME OF ENZYME VOLUME OF
CORRESPOI§DING 0 D~GLUCOSE SOLUTION
70 pg/emd. 3 omd

GLUCOAMYLASE I 0.14 2.0

GLUCOAMYLASE II 0.17 2.0

CRUDE DIALYSED 0.01 2.0

GLUCOAMYLASE

BLANK 0.00 2.0

Aliquots (0.1 cm3) were withdrawn after 0.33, 2.83, and 23 hours, and
made up to 25 cm3 with buffer. Then aliquots (0.02 cm3) were with-
3

drawn and made up to 1.0 cm” for glucose assay using the glucose
41 . s
oxidase procedure described by Lloyd et al. The_optlcal densities

of the solutions were measured at 525 nm using a Pye Unicam SP 500

B.D.H. Micro-analytical grade reagent.
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spectrometer against a blank of citrate buffer, and the percentage
reversion calculated relative to the D-glucose blank taken at the

same time. The results are given in TABLE 5.7.

5.6.8 The reversion from D-glucose catalysed by purified

glucoamylases doped with a-amylase from B. subtilis

Crystalline bacterial a-amylase (5 mg) from B. subtilis®
was weighed and made up to 50 cm3 with buffer as used in previous
experiment. E-glucose (5.61 mgﬁ was weighed and made up to 5'*cm3
with buffer. Samples of glucoamylases I and II (1.0 mg) were weighed
and each made up to 1.0 cm3 with buffer. Digests and blanks were
made up as shown in TABLE 5.18 and 5.19 respectively, and incubated at
25°C in a water bath. Aliéuots (200)&.dm3) were withdrawn after 1.0,
24.5 and 45.0 hours and enzyme activity terminated by heating in a
boiling water bath for 5 minutes. The Q—glucose content was assayed using
the glucose oxidase reagent,41 which had been previously standardised
against Q—glucose. Each aliquot was measured against an appropriate
blank comprising the glucoamylase or a—amylase/glucoamylase mixture

withdrawn at the same time intervals as reaction digests.

* Calbiochem
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TABLE 5.18

Digest compositions for reversion by purified and a-amylase doped

glucoamylases
VOLUME OF VOLUME OF VOLUME OF VOLUME OF VOLUME OF
a-AMYLASE GLUCOAMYLASE I GLUCOAMYLASE II D-GLUCOSE  BUFFER
Cm3 Cm3 cm3 cm3 cm3
0.33 0.20 0.00 0.20 1.27
0.33 0.00 0.20 0.20 1.27
0.00 0.20 0.00 0.20 1.60
0.00 0.00 0.20 0.20 1.60

From the optical density of glucose oxidase assay a percentage loss

of D-glucose was calculated for both the purified, and doped

glucoamylases, at each time of sampling and the results are given in

TABLE 5.8 (averaged over 45 hours).

TABLE 5.19

Composition of blanks used for reversion by purified and a-amylase

doped glucoamylases

VOLUME OF VOLUME OF VOLUME OF VOLUME OF

a-AMYLASE CLUCOAMYLASE I  GLUCOAMYLASE ITI  BUFFER
cm3 Crn3 Cm3 Cm3
0.33 0.20 0.00 1.47
0.33 0.00 0.20 1.47
0.00 0.20 0.00 1.804
O.OO 0.0o 0020 1080
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5.6.9 pH Optima of glucoamylases T and IT

Samples of glucoamylases I and IIv(1.0 mg) were weighed
and made up to 25 cm3 with deionised water. Citrate buffers133 were
made up in increments of 0.2 pH units between pH 3.4 to pH 6.0,
together with an ammonium chloride/ammonia buffer at pH 9.0.

Wheat amylopectin (1.11 g) was made up to 50 cm3 with deionised water.

Duplicate digests at each pH were made up as shown in TABLE 5.20, with

a blank being made from pH 4.8 buffer to replace the enzyme.

TABLE 5.20

Digest compositions used for pH optimum of glucoamylases I and II

VOLUME OF GLUCOAMYLASE VOLUME OF BUFFER VOLUME OF WHEAT
AMYLOPECTIN SOLUTION
o 3 3

cm cm

0.05 1.05 0.90

After 15 minutes incubation at 2500 enzyme activity was terminated
by heating digests in a boiling water bath for 5 minutes. After
cooling aliquots (1.0 cm3) were withdrawn and analysed for D-glucose

41

using a standardised glucose oxidase reagent. The results are

shown in FIGURE 5.10.
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CHAPTER 6

CHEMICAL MODIFICATION OF GLUCOAMYLASES I AND IT

6.1 Introduction

In CHAPTER 1 of this Thesis five methods used for the study of -
hydrolase enzyme active sites were described in detail. Many of the
methods have also been applied to other enzymes and proteins and the
reader is referred to the excellent reviews which have been written

»

on the modification of particular functional groups by various

50, 8994

reagents. The chemical modification of enzymes has been

reported by Hartley67

to be the main way in which groups important to
catalytic activity or specificity have been discovered and in addition
to yielding information in these fields, the chemically modified
proteins may undergo an alteration in their properties and
stabilisation and protection from proteolytic digestion. The latter
discovery may prove useful in using enzymes for therapeutic purposes.
In this Thesis the chemical modification of enzymes and proteins has
been mainly concerned with the modification of their carboxyl groups
and a list of reagents used for this purpose together with the
relevant reactions are given in TABLE 6.1.  Some of the procedures
used and the results obtained will be discussed. Some enzymes which

have either been shown or suggested to contain carboxyl residues in

their active sites are given in TABLE 6.2.
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Table of enzymes
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TABLE 6.2

which probably contain a carboxyl residue in the

active site
e

ENZYME EVIDENCE REFERENCE
Lysozyme X-ray analysis, titration 17,22-25,27
labelling and sequencing. 42

Porcine Pancr- pH-activity 35

eatic a-amylase

Glucoamylase labelling 36,37
Carboxypepti— sequencing 12,96,97
dase A

" B sequencing 61,95
L-Glutamate labelling 31
Dehydrogenase

Ribonuclease labelling 17,18,53
Trypsin labelling 13-15
Lactose synthet~ labelling 60
ase

Chymotrypsin labelling 32,33
Subtilisin labelling 29
Pepsin labelling 1-11,26
Deoxy-ribo- labelling 16
nuclease A

Glycogen labelling 30
phosphorylase

Acid proteinase labelling 7
Pancreatic labelling - 28
lipase

B-D-glucosidase labelling 19-21
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From the methods of chemical modification of carboxyl groups
described in CHAPTER 1 of this Thesis, it may appear that the most
direct method of active site labelling is that carried out using a
quasi-substrate. This type of labelling has been carried out on

25,39-41 42

8 .
a—23~ and B-D-glucosidase and on B-D-galactosidase’ using

inositol epoxides. Affinity labelling has been used to study

the amino acid side chains, either directly involved, or in the

43 42

vicinity of, the active sitesof B-D-galactosidase, cellulase,

hexokinase,44 1ysozyme,42 42

and B—Q—glucosidase. In general although
there are obvious exceptions, both the methods referred to have been
used to covalently label the active sites of enzymes whose substrates
have a low molecular weight. When the normal enzyme substrate has a
high molecular weight, the active site has been investigated either
using a non—specifié reagent such as triethyloxonium fluoroborate, or
the differential labelling technique employing the cérbodiimide
coupling procedure first devised by Sheehan.gi_g&?6 and later developed

17,57 The essential factor in this technique is that

by other workers.
the reagent is specific, can be easily analysed and forms a stable
covalent bond with the enzyme. Developments made in the sequencing

69 whereby

of peptides using the technique originally devised by Edman
the free amino terminal residue of the peptide is chemically modified
and identified with the remainder of the peptide being recovered has
now been automated.7o The subject has been reviewed by Perini;68
Cromwell et 2121 have described a method for the determination of the
carboxyl termini of proteins using ammonium thiocyanate ahd acetic

anhydride with direct identification of the thiohydantoins =~ It was

reported that the process could be repeated over two or three cycles
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with two large peptides from insulin but attempts to use the method
sequentiall& with ribonuclease A, lysozyme, glucagon, and aspartate
transcarbamylase were not successful.

Woodward et gl.72-74 have developed a technique in which the
chemical modification of carboxyl groups has been applied to give a
simple and practical method of peptide synthesis.

The scheme proposed by Khorana75 for the chemical modification of
a carboxyl group with a water soluble carbodiimide is shown iQHSCHEME
6.1. The initial step is the reaction between the carboxyl group and
the carbodiimide to form an O-acylisourea. This may then rearrange to
form the N-acylurea, shown in the second step or react with a nucleo-
phile to form the modified carboxylic acid, shown in the third step.
If the O-acylisourea reacts with water, shown in the fourth step, the
carboxylic acid is regénerated. It can be seen therefore that the

reaction of water causes only minor inconvenience since it regenerates

the carboxyl group which can react again with carbodiimide.

’ rd
i ;

0 I'q 0 NH
N 1 I |
RC—0H+‘(‘i — RC-O—ﬁ
! !

R* R*

STEP 1
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R
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SCHEME 6.1 Proposed mechanism75 for carboxyl group modification

by a water soluble carbodiimide.

In experiments carried out on acetic acid in the absence of added

o nucleophile, very little N-acrylurea was detected and it was concluded
that hydrolysis (Step 4) was much more rapid than the rearrangement
(Step 2). It has also been shown by Hoare gj'gl.,17 tpat phenolic
hydroxyl.groups undergo modification in a similar way to carboxyl

groups when reacted with nucleophiles in the presence of a carbodiimide.
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This is a disadvantage to some protein modifications because tyrosine
residues as well as carboxyl residues may undergo reaction. The
former, however, can be regenerated by reaction with hydroxylamine.57
This technique has been applied to regenerate the tyrosine residues
in bovine trypsin,15 chymotrypsin and chymotrypsinogen,33 after

their chemical modification, However, when a—lactalbuminGO was
chemically modified with aﬁinémethanesulphonic acid in contrast to.
using glycinamide, hydroxylamine treatment did not give a satisfactory
recovery of tyrosine. Also in the chemical modification of the .
carboxyl groups in ribonuclease and a-chymotrypsin carried out
respectively by Wilchek_g} g}.18 and Banks Ei.él"32 trysosine
residues were reported not to undergo chemical modification with the
carbodiimide couﬁling reagent. The chemical modification of
tyrosine residues in g-amylase have been investigated by Chnishi

ot a1.%

The chemical modification of the majority of the enzymes given in

TABLE 6.2 is now discussed in more detail.

Lysozyme : .

24 52

Parsons et al.” ' identified aspartic acid residue”" as being
critical to the catalytic activity of this enzyme after chemical
modification using triethyloxonium fluoroborate

+ -

. + - :
lysozyme—-COOH + EEP»_fBF4 - lysozyme-COOEt + E“l:20‘BF3 + HF

The ethyl ester derivative was separated by ion-exchange chromatography

on Bio-Rex 70 using a sodium phosphate gradient. It was found that

although chitotriose could be bound to this derivafive, it was devoid
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of catalytic activity, and upon enzymatic digestion yielded B-ethyl
aspartic acid from residue 52. Rand-Meir gi.gl.45 have used
synthetic substrates to study binding and catalysis by lysozyme and
have also applied secondary a-deuterium kinetic isotope effects to
studies of catalysis by this enzyme.’® Lin et al.,*T modified the
carboxyl groups present in chicken lysozyme using either 1-ethyl~3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (E.D.C.) or
1-benzyl-3-(3-dimethylaminopropyl) carbodiimide p~toluenesulphonate
(BeDeCo) in the presence of nucleophiles such as aminomethanesulphonic
acid, glycinamide or glycine methyl ester at pH 4.75, 2500. It was
found that eight carboxyl residues were modified per molecule of
protein after 400 minutes reaction. In the quantitative modification
and estimation of carboxyl groups in proteins described by Hoare gj.gllz
lysozyme was reacted with a nucleophile in the presence of a water
soluble carbodiimide. The kinetics of the reaction indicated that
there were limits to the variation of carbodiimide and nucleophile

when quantitative modification was desired but that a wide variety of
reagents could be used if quantitative reaction was not essential.

A variation in the structure of the carbodiimide could affect the
carboxyl groups activated as there may be positions in the protein

for example in which an aryl- or substituted arylcarbodiimide could

not react whereas an e%hyl derivative could, and variation in the
charge, size, chemical and spectral properties of the nucleophile

could alter the type of modification at a specific carboxyl group.

Tt was reported that the modification reaction proceeded equally well

in high concentrations of urea (7.5 M) or guanidine hydrochloride

(5.0 M) and in the case of lysozyme, all the carboxyl groups were
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modified during a 280 minute and 30 minute reaction period in the
presence of each respective reagent. Fraenkel-Conrat gi_gl.,48
successfully esterified the carboxyl groups in lysozyme with methanol
and hydrochloric acid, and in a later study by Kramer gi_gl.,49 using
a similar acid catalysed esterification with tritiated methanol, the
reaction was followed by incorporation of 3H into the enzyme.

From this work, the half lives were calculated for each carboxyl
group undergoing modification. In a study of the sulphanilation

of lysozyme by a carbodiimide reaction carried out by XKramer 22.2l'€5
it was shown that 90% of the carboxyl groups present were modified
using 1.2M nucleophile in the presence of E.D.C. at pH 5.0. It

was shown that on decreasing the concentration of nucleophile to
0.05M, Glu-35 and Asp-101 were most reactive while Glu-7, Asp-18

and Asp-66 were least. A change of nuéleophile concentration
altered carboxyl reactivity and addition of inhibitor reduced the
reactivity of Asp-101 and Glu-35. Side reactions were reported to
be unimportant. Wang Ei.él'127 have carried out a chemical
modification of carboxyl groups of lysozyme in a non agueous 1iqﬁid
ammonia phase using 1-cyclohexyl-3-(2-morpholinyl-(4)-ethyl)
carbodiimide metho-p-toluenesulphonate (C.M.C.) as the coupling
reagent. 70% of the initial catalytic activity remained after
reaction although six carboxyl groups had been amidized. When
C.M.C. was replaced by Woodwards Reagent (g}ethyl—S—(m—phenyl—
sulphonic acid)-isoxazolium chloride), 75% of the initial catalytic
activity remained and three carboxyl groups were reported to have

been modified.
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Pepsin

The determination of the number of catalytically essential f

carboxyl groups in pepsin has been carried out by Paterson et al.11

14

using trimethyloxonium fluoroborate labelled with ''C, at pH 5.0.
The loss of catalytic activity which resulted from enzyme
modification was ascribed to the esterification of carboxyl groups.
The relationship between the number of methyl groups incorporated
and the remaining catalytic activity provided evidence that at
least two carboxyl groups were essential to the activity of pepsin.
The variation of enzyme activity with the number of methyl groups
incorporated was treated according to the method described by

51

Tsou Chen-Lu. For n equally reactive groups i of which are
catalytically essential, the fraction of activity remaining is given
by a = xi where x is the fraction of groups modified. It is

possible to find i by plotting a1/i against x. Matyash 33'21.26
carried out a modification of the carboxyl groups in pepsin, using
N-2,4 dinitrophenyl-1,6—diaminohexane in the presence of C.M.C. at

pH 5.5. 40-50% loss of initial catalytic activity occurred after

1 mole of nucleophile had been incorporated, but three carboxyl

groups were finally modified. Using affinity labelling, Cheh'gi.gl.?z
showed that it was possible to modify active site carboxyl groups and

remove peptidase activity using an epoxide or an azide but without

affecting thé sulphite esterase activity of pepsin.

Trxzsin

Bodlaender et al.,13 and Feinstein gj.gi.,14 have studied the
modification of essential carboxylic acid side chains of trypsin

with izoxazolium salts. Both the structure of the reagent and the
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| PH of the modification reaction were important in achieving a
gelective modification. XN-Methyl-5-phenylisoxazolium fluoroborate
and N-ethyl-5-phenylisoxazolium fluoroborate at pH 3.8 resultedlin
the most specific reaction producing nearly complete inactiva%ion
by the modification of two to three carboxyl groups.

oo The modification
could be largely prevented by the use of benzamide as a competitive
inhibitor. The enol esters produced by the activation with
isoxazolium salts were treated with glycine ethyl ester and
O-methylhydroxylamine forming the corresponding amides. This
second reaction did not affect the degree of inactivation.
N-Methylhydroxylamine on the other hand, although fully displacing
the activating reagent, was not incorporated and restored tryptic
activity. Hydroxylamine also quantitatively displaced the reagent
with some reactivation, the extent of which varied with reaction
time and degree of initial modification. Lossen degradation 6f the
trypsin hydroxamic acid derivative indicated modification of aspartic
and glutamic acid residues. Eyl gi_gl.,15 modified bovine itrypsin
with glycinamide in the presence of E.D.C. Benzamidine was found to
act as a competitive inhibitor of the modification reaction thus
protecting certain essential carboxyl groups from reacting with the
nucleophile. The inhibitor was removed from partially modified
trypsin by di@lysis, and the enzyme subjected to a further
modification reaction using 140 labelled glycinamide. The radio-
labelled trypsin derivative was then degraded by 1;chloro-3-

tosylamido—4—pheny1—2—butanone—treated trypsin and thermolysin and the
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labelled peptides isolated and identified by their amino acid
composition. The primary site of labelling was found to be
Asp-177. Some radioactivity was also associated with Asp-182.

In 8M urea, Asp-90 was modified, suggesting that in its native
state, this amino acid residue is buried deeply within the trypsin
molecule. 99% of the initial activity of trypsin was lost after
modification with glycinamide and the results were reported to be
highly reproducible with this nucleophile. When glycine methyl
ester was used to replace glycinamide, satisfactory results were not
obtained and this was attributed to a spontaneous hydrolysis of its
ester linkage under the conditions used for the modification thus

generating new carboxyl groups.

Subtilisin type Novo

Adams29 has reported the coupling of glycinamide and glycine
methyl ester to subtilisin type Novo using E.DeCe X-ray
crystallography has shown that sixteen carboxyl groups are at or near
the surface of the enzyme, however, examination of enzyme preparations
obtained under a variety of reaction conditions suggested that
between six and eight carboxyl groups were capable of reaction in the
native enzyme. Very similar amounts of glycinamide were incorporated
into both native and denatured subtilisin, demonstrating that covalent
cross-linking between the carboxyl and other nucleophilic residues in
the enzyme were not responsible for the low incorporation in the case
of the native enzyme. Modification accompanied by loss in activity
was less pronounced when the substrate was a small synthetic ester.

Some difficulties, due to the production of an insoluble glycine
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derivative were encountered when glycine methyl ester was coupled to
the enzyme. This precipitate was probably oligomeric glycine
formed by the reaction of free glycine, resulting from the rather
facile enzymatic hydrolysis of the ester. The mechanism of

formation of Wwligomeric glycine™ may be:

. subtilisin . E.D.C.
glycine ester =————————23s glycine Waig? glycylglycine ester
ester

»

subtilisin
"oligomeric glycine" gf;g;g; glycylglycine
ester

Chymotrypsin and Chymotrypsinogen

It has been shown by Carraway’gi_gl.33 that the carboxyl
modification of chymotrypsin with glycine methyl ester in the presence
of E.D.C. showed a modification of about 13 of the 16 carboxyl groups
of the enzyme, with no further modification even after prolonged
(150 minutes) exposure to the reagent. It would appear that the
majority of the carboxyl groups are exposed, while two or three are
partially or completely bqried within the three dimensional enzyme
structure. When the modification was carried out in the presence
of 7.5M urea, all of the carboxyl groups underwent esterification and
the chymotrypsin thus obtained was catalytically inactive, whereas
that prepared in the absence of urea was active. A similar treatment
of chymotrypsinogen produced parallel results. In the absence of
urea, 11 of the 14 carboxyl groups were modified suggesting that the’

same three carboxyls were buried in the zymogen and the active enzyme,
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and that 11 groups were exposed in both proteins. Apparently the
two new carboxyl groups produced during the activation were on the
surface of the protein. The partially modified zymogen showed a
more rapid activation than the native unmodified zZymogen. The
fully modified protein could not be activated.

Banks et 2l°32 showed that at pH 7.0, 25°C, a~chymotrypsin
could be completely inactivated by C.M.C. This inactivation was
attributed to the reaction between C.M.C. and a single aminoacyl
residue on the enzyme. At pH 5.0 the reaction between C.M.C.
and a-chymotrypsin resulted in a partially active enzyme although
this was not investigated further. From the kinetics of inactivation
it was discovered that C.M.C. interacted with the substrate-binding

site of the enzyme before the inactivation reaction occurred.

Ribonuclease

This enzyme was sequenced by Smyth gi_gl.,SB and in addition to
the study of the carboxyl group modification of lysozyme carried out
by Hoare gi.gl.,17 these workers also investigated the carboxyl group
modification of ribonuclease in the presence of T.5M urea. The
reaction using glycine methyl ester in the presence of B.D.Ce.
effected a 96% incorporation of the nucleophile into the number of
free carboxylic acid residues as determined by sequence studies.
Wilchek gi.gl.18 modified bovine pancreatic ribonuclease by binding
glycine or alanylglycine to the carboxyl functions of the enzyme,
making use of the phthalimidomethyl group for the reversible
blocking of the glycine or dipeptide carboxyl groups by ELphthalim-
idomethyl ester formation and using B.D.C. for the coupling reaction.

Tt was found that all 11 carboxyl groups of ribonuclease reacted with
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glycine, while only 8 reacted with the -dipeptide. In each case the
electrical charges due to the carboxylate ions were not removed
although their steric positions were displaced. Riehm gi.gl.,54
treated ribonuclease with C.M.C. and isolated from the reaction
product five chromatographically distinguishable components, each of
which possessed enzyme activity although this was lower than that of
the native enzyme. Gibson et 21.55 have carried out a chemical
modification of ribonuclease A using serine methyl ester or glycine
ethyl ester in the presence of E.D.C. The modification was carried
out as part of a procedure for locating the amidated and non-
amidated residues in an automated sequence analysis of proteins.

Tt was found that all 11 carboxyl groups of ribonuclease A reacted
with glycine ethyl ester whereas only 7 reacted with serine methyl
ester. As the coupling reaction had been carried out in the presence
of 6M'5puanauiine hydrochloride, it was unlikely that specific
carboxyl groups would remain completely uncoupled. It was concluded
that the lower incorporation observed in the case of serine methyl
ester may have resulted frbm the amino acid residues being in the
amide form. When taurine was used as the nucleophile in the chemical
modification at pH 4.75, the degree of coupling was unsatisfactory.

An improved coupling was obtained when the reaction was carried out

at pH 7.0 but the resulting protein product gave low yields in the
sequenator suggesting that it may have been partly blocked at the
amino terminus. Poulos et gl.,16 studied the involvement of

serine and carboxyl groups in the activity of bovine pancreatic
deoxyribonuclease A. Tt wag found that greater than 90% loss of

activity wes achieved within 20 minutes when E.D.C. was reacted with
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the enzyme and this resulted in the modification of between 18 and
20 carboxyl groups. When the reaction was carried out in the
presence of O0.1M calcium chloride, between 11 and 12 carboxyl

groups were modified with a 46% loss of activity. It was concluded

therefore that Ca2+ ions protected between 6 to 8 carboxyl groups.

E—Glutamate Dehydrogenase

Swaisgood Ei.il"31 have studied the effect of carboxyl group
modification on some of the enzyme properties of E—glutamate
dehydrogenase from bovine liver. Enzyme modification was carried out
using glycine methyl ester in the presence of.E.D.C. By properly
selecting the reaction conditions, the number of carboxyl groups
modified per polypeptide chain could be varied from 2 to 3 to nearly
complete modification. In the native form 30 to 40 fewer carboxyl
groups reacted with E.D.C. than under conditions favouring unfolding
and suburit dissociation. A comparison of the number of groups
reacting with the theoretical number availab1e58'59 shows that

essentially all groups are reactive under the latter conditions.

Lactose Synthetase

Lin6O modified the carboxyl groups in a-lactalbumin, one of the
two component proteins of bovine lactose synthetase, using
glycinamide in the presence of E.D.C. At pH 4.75 the treatment
caused rapid inactivation of lactose synthetase activity with 20
carboxyl groups modified within 400 minutes. An homologous reaction
on hen egg—white lysozyme, which resembles a-lactalbumin in amino
acid composition and sequence, led to modification of 8 out of 11
carboxyl groups with a loss of the cell-wall lytic activity. When

the reactions were carried out using 140 labelled glycinamide, in 4M
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guanidine hydrochloride, an extra 0.6 and 2.1 residues of the
nucleophile were incorporated for a-lactalbumin and lysozyme

14

respectively. The major ~C labels were located in residues 63-79
in a-lactalbumin and in residues 34-35, 6-13, and 62-68 in lysozyme.
a-Lactalbumin was also reacted with aminomethanesulphonic acid

in the presence of E.,D.C. The carboxyl group modification was almost
quanfitative with this nucleophile and when the modified protein wasA
subjected to further modification treatment with glycinamide in 4M
guanidine hydrochloride, only 0.4 residue of glycine per molecule

of protein was incorporated. The aminomethanesulphonic acid

modified a-lactalbumin was found to be functionally inactive.

Glycogen Phosphorylase

30

Avromovic-Zikic et al., have shown that phosphorylase is
rapidly inactivated by 5-diazo-1H-tetrazole or by C.M.C. in the
presence of glycine ethyl ester. In both cases incorporation of
approximately 1 mole of reagent per mole of monomer resulted in
complete inactivation. Consideration of the conditions for
inactivation and the known specificity of the C.M.C. reagent

suggested that the inactivation of the enzyme was brought about by a

modification of a carboxyl groupe.

Pancreatic Lipase

Dufour gilgl.,zs modified 14 out of 52 carboxyl groups present
in this enzyme using glycine ethyl ester in the presence of E.D.C.
When norleucine methyl ester was used in the presence of C.M.C.,
5 out of 52 carboxyl groups were modified, illustrating that the

degree of modification was dependent on the nucleophile and
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carbodiimide employed. In both cases the enzyme éctivity was
suppressed but the active site was titratable with diethyl p-nitro-

phenyl phosphate.

Acid Protease

17

Lin et al., ' have showed that an aspartic acid residue at the

active site of Rhodotorula glutinis acid protease is specifically

inactivated by:E}diazoacetylﬁgf—Z,4-dinitrophenylethylenediamine.
Peptic hydrolysis and analysis showed a residue attached to

the B-carboxyl group of aspartic acid in a sequence Ile-Ala-Asp.

Bovine Carboxypeptidase B

61

The active centre of this enzyme was studied by Kimmel et al.,

14

using C labelled a-N-bromoacetyl-D-arginine. The product was
hydrolysed with pepsin and the radio-labelled fraction obtained by
gel-permeation chromatography on "Sephadex™ G-25 and ion exchange

chromatography on CM cellulose. Various analyses suggested a sequence

of a 12 unit oligopeptide containing a glutamic acid residue.

Insulin
This protein was chemically modified with glycine methyl ester
1 .
in the presence of B.D.C, by Hoare et al. 7. It was found that all

six carboxyl groups were modified within 1 hour when the reaction was

carried out in 7.5M urea at pH 4.75, 2500.

Mxoglobin
62-64

When sperm-whale myoglobin was modified by Atassi et al.,
using glycine methyl ester or histidine methyl ester in the presence

of a carbodiimide it waé found that Glu-83 and Glu-85 underwent
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chemical modification, and the resulting myoglobin was unfolded.

The modified myoglobin was shown to be homogeneous on polyacrylamide
gel electrophoresis., The histidine methyl ester modified myoglobin
reacted well with antisera of native myoglobin and it was concluded that
Glu-83 and Glu-85 were not located in an antigenic reactive region in
myoglobin.  When Glu-83 and Glu-85 were reduced with diborane, no
conformation change was observed in the protein and no change in
reactivity with antisera was detected although its relative mobility -

on starch gel electrophoresis was reduced to 0.9 of the native protein.

Porcine Pancreatic a—Amylase

It has been implied by Wekim et gl.,35 that a-amylase has a
carboxylate anion and imidazolium cation at its catalytic centre.

The role of the histidyl residues in a-amylase has been investigated

34

by Elodi~" using diethylpyrocarbonate. This reagent converts

hystidyl side chains to carbethoxy-histidine. When four of the eight

N\ 00

Hon
2 + EtOCOCOEt -— 2 g
N NH N=-COEt

N N

histidines of the native a—amylase reacted with diethyl-pyrocarbonate,

+ HLO

no gross structural conformational change occurred in the enzyme,
however, when only 2 moles of carboxy-histidine per mole of enzyme
were present, amylase activity was almost completely removgd. The
‘modified enzyme was still able to bind substrate analogues and it was
therefore apparent that the catalytic histidyl residues and the

substrate binding side chains were 1ocatéd relatively far from each

other.
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Nine pure peptides obtained from two forms of percine
pancreatic amylase after treatment with cyanogen bromide have been
isolated and characterised by Cozzone gi.gl.87 The location of

4 disulphide bridges and 2 free SH groups in the peptides were

determined.

Glucoamylase I from Aspergillus niger (Agidex 3,000)

Gray gi_gl.65 and Jolley66 have reported the inactivatidn of
glucoamylase I using glycine methyl ester hydrochloride in the
presence of E.D.C. It was found that an initial 20% loss of
enzyme activity occurred rapidly, followed by a slower first order
loss. When the reaction was carried out in the presence of maltose,
the rapid initial loss of activity still occurred but the subsequent
process was almost completely suppressed. The rapid initialloss in
activity was attributed to a modification of carboxyl groups, other
than those present in the active site, by a non-specific process.

By carrying out amino acid analyses on both partially modified
glucoamylase I resulting from the reaction in which the active site

was protected with maltose, and that of the fully modified gluccamylase,
it was concluded that probably 2 or 3 carboxylic acid groups were
present in the enzyme active site.

-The possible roles of active site carboxyl groups in the

enzymic catalysis of glycosyl transfer reactions have been most
106,107 /

108

thoroughly investigated and discussed in the case of lysozyme
and have been considered for a number of other glycoside hydrolases.
The precise mechanism of enzyme catalysed hydrolysis involving

a4

the amino acid side chain.carboxyl groups must depend upon whether
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the reaction proceeds with inversion or retention of configuration
at C1 of the glycosyl residue transferred. In the case where the
anomeric configuration is retained it has been suggested by
Koshland9 that this may result from two consecutive inversions

or élternatively a transient glycosyl carbonium ion could be
generated as advanced by Mayer and Larner,99 and be stabilised
electrostatically by an enzyme carboxyl group situated at the side
remote from thét of the departing aglycone as proposed by Blake

et gl.100 for 1ysozym9. The latter proposed mechanism is shown in

SCHEME 6.2.

M&:P)—M&r&

Ca /5
o}gg; ~o OI-:O oH stereospecific
0 4 R = hydration to
0 \?-, 0 Ogz40 B—product

T

04'5b '
®  +RoH
0. .0 ¥ Base catalysed
\C? hydrolysis to
~TTTreTreeehee B-product

SCHEME 6.2 Proposed mecha,nism100 for enzyme hydrolysis proceeding
with retention of anomeric configuration of product.
For enzymes like glucoamylase which cause an inversion of the
a.nomerlc configuration either an intermediate is not proposed and the
role of the side chain carboxyl groups of the enzyme are general a.cid

and or general base:
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}? 0 HO <0
op &= OH  —» 0 OH — o OH
Ot = O = = O
°R + ROH +RoH
HO\ 0 o;‘ s 0P HQ__0
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or if an intefmediate is proposed™ it must break down via acyl

oxygen fission:

N aaa;;g.; _,_\_\_.._,_\'_._ :::::::

C
72N
0'~'0 | 0 0/'
. OH
{ 0) = O+ROH yo Q HOH 2 < >'
OR
HO 0'- - 'O 0 -
" - 0" HO 0
\C¢0 \C/ \C,O \C,)

In this work, differential labelling has been carried out on
glucoamylases I and II using a radio-labelled nucleophile in the
presence of a water soluble carbodiimide. In this way it was hoped
to incorporate the rédio—label into the enzyme active sites which had
been protected'with maltose during the initial non-specific modification
of catalytically non-essential groups with unlabelled nucleophile.

The radio-labelled glucoamylases I and II were digested by trypsin
and the radio-labelled peptides isolated. The number of tyrosine
residues in glucoamylase I undergoing chemical modification with

taurine in the presence of E.D.C. has been estimated.
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6.2 Results and Discussion

6.2.1 The chemical modification of glucoamylase I with glycine

ethyl ester hydrochloride in the presence of E.D.C.

Glycine ethyl ester hydrochloride was chosen as a
nucleophile for the chemical modification of glucoamylase in this
work because it was commercially readily available radio-labelled
with 14C, and also to provide an alternative nucleophile to glycine
methyl ester hydrochloride used by Gray’gi.gl.,65 and Jolleyé6
in a similar modification of this enzyme discussed earlier.

Glucoamylase I (350 ‘pg) was reacted with E.D.C. (75 mM), and
glycine ethyl ester hydrochloride (0.7 M) in the absence and presence
of maltose (0.67 M) at pH 4.75, 25°C. Samples, were withdrawn from
the reaction mixture and enzyme activity measured by the amount of
D-glucose liberated from 1% w/v wheat amylopectin using the glucose

76

oxidase assay procedure described by Lloyd et al. To correct
for Q-glucose produced from maltose during the modification reaction
a control experiment was carried out in which E.D.C. was absent and
samples withdrawn and incubated with wheat amylopectin at the same
time intervals as those from.the experiment in which E.D.C. was
present. The percentage glucoamylase activity remaining at each

time intervael during modification was calculated. The results are

shown in TABLES 6.3 and 6.4 and in FIGURE 6.1.
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FIGURE 6.1 Activity of glucoamylase T during modification with

glycine ethyl ester hydrochloride and E.D.C. in the

presence (® ) and absence of maltose (o).

100
90

70
€0

50
40

30

20

10

% activity retained (log scale)

time (minutes)



234

TABLE 6.3

Activity of glucoamylase I during modification with glycine ethyl

ester hydrochloride and E.D.C. at pH 4.75.

4

' ‘ optical density at
time (minutes) 525 nm from glucose _

oxidase assay

percentage
glucoamylase
activity remaining

0 0.370 100%

5 0.280 75.7
10 0.220 59.5
20 0.182 49.2
35 0.120 32.4
60 0.071 19.2
80 0.039 10.5

TABLE 6.4

Activity of glucoamylase I during modification with glycine ethyl’

ester hydrochloride in the presence of maltose in the presence and

absence of E.D.C.

E.D.C. present

E.D.C. absent

optical density

time

optical density Dpercentage

time at 525 nm from at 525 nm from glucoamylase
(minutes) glucose oxidase (minutes) glucose oxidase activity
assay assay remaining
1 0.310 0.318 97.6
5 0.295 5 0.366 £0.6
10 0.322 10 0.389 82.8
20 . 0.364 20 0.449 81.1
35 0.438 35 0.539 81.3
60 0.580 60 0.690 84.1
80 0.660 80 0.841 18.6
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It can be seenvfrom FIGURE 6.1 that the inactivation of
glucoamylase I on treatment with glycine ethyl ester hydrochloride and
E.D.C. appears to be a two step process since the points lie on two
straight lines From the slope of each line the pseudo first order
rate constant for the loss of glucoamylase activity is initially
0.050 min | followed by 0.024 min~ ' at 25°C.  Extrapolation of the
second line corresponding to a slower reaction gives an intercept of
approximately 78% indicating that about 22% of the activity is
rapidly lost while the remainder is lost more slowly by a pséudo
first order process. In the reaction carried out in the presence
of maltose it can be seen that the rapid initial loss of activity
still occurs but the subsequent process is almost completely
suppressed..

The pseudo first order rate constant for the partial
deactivation is 0.045 min | (c.f. 0.050 min~! for the initial
deactivation in the absence of maltose). Maltose does not
therefore prevent the initial loss of glucoamylase activity which .
probably results from a non-specific modification of the enzyme at
regions other than the active site.

After chemical modification of glucoamylase with glycine ethyl
ester hydrochloride, carried out in the absence of maltose, a
precipitate formed in the reaction vessel. The precipitate may
have been modified glucoamylase I which was rendered insoluble by a
loss of its ionisable groups on esterification. Except for the
precipitation, the results of deactivation of glucoamylase I using
glycine ethyl ester hydrochloride are in close agreement to those

reported by Gray et 31.65 and Jolley66 for glycine methyl ester

hydrochloride.
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6.2.2 The chemical modification of glucoamylase I with

glycine methyl ester hydrochloride in the presence of

E.D.C.

In an attempt to overcome the problem of precipitation
of glucoamylase after chemical modification in the absence of
maltose, observed in 6.2.1, a similar experiment to that described
was carried out in which glycine ethyl ester hydrochloride was
replaced with glycine methyl ester hydrochloride.

This nucleophile had been used by Gray'gi.gl.GS and Jolley66
to chemically modify glucoamylase I and no precipitation was
mentionéd in their reports.

Glucoamylase I (11.4 mg) was reacted with E.D.C. ( 75 mM) and
glycine methyl ester hydrochloride (0.7 M) in the absence of
maltose at pH 4.75, 2500. Samples were withdrawn from the reaction
mixture, and enzyme activity tests carried out. The results are
shown in TABLE 6.5 and FIGURE 6.2.

TABLE 6.5

Activity of glucoamylase I during modification with glycine methyl

ester hydrochloride and E.D.C. at pH 4.75.

. . optical density at percentage -
tine(ninutes) 525 nm from glucose glucoamylase activity
oxidase assay remaining

0 0.6080 100

5 . 0.5250 86.4
10 0.4150 68.3
20 - 0.3375 5545
35 0.2554 , © 42.0
60 0.1251 ' - 205

80 . 0.0851 14.0
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FIGURE 6.2 Activity of glucoamylase I during modification

with glycine methyl ester hydrochloride and

E«DeCe in the absence of maltose
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From the slope of each line the pseudo first order rate
constant for the loss of glucoamylase activity is initially

0.039 min~ | followed by 0.023 min~

at 25°C.

The enzyme inactivation is very similar to that reported by
Gray et 21.65 and Jolley,66 however, a precipitate formed after
the 80 minute reaction period and this was presumed to be insoluble
modified glucoamylase as before. Because of the problem of this
precipitation, glycine methyl ester hydrochloride was considered to

be unsatisfactory as a nucleophile for the chemical modification of

glucoamylzse in this work.

6.2.3 The chemical modification of glucoamylases I and II with

taurine in the presence of E.D.C.

The use of taurine as a nucleophile in the chemical
modification of carboxyl groups had first been suggested by Hoare
33.3117 This nucleophile has the advantage that it contains a
gulphonic acid group which remains after the carboxyl group under-

going modification has been esterified.
0

] -
Enzyme—C—NH(CH2)2503

Enzyme-COOH + H,N(CH,) 50,1 ExleCe P 4.T0,

2 2’2773 250G

+ 8

Although the sulphonic acid group is displaced from the position of the
carboxyl group after chemical modification, it offers an alternative
ionisable group for solvation, and therefore may help to keep the
chemically modified material in solution. Another advantage in the
use of taurine for the chemical modification of carboxyl groups in

proteins is that it is commercially readily available labelled with

140, and can be used to identify particular carboxylic acid groups
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through peptide chromatography and mapping. It is also easily
analysed on an amino acid analyser.

Glucoamylase I (5.7 mg) was eacted with E.D.C. (75 M)
and taurine (0.8M) in the absence of maltose, at pH 4.75, 25°C.
Samples were withdrawn from the reaction mixture and activity tests

carried out. The results are shown in TABLE 6.6 and FIGURE 6.3.

TABLE 6.6

Activity of glucoamylase I during modification with taurine and

§:D.C. at pH 4.75.

vime (mimes) il lmeityar o pereeniag
oxidase assay activity remaining

0 0.5500 100

2.5 0.4010 72.9
5 0.2755 50.0
10 0.1385 25.2
15 0.0885 1641
20 0.0540 9.8
35 0.0280 5.1
60 0.0200 3.6

After reaction the solution was left to stand at pH 4.75, 2500
for 7.5 hours. No precipitation was observed over this period.
The experiment was repeated in the presence of maltose (0.67M)

and the results shown in TABLE 6.7 and FIGURE 6.3.
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FIGURE 6.3 Activity of glucoamylase T during modification

with taurine and E.D.C. in the presence (o)

and absence of maltose (° )
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TABLE 6.7

Activity of glucoamylase I during modification with taurine in the

presence of maltose and in the presence and absence of E.D.C.

E«D.C. present E.D.C. absent percentage
glucoamylase
time optical density time optical density actlyl?y
(minutes) at 525 nm from (minutes) at 525 nm from remalning
glucose oxidase glucose oxidase
assay assay
2 0.3320 2 0.3700 89.7
5 0.3420 5 0.4410 T7.6
10 0.3565 10 0.4500 79.2 "
35 0.4400 35 3 0.5850 75.2
60 0.5300 - 60 0.7000 T5.7
80 0.6050 80 0.8300 T2.9
. It can be seen from FIGURE 6.3 that the inactivation of gluco-

amylase I on treatment with taurine and E.D.C. appears to be a first
order process in which 90% of the enzyme activity is lost after 20
minutes reaction. The pseudo first order rate constant for the
deactivation is 0.124 min_1. When the chemical modification was
carried out in the presence of 0.67M maltose, a 20% loss of glucoamylase
activity occurred rapidly with a similar pseudo first order rate
constant to that observed in 6.2.1. No significant decrease in enzyme

activity occurred over a further 80 minute reaction period.
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FIGURE 6.4 Activity of glucoamylase II during modification

with taurine and E.D.C. in the presence ()

and absence of maltose (0)
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The experiments were repeated using glucoamylase IT and the

results are shown in TABLES 6.8 and 6.9 and FIGURE 6.4.

TABLE 6.8

Activity of glucoamylase II during.modification with taurine

and E.D.C. at pH 4.75

time (minutes) gg;igzlfisis;§z0§:e §§§g§:;;§:se activity
oxidase assay remaining
0 0.7000 100
2.5 ' 0.5310 15.9
5 0.3600 ' 51.4
10 0.1710 24.4
20 : 0.0590 8.4
35 0.0160 2.3
60 0.0080 , , 1.1
80 0.0050 0.7

TABLE 6.9

Activity of glucoamylase II during modification with taurine in the
presence of maltose and in the presence and absence of E.D.C.

. E.D.C, present E.D.C. absent normalised
time optical density +time optical density percentage
(minutes) at 525 nm from (minutes) at 525 nm from glugogmyiase
glucose oxidase ' glucose oxidase actlyl?y
assay assay remaining
1 0.3250 1 0.2790 . 100
2.5 0.3200 2.5 0.3140 v 87.5
5 0.3400 5 0.3400 _ 85.8
10 0.3500 10 0.3800 79.1
20 0.4500 20 0.4620 83.6
35 0.4900 35 0.5570 75-5*
60 0.7300 60 0.6725 93.2
.*'

high result may have occurred from an error in sampling.
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The pseudo first order rate constants for the enzyme deactivation
carried out in the presence and abscnce of 0.67M maltose are

0.045 min™ " and 0.132 min~' respectively.

TABLE 6.10

The pseudo first order rate constants for the deactivation of

glucoamylase by various nucleophiles in the presence and absence

of 0.6TM maltose.

1 ucoamylase 0.67M maltose nucleophile and pseudo first
g ¥ present molarity order rate _
constant min
glucoamylase I no glycine methyl ester initially 0.039
hydrochloride O.TM secondly 0,023
no glycine ethyl ester initially 0.050
hydrochloride O0.TM secondly 0,024
yes ‘ initially 0.045
no 0.124
yes taurine 0.8M initially 0.045
glucoamylase II no 0.132
yes initially 0.045

Taurine effects the deactivation of glucoamylases I and II by a
single step process while glycine methyl ester and glycine ethyl
ester deactivations proceed by a two step process. While the rate
constants for the partial loss of glucoamylase activity in the
presence of 0.67M maltose are the same for each nucleophile, in the
absence of maltose taurine effects a more rapid deactivation than

either glycine methyl ester or glycine ethyl ester.
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TABLE 6.11

Literature pKa values of compounds used in the chemical modification

of glucoamylases,

compound pKa at 25°C Reference
glycine methyl 7.59 101
ester

glycine ethyl 7.64 102
ester

taurine 9.06 103.

Trom TABLE 6.11 it can be seen that taurine is the sirongest
base used for the chemical modification of glucoamylase although
at pH 4.75 all would be protonated. As taurine facilitates
deactivation of glucoamylases I and II by a single step process it
apparently does not discriminate between groups on the surface of the
enzymes and within their active sites. In the presence of maltose
only groups remote from the enzyme active site are chemically modified
and this would appear to be independent of the nucleophile employed.

Tn order to test the reproducibility of the chemical modification
of glucoamylases I and II using taurine as a nucleophile, and to
obtain samples of chemically modified enzymes in which the amount
of taurine incorporated could be determined quantitatively by amino
acid analysis on the protein hydrolyzates, experiments were carried
out as previously described and the chemical modification qqgnched
after 60 minutes by addition of glacial acetic acid to 75 mﬁ. The

reaction mixture was then passed through a nSephadex" G—100 gel—"

permeation chromatography column equilibrated with 0.01M ammonium
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bicarbonate solution. After the optical density of each fraction
had been measured at 280 nm, tubes containing protein were pooled
and freeze—dried. The results of the enzyme activity both in the
presence and absence of maltose were similar to those observed in the
previous experiments, and it was therefore concluded that the
chemical modification of glucoamylases I and II with taurine was
reproducible.

Because the active sites of glucoamylases I and II could be
;rotected with maltose when the enzyme was chemically modified with
taurine, and the enzyme did not precipitate when reacted with this
nucleophile in the absence of maltose, it was decided to use taurine
as the nucleophile for the chemical modification of glucoamylases I
and II for the active site investigation carried out in this work.

In order to determine whether some carboxyl groups essential for
glucoamylase activity reacted preferentially with E.D.C. and taurine,an
experiment was carried out in which the amount of E.D.C. in the
modification reaction corresponded approximately to three molar
equivalents of enzyme. This figure was taken because it had been
reported by Gray et gl.65 that probably 2 or 3 carboxyl groups were
involved in the active site of glucoamylase I.

| Glucoamylase I (5.7 mg, 0.07 uM) was reacted with E.D.Ce
(0.214 pM) and taurine (0.8M) in the absence of maltose at pH 4.75,
25°C. Samples were withdrawn from the reaction mixture and activity
tests carried out. The results are given in TABLE 6.12 and FIGURE
6.5. After 80 minutes reaction, the solution was passed through

a "Sephadex" G-100 gel-permcation column and fractions containing

protein were pooled and freeze-dried.



% activity retained (log scale)

247

FIGURE 6.5 Activity of glucoamylase T during modification

with taurine and low concentration (0.214 aM)
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TABLE 6.12

Activity of glucoamylase I during modification with taurine

and low concentration (0.214 pM) E.D.C.

time (minutes) optical density at percentage -
525 nm from glucose glucoamylase activity
oxidase assay remaining
0 ' 0.7320 100
2.5 0.7280 99.4
5 0.7325 '1oo
10 0.7310 199.8
20 . 0.7300 99.7
35 0.7290 99.6
60 0.7320 100

80 0.6850 93.6

From these results it was concluded that glucoamylase I did not
possess carboxyl groups in the active site which exhibited an
enhanced reactivity toward chemical modification with taurine in the
presence of a low concentration of E.D.C.

In order to determine whether more carboxyl residues were
gusceptible to chemical modification when the enzyme was denatured
glucoamylase I (5.7 mg) was reacted with E.D.C. (75 mM) and
taurine (08. M) in the presence of guanidine hydrochloride (5.0 M)
| at pH 4.75, 25°C. Samples were withdrawn from the reaction mixture
and activity tests carried out. The results are shown in TABLE

6.13. After 80 minutes the reaction was quenched by the addition
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of glacial acetic acid to 75 mM, and the reaction mixture passed
through a "Sephadex" G-100 gel-permeation chromatography column as
previously described. Fractions containing protein were pooled and
freeze—dried.

Because the deactivation of glucoamylase I in this experiment
represented both a chemical modification and a denaturation the
pseudo first order rate constants for enzyme inactivation were not
determined but the sample was used to measure the total number of

groups modifiable. The results are given in TABLE 6.14.

TABLE 6.13

Activity of glucoamylase I during modification with taurine and

E.DeCe in the presence of 5.0M guanidine hydrochloride.

time (minutes) gggigilfisgséiicize giigszziizse activity
oxidase assay remaining
0 0.3400 100
5 0.2585 . 76.0
10 0.2015 | 59.3
20 0.1440 -~ 42.4
35 0.0920 . 27.1
60 | 0.0400 11.8
80 0.0400 11.8

The reason for 11.8% glucoamylase activity remaining after
60 minutes reaction under denaturing conditions is prohably due to

the very low optical density measurement recorded.
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Each freeze-dried chemically modified protein sample was
hydrolysed with 6M hydrochloric acid at 110°¢C for 16 hours. After
hydrolysis the samples were evaporated to dryness and made up to a
standard volume with buffer prior to amino acid analysis. From
the amino acid analyses the amounts of valine and taurine present
in each sgmple was determined. From the former amino acid the
amounts of glucoamylases I and IT could be calculated from the
number of residues per 100 g protein determined in CHAPTER 4,
TABLE 4.3 of this Thesis, and hence the number of moles of taurine
incorporated per mole of enzyme evaluated. The results are given
in TABLE 6.14.

TABLE76.14

Amounts of taurine incorporated in glucoamylases I and II after

chemical modification.

maltose guanidine amount of amount of moles of

present hydro- gluco=- taurine taurine
glucoamylase chloride amylase  present incorpora-
present present from amino ted per
from acid mole of
amino acid analysis enzyme
analysis M
M
no no 0.0007513 0.01623 21.60
glucoamylase I no  yes 0.0006471 0.02917  45.07
yes no 0.0020660 0.03687  17.84
glucoamylase I no no not 0.0 0.0
low E.D.C. determined
concentration
*
glucoamylase II no no 0.0022030 0.05234 23.76
yes no 0.0011850 0.02898 24.45

results subject to error see text.
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From these results it can be seen that a further 4 moles of
taurine are incorporated into glucoamylase I when the enzyme is
* chemically modified in the absence of maltose, This suggests that
there are four groups on the enzyme which are capable of undergoing
chemical modification but in the presence of maltose (substrate)
are unable to do so. These groups are therefore probably involved
in the active site of glucoamylase I. When the chemical
modification of glucoamylase I was carried out under denaturing
conditions (i.e. in 5M guanidine hydrochloride) a further 23 moles
of taurine were incorporated into the enzyme. These probably
resulted from the chemical modification of groups normally in
hydrophobic regions of the enzyme and although not directly involved
in the active site may be responsible for maintaining the three
dimensional structure of glucoamylase I« However, the number of
moles of taurine incorporated into carboxyl groups.of glucoamylase I
under these conditions represent approximately half the number
expected from the sum of aspartic and glutamic acid residues from
amino acid analysis carried out in CHAPTER 4 of this Thesis. The
conclusions to be drawn from this are either that the chemical
modification of carboxyl groups present in glucoamylase I by taurine
were far from complete even under denaturing conditions, or perhaps
more reasonably that a number of the aspartic and glutamic acid
residues existed as asparégine and glutamine in the enxyme and
therefore did not undergo chemical modification. The amount of
taurine incorporated into glucoamylase I both in the presence
(17.8 moles) and sbsence (21.6 moles) of maltose are lower than the

corresponding values of 36 and 38 moles reported by Gray et al.
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using glycine methyl ester as a nucleophile,however, their values
were based on a protein molecular weight of 61,000. When
glucoamylase I was reacted with a low concentration of EeDeCey mo
taurine was detected in the enzyme hydrolyzate. This agrees with .
the results given in TABLE 6.12 and FIGURE 6.5 in which effectively
no loss in glucoamylase activity was observed during the reaction
period. In cases where taurine has been incorporated into gluco-—
amylase, a decrease in enzyme activity has been observed.

While the results obtained.for the chemical modification of
glucoamylase II in the presence of maltose show a slightly greater
number of moles of taurine incorporated per mole of enzyme than in
glucoamylase I, the amount of taurine incorporated in glucoamylase II
in the absence of maltose is smaller, and this clearly cannot be
correct. During the acid hydrolysis of glucoamylase II which had
been chemically modified with taurine in the absence of maltose, the
ampoule had cracked allowing the hydrochloric acid to escape. This
effectively made a comparison of the results impossible.

Because glucoamylase IT incorporated a gfeater amount of taurine
than glucoamylase I when reacted in the presence of maltose, it is
reasonable to suppose that the former enzyme has a greater number of

groups accessible for chemical modification than the latter enzyme.

6.2.4 The regeneration of tyrosine residues in chemically

modified glucoamylase I

Carraway et al.57 have established that phenolic groups
present in tyrosine residues in proteins undergo a similar chemical

modification to carboxyl groups when reacted with a carbodiimide in
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the presence of a nucleophile. The proposed mec:ha.nism75 for the
chemical modifica.tion of phenolic groups shown in SCHEME 6.3 is
similar to that given in SCHEME 6.1 except that in the case of
tyrosine, which is only weakly acidic, the product has been shown
to be an O-aryl isourea and that the rearrangement to the E—aryl

81-83

urea only occurs in the case of strongly acidic phenols.

CH, CH(NH,)COOH R’ H_CH(NH,)COOH
I\'f pH4-1s
G
OH N o
|
R* R'-N=C.NH-R*
flv
CHZ'CH(NHZ')COOH CHZ'CH(NHZ‘)COOH

+ + @ 7
R'N-%-NHR" |

R'-HN-C=NH-R"
o) +

SCHEME 6.3 Proposed mechanism75 for the chemical modification
———————— .

of tyrosine by a carbodiimide.
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The chemical modification of tyrosine may be reversed by reaction with
hydroxylamine thus regenerating the free tyrosine phenolic groups in
the protein.

To determine the number of tyrosine groups reacting when gluco~
amylase I was chemically modified with taurine and E.D.C. in the
absence of maltose as described in section 6.2.3, a sample of
chemically modified glucoamylase I (19.2 mg) was prepared and a
portion treated with hydroxylamine. After reactants had been
removed from the modified enzyme samples by gel-permeation
chromatography on "Bio—Gel" P-60, the protein samples were acid
hydrolysed and subjected to amino acid analysis. The results showed
that from 15.7 moles of taurine incorporated into glucoamylase I only v
9.4 moles remained after hydroxylamine treatment. Hence 6.3 moles
of tyrosine had been regenerated from chemically modified glucoamylase
I using this procedure. These results however may be subject to error
because the amount of taurine incorporated into glucoamylasé I is lower
than the value obtained (21.6 moles) in an earlier experiment. (See
TABLE 6.14)« By comparing the decrease in glucoamylase activity shown
in TABLE 6.15 and FIGURE 6.6 with that shown in TABLE 6.6 and FIGURE
6.3 it can be seen that the extent of enzyme inactivation in the former
experiment was slightly greater and this may have accounted for the
larger amount of taurine incorporated in the eﬁzyme. This observation
tends to agree with the report by Gibson 53_21.55 that the degree ofA‘
coupling of taurine in the chemical modification of proteins at pH 4.75
was unsatisfactory however it does not agree with earlier work in which

taurine gave reproducible results.
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FIGURE 6.6 Activity of glucoamylase I during modification

with taurine and E.D.Ce in the absence of maltose
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TABLE 6415,

Activity of glucoamylase I during modification with taurine and E.D.C.

at pH 4.75. (Sample used to determine the extent of tyrosine

modification) .

time (minutes) optical density at percentage
525 nm from glucose glucoamylase activity
oxidase assay remaining
0 0.3375 100
2.6 0.2510 63.8
5 0.1600 42.4
10 0.0790 23.4
20 0.0400 11.9
35 " 0.0480 - 14.2
60 0.0390 >> 11.6

I+ was also observed that the recovery of amino acids in the
hydroxylamine treated protein were only 75% of those from the
untreated protein even though almost equal weights of each were taken
for acid hydrolysis. This is not explained, but if a correction were
to be made to increase the recovery of amino acids in the treated
protein this would have the effect of reducing the difference in the
amount of taurine between the treated and untreated protein. The
amount of glucoamylase present in each sample is based on glutamic acid
and leucine amino acid residues. It was not possible to use valine as
in 6.2.3 because this peak overlapped with methionine in this analysis.

This work was carried out with the assistance of Mr D Fitzpatrick

and Mr D I Fortune as an undergraduate research procject.
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6.2.5 The partial chemical modification of glucoamylases I and

IT with taurine to obtain samples for subsequent reaction

with 140 radio~labelled taurine

In order to carry out an investigation into the number of
chemically rcactive groups in the active site region of glucoamylases
T and IT without relying on complete acid hydrolysis and amino acid
analysis of the modified enzymes, which leads to subtraction of two
large numbers to obtain the answer, experiments were carried aut
using 14C radio-labelled taurine and the amount of radioactivity
incorporated in each enzyme measured.

Glucoamylase I (20 mg) was reacted with E.D.C. (75 mM) and
taurine (0.8 M) in the presence of maltose (0.6TM) at pH 4.75, 25°C.

Samples were withdrawn from the reaction mixture and acfivity tests

carried out. The results are given in TABLE 6.16.

TABLE 6.16

Activity of glucoamylase I during modification with taurine and

E.D.C. in the presence of maltose

optical density at
525 nm from glucose
oxidase assay

time (minutes)

0 0.3870
2 0.3940

€0 0.5270
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FIGURE 6.7 Chromatographic separation of partially modified

glucoamylase I from taurine, maltose and E.D.Ce

on "Sephadex" G-100
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After 60 minutes, the chemical modification was quenched by the
addition of glacial acetic acid to 75 mM and the reaction mixture
passed through a "Sephadex" G-100 gel-permeation chromatography
column as previously described. The separation is shown in
FIGURE 6.7. Fractions containing protein (as shown by optical
density at 280 nm) were pooled and freeze—dried. The sample was
then dissolved in 0.01 M ammonium bicarbonate solution pH 8.1 and
re-applied to the gel-permeation column. Fractions containing
protein were pooled and freeze-dried and the chromatographic procedure
repeated. After the partially modified glucoamylase I had been
passed through the gel column three times, samples were withdrawn
from the column fractions immediately following the protein and
tested for the presence of maltose using the phenol sulphuric acid

79

assay procedure described by Dubois et al. The absence of colour
in this test indicated that the maltose used to protect the active
gite of the enzyme had been completely removed from the enzyme
by the gel-permeation chromatography and the partially modified
glucoamylase I was freeze-dried and stored desiccated at room
temperature prior to reaction with radiolabelled taurine.

A sample of glucoamylase II was chemically modified and purified

in a similar way to that described for glucoamylase I and the result

of the enzyme activity in the presence of maltose shown in TABLE 6.17.

TABLE 6.17

Activity of glucoamylase II during modification with taurine and

E.D.C. in the presence of maltose

optical density at 525 nm

Vime (mlnutes) from glucose oxidase assay

0 0.3250
0.3310
60 0.5720
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6.2.6 .The chemical modification of glucoamylase I with 14C

radio-labelled taurine in the presence of E.D.C.

The desiccated freeze-dried partially modified gluco-
amylase I (12.14 mg) was weighed directly into the reaction vial
using a beam balance accurate to five places of decimals.,

146 Radio-labelled taurine (3 mg, 50 pCi) and unlabelled taurine
(0.9975 g) were also weighed into the reaction vial and dissolved in
deionised water. E.D.C. (75 mM) was added to the solution and the
pH adjusted to 4.75 with 1M hydrochloric acid. Samples were with-
drawn from the reaction mixture and activity tests carried out.

The results are shown in TABLE 6.18. After 40 minutes reaction a
further 75 mMoles of E.D.C. were added to the reaction solution to
ensure an effective modification of the groups previously protected

by maltose.
TABLE 6.18

Activity of partially modified glucoamylase I during modification

with 140 radio-labelled taurine in the presence of E.D.C. at pH 4.75.

optical density at
525 nm from glucose
oxidase assay

time (minutes)

2 0.4000

60 0.0500

After 2 hours reaction the mixture was passed through a
"Sephadex" G-100 gel-permeation chromatography column and fractions
containing protein pooled and freeze—dried. All the column
fractions immediately folloWing the protein peak were pooled and
rotary evaporated to dryness prior to recrystallisation of radio-

labelled taurinee. To remove all traces of taurine which were not
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covalently bonded to the chemically modified glucoamylase I, the
chromatographic procedure was repeated four times. After the
fifth column pass, fractions immediately following the protein
peak were assayed for radiocactivity by liquid scintillation counting
(discussed in section 6.3.12) and as no radioactivity was detected,
it was concluded that traces of non-covalently bound taurine had
been removed from chemically modified glucoamylase I.

While the results given in TABLE 6.16 show that the partially
modified glucoamylase I retained activity after 60 minutes reaction,
the results given in TABLE 6.18 show that 87.5% of this activity

14

was lost in the chemical modification of the enzyme with 'C

radiodabelled taurine in the absence of maltose over the same
period of time.

From the amount of radio-labelled taurine incorporated into the
partially modified glucoamylase I it was calculated (section 6.3.14)
that a further 6 moles of this nucleophile were incorporated into the
enzyme in the absence of maltose. In view of the precautiéns taken
to ensure complete removal of maltose from the enzyme active-site
prior to reaction with radio-labelled taurine, and the subsequent
removal of non-covalently bound radio-labelled nucleophile from the
enzyme after reaction, it was considered that the value for the
number of moles of nucleophile incorporated into the enzyme in the
absence of maltose was more reliable than the value of 4 obtained in
gection 6.2.3.

14

6.2.7 Recrystallisation of
14

C radio-labelled taurine

C Radio-labelled taurine recovered from the reaction

mixture described in section 6.2.7, was purified by recrystallisation
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described in section 6.3.11. The recrystallised material ran as
a single spot on T.L.Ce and had a melting point coincident with

that reported for taurine in the literature.

6.2.8 The chemical modification of glucoamylase IT with 140

radio-labelled taurine in the presence of E.D.Ce.

Desiccated freeze—dried partially modified glucoamylase
II (5.65 mg) was weighed directly into the reaction vial as

described for glucoamylase I. 14

C Radio-labelled recrystallised
taurine (0.4645 g) was also weighed into the reaction vial and
dissolved in deionised water. E.D.C. (75 mM) was added to the
solution and the pH adjusted to 4.75 with 1M hydrochloric acid.
Samples were withdrawn from the reaction mixture and activity tests
carried out. The results are shown in TABLE 6.19. After 40

minutes reaction a further 75 mM of E.D.C. was added to the reaction

solution as discussed for glucoamylase I.

TABLE 6.19

Activity of partially modified glucoamylase II during modification

with 140 radio-labelled taurine in the presence of E.D.C. at pH 4.75.

optical density at
525 nm from glucose
oxidase assay

time (minutes)

2 0.1750

120 0.0200
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After 2 hours reaction the mixture was passed through a "Bio-
Gel" P-60 gel-permeation chromatography column and fractions
containing protein pooled and freeze—dried. All the column
fractions immediately following the protein peak were pooled and
rotary evaporated to dryness to recover radio-labelled taurine.

To remove non-covalently bound taurine from the chemically modified
glucoamylase II, the chromatographic procedure was repeated four
times as in the case of modified glucoamylase I.

While the results given in TABLE 6.17 show that the partially
modified glucoamylase II retained activity after 60 minutes
reaction, the results given in TABLE 6.19 show that 88.6% of this
activity was lost in the chemical modification of the enzyme with
140 radio-labelled taurine in the absence of maltose. It was also
apparent from the optical density value measured after 2 minutes in
TABLE 6.19 that some glucoamylase activity had been lost during the
purification procedure employed to remove maltose from the partially
purified glucoamylase II. This loss in glucoamylase activity was
not observed in the case of glucoamylase I. It was concluded that
partially modified glucoamylase II is less stable than the corres-—
ponding glucoamylase I although the reason for this is not known.

From the amount of radio-labelled taurine incorporatéd into the
partially modified glucoamylase II it was calculated (section 6.3.15)
that a further 5 moles of this nucleophile were incorporated into

the enzyme in the absence of maltose.

6.2.9 The digestion of radio-labelled glucoamylase I by

D.C.C. treated trypsin
14

C Radio-labelled glucoamylase I (5 mg), prepared in

gection 6.2.6, was oxidised for 9 hours with performic acid and
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FIGURE 6.9 Chromatography of first peak eluted from "Bio—Gel"
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freeze~dried. The sample was dissolved in deionised water

(400 cm3) and freeze-dried to remove all traces of performic acid.
The sample was then hydrolysed for 24 hours at 2500 with D.C.C.
treated trypsin (1 mg) and dissolved in O.1M sodium hydroxide
solution in the presence of 0.001M Ca.2+ ions. After hydrolysis
the sample was passed through a "Bio-Gel" P-4 gel-permeation
chromatography column equilibrated with 0.01M ammonium bicarbonate
solution. After the optical density of each fraction had been
measured at 206 nm, samples were withdrawn from each tube, and dried
on a filter disc. The amount of radio-activity present on each
disc was determined by liquid scintillation counting over eight

20 minute periods for each vial. After correcting the figures
obtained for background contribution and instrument efficiency,

an average value in d.p.m. was obtained for each disc and hence
the radioactivity in each fraction determined. The results are
shown in FIGURE 6.8. TFractions comprising the first peak eluted

3

from the column were pooled and reduced to 2 cm” volume by rotary
evaporation. This solution was passed through a "Bio-Gel" P-60
gel-permeation chromatography column equilibrated with 0.01M
ammonium bircarbonate solution. The optical densities and radio-—
activity of the column fractions were measured and the results shown
in FIGURE 6.9. It can be seen that the single peak eluted from the
first column was resolved into two by the second. The first of

these peaks probably contained some undegraded radio-labelled

glucoamylase I.
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FIGURE 6.11 Chromatography of first peak eluted from

"Bio—=Gel" P-4 of glucoamylase II on "Bio-Gel"

P-60
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6.2.10 The digestion of radio-—labelled glucoamylase IT by

D.C.C. treated trypsin

14C Radio-labelled glucoamylase IT (3 mg), prepared in

section 6.2.8, was oxidised for 9 hours with performic acid and
freeze—dried. The sample was dissolved in deionised water (400 cm3)
and freeze—dried to remove all traces of performic acid. The
sample was then hydrolysed for 24 hours at 250C with D.C.C. treated
trypsin (0.75 mg) dissolved in 0.1M sodium hydroxide in the ;resence
of 0.001M Ca2+ ions. The chromatographic procedures described in
section 6.2.9 for gluccamylase I were repeated for this sample and .
the results shown in FIGURES 6.10 and 6.11.

From FIGURES 6.8 to 6.11 it can be seen that extent of degradation
of chemically modified glucoamylases I and IT was far from complete,
the undegraded protein being eluted in the void volume on both
columns. It may be that chemically modified glucoamylases are more
resistant to proteolysis than the native enzymes. Although the
scale of the proteolytic digestion of chemically modified gluco-—
amylase II was smaller than glucoamylase I, by comparing FIGURES 6.8
and 6.10 it appears that the extent of digestion of glucoamylase II

is lower than glucoamylase I.

6.2.11 Peptide mapping of radio-~labelled glucoamylases T and IT

Fractions comprising the peaks obtained from column
chromatography of the radio-labelled peptides from tryptic digestion
of chemically modified radio-labelled glucoamylases I and II were

pooled separately giving eight solutions, four from each enzyme.
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Plate 6.1 WMap of peptides from glucoamylase I after chromatography
on Bio-Gel P-60, fractions eluted between 12 and 27 cm3.

X = application point, shaded spot = congo red marker.
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Plate 6.2 Map of peptides from glucoamylase II after chromatography
3

on Bio-Gel P-60, fractions eluted between 8 and 25 cm”.

X = application point, shaded spot = congo red marker.



272

rr\ QCD N
; f .

O
o 0O%8

U

i
|

Plate 6.3 Map of peptides from glucoamylase I after chromatography

on Bio—-Gel P-60, fractions eluted between 33 and 45 cm3.

X = application point, shaded spot = congo red marker.
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Plate 6.4 Map of peptides from glucoamylase II after chromatography

S ——————

on Bio-Gel P-60, fractions eluted between 28 and 41 cm3.

X = application point, shaded spot = congo red marker.
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Plate 6.5 Map of peptides from glucoamylase I after chromatography
3

on Bio-Qel P-4, fractions eluted between 72 and 111 cm~.

X = application point, shaded spot = congo red marker.
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Plate 6.6 Map of peptides from glucoamylase II after chromatography

on Bio-Gel P-4, fractions eluted between 63 and 96 cm3.

X = application point, shaded spot = congo red marker.
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Plate 6.7 Map of peptides from glucoamylase I after chromatography

on Bio-Gel P-4, fractions eluted between 114 and 147 cm3.

X = application point, shaded spot = congo red marker.
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Plate 6.8 Map of peptides from glucoamylase II after chromatography
on Bio-Gel P-4, fractions eluted between 99 and 150 cm3.

X = application point, shaded spot = congo red marker.
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These solutions were then rotary evaporated to dryness. Each
gample was dissolved in O.1M hydrochloric acid and spotted on
Whatman 3M papers 43 x 45 cm prior to electrophoresis in pyridine,
acetic acid, water ([ : 6:80v/v/v) at 2,500 volts, 60 mA for 1 hour.
After air drying, the papers were subjected to descending chromato-
graphy, at right angles to the direction of electrophoresis, in
pyridine, isoamyl alcohol, water (30:30:35 v/v/v)84 using congo red
as a marking dye. When this dye had migrated to within 5 cm of the
end of the chromatographic papers (approximately 14 hours), they
were removed, air dried, and sprayed with 1% ninhydrin dissolved in
96% ethanol. The papers were developed by heating in an oven at
80°C for 10 minutes. The results are shown on PLATES 6.1 to 6.8.
From the PLATES it can be seen that considerable dégradation of the
chemically modified glucoamylases had occurred during proteolysis with
D.C.C. treated trypsin. Trypsin is a highly specific enzyme which
cleaves peptide bonds involving carbonyl groups of the basic amino
acids lysine and arginine. These amino acids become C-=terminal in
the peptides produced. Theoretically one should obtain one more
peptide than the total number of lysine and arginine residues unless
one of these is already C-terminal when the total number of peptides
produced equals the sum of these residues. From the amino acid
analyses of glucoamylases I and II carried out in CHAPTER 4 of this
Thesis the sum of lysine and arginine residues are 23.6 and 27.2 for
each respective enzyme. Because of its high specificity trypsin is
widely used for fingerprinting, e.g. it revealed that thc nflmmen't
of glutamic acid with valine in haemoglobin was responsible for causing

sickle cell anaemia. By comparing corresponding pairs of peptide
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maps e.g. PLATE 6.1 and 6.2, it can be seen that some similarities
are shown but the distinct differences in the patterns and numbers
of spots must reflect differences in primary structures of gluco-
amylases I and II. As glucoamylase I contains a lower number of
lysine and arginine residues than glucoamylase II it would be
expected that the former enzyme would give rise to fewer spots on
peptide mapping after proteolytic digestion by trypsin. This was
not observed in this work, however, the lower concentration of
glucoamylase II used throughout the experiment may account for the
deficiency in the number of spots, the concentration of the peptides
being too low to be detected by ninhydrin.

An attempt to obtain radiocautographs from the peptide maps and
hence locate peptides from the enzyme active site proved unsuccessful
presumably because of the dilute nature of the radioactive material
dispersed over the surface of the chromatograms, and hence no
peptides originating from the neighbourhood of the active site of

glucoamylases I and II were characterised.

6.2.12 (General conclusions

It has been shown that glucoamylases I and II can be
chemically modified at pH 4.75, 2500 by taurine using the carbo-
diimide coupling procedure described by Hoare Ei.él’17 Taurine
has an advantage over nucleophiles such as glycine methyl ester and
glycine ethyl ester because the chemically modified protein exhibits
a greater degree of stability which is due possibly to the presence
of its ionisable sulphonic acid group, and it is easily analysed
using an amiﬁo acid analyser. The rate of deactivation of gluco-

amylases T and IT is much greater with taurine than with glycine
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esters due possibly to its greater basicity. Glucoamylaseé I and
II can be chemically modified at carboxyl groups with a variety of
groups with the same high level of retention of activity (80%) by
protecting the active site region of the enzymes with maltose.

The active site of glucoamylases I and II appear to contain between
5-6 modifiable groups. This would appear to be reasonable since

Hiromi et gl.1o4’105

postulated a binding cleft for 7 sugar residues
based on kinetics of degradation of oligosaccharides. Out of 45
modifiable groups in the denatured enzyme approximately half are
‘'modifiable in the native state. This was considered to be reasonable
because all the potentially modifiable groups cannot be readily
accessible on the enzyme surface, where one expects to find hydro-
philic groups. Glucoamylase I and IT appear to be different on

the basis of analysis of tryptic digests by gel-permeation

chromatography and peptide mapping.

6.3 Experimental

6.3.1 The chemical modification of glucoamylase I with glycine

ethyl ester hydrochloride and E.D.C.

The following stock solutions were made up. E.D.C.*
(0.2876 g) dissolved in deionised water (1 cm3). . Glycine ethyl
ester hydrochloride (1.6284 g) dissolved in deionised water (5 cmd).
Glucoamylase I'(3.5.mg) dissolved in deionised water (1 cm3),
The reaction mixture was made up from the stock solutions as shown in
TABLE 6.20, glucoamylase I being added last.

#  Cyclo chemical Company.
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The reaction was carried out in a 2" x 1" flat bot%omed sample
tube which contained a magnetic stirrer and a pH micro electrode.
After addition of reactants, the pH was adjusted and maintained at
4.75 throughout the reaction period by addition of 1M hydrochloric
acide

TABLE 6.20

Reaction composition for the chemical modification of glucoamylase

I using glycine ethyl ester hydrochloride in the absence of maltose.

deionised E.D.C. glycine ethyl
water cm3 ester hydrochloride glucoamylase
— cm3 cm3 T cm3
6.4 0.5 3.0 0.1

Aliquots (0.05 cm3) were withdrawn after O, 5, 10, 20, 35, 60, and
80 minutes reaction and glucoamylase activity measured on 0.05 cm3
sample using 1% w/v wheat amylopectin as described in CHAPTER 2,
2.4.3 of this Thesis. The results are shown in TABLE 6.3 and
FIGURE 6.1.

Using similar stock solutions to those described and glucose
free maltose (2.6824 g) dissolved in deionised water (5 cm3)
separate digests were made up as shown in TABLE 6.21. Aliquots

were withdrawn for activity measurements as before and the results

shown in TABLE 6.4 and FIGURE 6.1.

Merck - Specially prepared for biochemistry
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TABLE 6.21

Digest composition for the chemical modification of glucocamylase T

using glycine ethyl ester hydrochloride and maltose in the presence

and absence of E.D.Ce.

deionised E.D.C. glycine ethyl maltose glucoamylase I

water 3 ester hydro- 3 3

3 0 Chloride on e
cm 3
cm

2.4 0.0 3.0 4.5 0.1

1.9 0.5 3.0 4.5 0.1

6.3.2 The chemical modification of glucoamylase I with

glycine methyl ester hydrochloride and E.D.C, -

The following stock solutions were made up. E.D.C.
(0.2876 g) dissolved in deionised water (1 cm3). Glycine methyl
ester hydrochloride (1.4653 g) dissolved in deionised water (5 cm3).
Glucoamylase I (11.4 mg) dissolved in deionised water (1 cm3).
The reaction mixture was made up from the stock solutions as shown

in TABLE 6.22, glucoamylase I being added last.

TABLE 6.22

Reaction composition for the chemical modification of glucoamylase I

using glycine methyl ester hydrochloride in the absence of maltose

deionised E.D.C. glycine methyl  glucoamylase I
water cm3 eiier‘gydro— cm3
cm3 chlori e3
cm
5'5 0‘5 3‘0 1-0

The reaction was carried out as described in section 6.3.1

and aliquots (0.1 cm3) withdrawn after 0, 5, 10, 20, 35, 60 and 80
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78

minutes reaction. After dilution with 0.2M acetate buffer

3

pH 4.8
(1.4 cm3), glucoamylase activity was measured on a 0.1 cm” sample
using 1% w/v wheat amylopectin. The results are shown in TABLE

6.5 and FIGURE 6.2.

6.3.3 The chemical modification of glucoamylase T with

taurine and E.D.C.

The following stock solutions were made up. E.D.Ce
(0.2876 g) dissolved in deionised water (1 cm3). Taurine
(1.177 g) dissolved in deionised water (10 cm3). Glucoamylase I
(5.7 mg) dissolved in deionised water (1 cm3). The reaction
mixture was made up from the stock solutions as shown in TABLE 6.23,

glucoamylase I being added last.

TABLE 6.23

Reaction composition for the chemical modification of glucoamylase I

using taurine in the absence of maltose

E.D.C. taurine glucoamylase I
cm3 cm3 crn3
0.5 8.5 1.0

The reaction was carried out as described in section 6.3.1 and

aliquots (0.1 cm’) withdrawn after O, 2.5, 5, 10, 15, 20, 35 and

78
b
3

60 minutes reaction. After dilution with 0.2M acetate buffer
pH 4.8 (1.4 cm3))glucoamy1ase activity was measured on a 0.1 cm
sample using 1% w/v wheat amylopectin. The results are shown in
TABLE 6.6 and FIGURE 6.3, In a later experiment to obtain a

sample of chemically modified glucoamylase I for amino acid analysis,

the reaction was quenched after 60 minutes by addition of glacialacetic
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acid (0.04 cm3) and the reaction mixture passed through a
"Pharmacia® type K9/60, 0.9 x 60 cm, 38 cm3 capacity glass column,
packed with "Sephadex" G-100 gel equilibrated with 0.01M ammonium
bicarbonate solution, pH 8.1. Fractions (3.0 cm3) were collected
and their optical densities (280 nm) recorded automatically using
a Pye Unicam SP 1,800 spectrometer. Fractions comprising protein
were pooled and freeze—dried.

Using stock solutions similar to those described and glucose
free maltose (2.6824 g) dissolved in taurine stock solution

(5 cm3), separate digests were made up as shown in TABLE 6.24.

TABLE 6.24

Digest composition for the chemical modification of glucoamylase T

with taurine and maltose in the presence and absence of E.D.Ce.

—

E.D.C. taurine maltose in glucoamylase I deionised
cm3 cm3 taurlge cm3 wat;r
cm cm
0.5 4.0 4.5 1.0 0.0
- 0.0 4.0 4.5 1.0 0.5

Aliquots were withdrawn as before and activity measured using
0.05 cm3 samples. The results are shown in TABLE 6.7 and
FIGURE 6.3. The sample prepared for amino acid analysis was
quenched by the addition of glacial acetic acid (0.04 om3) and
passed through a "Sephadex" G-100 gel-permeation column as
previously described and the protein fractions isolated and freeze-

dried.
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6.3.4 The chemical modification of glucoamylase I with taurine

and low concentration of E.D.C.

The experiment was carried out essentially as described in
section 6.3.1 using similar stock solutions to those described in
section 6.3.3 except for E.D.C. which was made up by dissolving
9.1 mg in deionised water (100 om3). The reaction mixture was made

up as shown in table 6.25, glucoamylase I being added last.

TABLE 6.25

Reaction composition for the chemical modification of glucoamylase I

using taurine and low concentration of E.D.C.

E.D.C. taurine glucoamylase I
om3 cm3 Cm3
0.5 8.5 1.0

3

Aliquots were withdrawn as before and activity measured using 0.1 cm
are

samples. The results)shown in TABLE 6.12 and FIGURE 6.5. After

. 80 minutes the reaction mixture was passed through a "Sephadex" G-100

gel-permeation column as previously described and the protein fractions

isolated and freeze-dried.

6.3.5 The chemical modification of glucoamylase I with taurine

and E.D.Cs in the presence of 5M guanidine hydrochloride

The experiment was carried out essentially as described in
gection 6.3.1 using similar stock solutions to those described in
section 6.3.3 and guanidine hydrochloride (5.6194 g) dissolved in
taurine stock solution (10 cm3). The reaction mixture was made up as

shown in TABLE 6.26, glucoamylase I being added last.



TABLE 6.26

Digest composition for the chemical modification of glucoamylase I

with taurine in the presence of 5M guanidine hydrochloride

E.D.C. guanidine glucoamylase T
cm3 bydroch}orlde cm3
in taurine
cm3
0.5 8.5 1.0

Aliquots were withdrawn fof activity measurements as before and
the results shown in TABLE 6.13. After 80 minutes reaction glacial
acetic acid (0.04 cm3) was added and the mixture passed through a
"Sephadex" G-100 gel-permeation column. Fractions containing protein

were pooled and freeze-dried.

6.3.6 The chemical modification of glucoamylase II with taurine

and E.D.C.
The experimental procedure employed was a repetition of
that described in section 6.3.3. The results of the experiment are

shown in TABLES 6.8 and 6.9 and FIGURE 6.4.

6.3.7 Amino acid analysis of chemically modified glucoamylases

I and IT

Freeze—dried samples of glucoamylases I and II prepared as
described were placed separately into six labelled "Pyrex" glass
ampoules 6" x 5/8".  6M Hydrochloric acid (2.0 cm3) was added to each
ampoule. Each sample was de-gassed and the ampoules filled with
oxygen free nitrogen prior to sealing. The samples were then placed

in an oven at 110°C for 16 hours. After hydrolysis, the ampoules were
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cooled and the contents washed into separate pear shaped flasks

(25 cm3) with deionised water (5 cm3). The samples were evaporated
to dryness on a Buchi rotary evaporator. Deionised water (5 cm3)
was added to each sample flask and rota?y evaporated to dryness.

The process was repeated until the samples had no smell of acid
vapour. Amino acid analysis of each sample was carried out using a
"Jeol"™ auto-analyser. The amount of taurine and valine in each
sample were measured relative to standards, the latter being used to
determine the amount of glucoamylase present in the hydrolyzate.

The results are shown in TABLE 6.714.

6.3.8 The chemical modification of glucoamylase T with g

radio—labelled taurine in the presence of E.D.C.

Glucoamylase I (20 mg) was chemically modified with taurine
and E.D.Ce in the presence of maltose as described in section 6.3.3
and the results shown in TABLE 6.16. After 60 minutes reaction,
glacial acetic acid (0.04 cm3) was added and the mixture passed
through a "Sephadex" G-100 gel-permeation column. The separation is
shown in FIGURE 6.7. Fractions (3 cm3) containing protein were
pooled and freeze—dried and the chromatography procedure repeated three
times. On the last occasion, samples (1 cm3) were withdrawn from the
columm fractions immediately following the protein and tested for the
presence of maltose using the phenol sulphuric acid procedure described

19

by Dubois et al. No colour was detected in this test.

Desiccated freeze—dried partially modified glucoamylase I
(12.14 mg) prepared as described was weighed directly into the reaction

vial using a beam balance accurate to five places of decimals, 140
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Radio-labelled taurine (3 mg, 50 a Ci) and unlabelled taurine

(0.9975 g) were also weighed into the reaction vial. After the
reactants had dissolved in deionised water (9.5 cm3), E.D.C.

(75 mM) was added to the solution and the pH adjusted to 4.75 with 1M
hydrochloric acid. Aliquots were withdrawn for activity measurements
after 2 and 60 minutes reaction time and the results shown in TABLE
6.18. After 40 minutes reaction further E.D.Ce (75 mM) was added to
the reaction mixture. After 2 hours reaction the mixture was passed
through a "Sephadex" G~100 gel-permeation colum. Fractions containing
protein were pooled and freeze-dried and the chromatography procedure
repeated four times. Fractions immediately following the protein
peak after each column pass were pooled and rotary evaporated to

dryness. 14

C Radio-labelled taurine was recrystallised from this
material as described in section 6.3.11. After the fifth column pass,
fractions immediately following the protein peak were assayed for
radioactivity by withdrawing samples (25O‘pdm3) from each tube and
applying them to filter discs prior to liquid scintillating counting

described in section 6.3.12.

6.3.9 The chemical modification of glucoamylase IT with 140

radio-labelled taurine in the presence of E.D.Ca

Glucoamylase II (20 mg) was chemically modified with
taurine and E.D.C. in the presence of maltose as described in section
6.3.3 and the resul?s shown in TABLE 6.17. The partially modified
glucoamylase II was then purified by column chromatography as

described for glucoamylase I in 6.3.8.
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Desiccated freeze—dried partially modified glucoamylase II (5.65
mgﬁ prepared as described was weighed into the reaction vial using a

14

beam balance accurate to five places of decimals. C Recrystallised
radio-labelled taurine (0.4645 g) was also weighed into the reaction
vial. The reactants were dissolved in deionised water (3.75 cm3)

and E.D.C. (75 mM) added. The pH was adjusted to 4.75 with 1M
hydrochloric acid. Aliquots were withdrawn for activity measure-
ments after 2 and 120 minutes reaction time and the results shown in
TABLE 6.19. After 40 minutes reaction further E.D.C. (75 mM) was
added to the reaction mixture. After 2 hours reaction the mixture
was passed through a "Bio-Gel" P-60 gel-permeation column.. The

fractions collected were treated as described in section 6.3.8. The

chromatography procedure was repeated four times.

6.3.10 Regeneration of tyrosine residues in chemically modified

glucoamylase T

Glucoamylase I (19.2 mgﬁ was chemically modified with
taurine as described in section 6.3.3, and the enzyme activity of
0.05 cm3 samples after dilution shown in TABLE 6.15 and FIGURE 6.6.
The chemically m;dified glucoamylase was purified by repeated gel-
permeation chromatography on "Bio-Gel" P-60 and freeze-dried. The
modified enzyme was then divided into two samples (7.8 mg) and
(7.4 mg) the latter being used as a control. The first sample was
dissolved in acetate buffer (0.5 cm3) and reacted with 0.57M
hydroxylamine (4.5 cm3) for 5 hours at pH 7, 23.500. After reaction
the mixture was passed through a "Bio-Gel" P-60 gel-permeation column

and protein fractions isolated and freeze—dried. The chromatographic
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procedure was repeated three times. The control sample was also
passed through the column an equal number of times. The freeze-—
dried samples were then subjected to amino acid analysis as described

in section 6.3.7. The results are given in section 6.2.4.

6.3.11 Recrystallisation of 140 radio-labelled taurine

The solid obtained from the rotary evaporation of pooled
fractions obtained after the chemically modified glucoamylase I had
been eluted from the gel-permeation column, were dissolved in a
minimum volume of dionised water at 60°C. The solution was filtered
through a fluted filter paper, allowed to cool to room temperature and
placed in a refrigerator overnight. The crystals obtained were washed
with ice cold deionised water and collected on a No.3 micro sintered
glass funnel. After dissolving the crystals in a minimum volume of
deionised water, the crystallisation process was repeated and the
resulting crystals dried and stored in a vacuum desiccator. A melting
point was taken and found to agree exactly with the wvalue for taurine
reported in the literature i.e. 32800.8O The recrystallised taurine
ran as a single spot on a silica gel T.L.C. plate using chloroform,
methanol, 17% ammonium hydroxide, (2:2:1 v/v/v) as solvent. The
plate was developed by spraying with a solution of 0.1% ninhydrin in

96% ethanol and heating at 6000 for 5 minutes.

6.3012 Liquid Scintillation Counting

A practical review course in liquid scintillation counting
by Price85 was found useful in this work.
Two counting channels of a Tracerlab Coru Matic 100a liquid

14

scintillation counter were optimised to count C by obtaining

instrument settings which gave a maximum value of (efficiency)2/
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background count using manufacturers 14C standards. Scintillation
cocktail was made up as shown in TABLE 6.27, the recipe being taken

from the instrument manufacturers instruction manual.

TABLE 6.27

Scintillation cocktail used in this work

reagent quantity
* toluene 1,000 cm3
* 2,5-diphenyloxazole 4 mg
* 1,44bis-(S-phenyloxazol—2ﬁyl)benzene 50 mg

* Hopkin and Williams - scintillation grade chemicals.

Aliquots (10 cm3) were dispensed into glass counting vials fitted with
aluminium foil seal screw caps. Each vial was counted over four
separate 20 minute periods and the results averaged to obtain a
backgrouhd count for each vial. To determine a value of average

14

count efficiency of the instrument, various ~C fructose standards
were made up, dried on filter discs and placed inside scintillation
vials of known background count. The vials containing filter disecs

were counted for eight 20 minute periods and the average results

obtained after background count subtraction are given in TABLE 6.28.
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TABLE 6.28

4

Scintillation counting of ! C radio-labelled fructose standards

(1‘pdm3 140 fructose = 2.2 x 105 depem.) .

volume 14C volume theoretical counts percentage
labelled deionised dilution d.p.m. per observed count
fructose water 5 pdm sample averaged efficiency
pdm3 /udm3 over eight
) repeats

5 20 5 220,000 113,157.09 51.44

5 45 10 110,000 59,100.51  53.73

5 95 20 55,000 26,572.51 48.31

5 495 100 11,000 5,364.49  48.77

From these results the instrument counting efficiency was found to
be 50.56%.

A sample of 46 radio-labelled taurine (1.09 mg) was weighed out
using a beam balance accurate to five places of decimals and dissolved
in deionised water (0.1 om3) and absorbed on a filter disc. The
container was washed a further five times with aliquots of deionised
water (0.1 cm3) and each washing applied to the filter disc. After
drying in warm air the disc was placed in a scintillation viai of known
background count and the vial counted over six 1 minute intervals.

An average count was obtained and after correction for instrument
efficiency,the value in d.p.m. for 1 mg of 140 radio-labelled taurine
shown in TABLE 6.29. The unrocess was repeated using desiccated
freeze—~dried samples of chemically modified radio-labelled gluco-
amylase I (0.95 mg) and glucoamylase II (0.90 mg). The vials were

counted over thirty six 20 minute interwvals. The results are shown in

TABLE 6.29.
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TABLE 6.29

Table of data obtained from scintillation counting of 140 radio-

labelled taurine and chemically modified radio-labelled glucoamylases

I and TII.
time of number of average average
sample count times count value count value d.p.m./mg
(minutes) counted minus after
background efficiency
correction
recrystallised 1.0 6 64,207.16  126,552.31 116,103.04
14C taurine
radio— 20.0 36 9,950.33 19,612.10 1,032.22
labelled

glucoamylase I

radio- 20.0 36 8,132.43 16,029.02 890.50
labelled

glucoamylase IT

Radioactivity present in the chromatography fractions obtained
after digestion of radio-labelled glucoamylases I and II with
D.C.Ce treated trypsin was determined by absorbing samples
(0.25 cm3) withdrawn from each tube on filter discs. Scintillating
counting was carried out over eight 20 minute periods for each

sample., The results are shown in FIGURES 6.8 to 6.11.
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6.3.13 Calculation of specific activity of diluted ''C radio-

labelled taurine used for the chemical modification of

partially modified glucoamylases I and IT

Known from experiment 1 mg diluted taurine has 116,103.04 d.p.m.

1)10i = 2.2 X 106 d.p.m.

1 d.p.m. = 1/2.2 x 108 ACi
116,103.04 .

116,103.04 d.p.m. = -—-'——5— pCi
2.2 x 10

0.05277 uCt

1mM taurine = 125.1 mg = 125.1 x 0.05277)u0i = 6.602 pCi

Specific activity of diluted taurine in experiment = 6.602 x 10_3mCVmM

6.3.14 Calculation of amount of 140 radio—labelled taurine

incorporated into partially modified glucoamylase T

Weight of enzyme reacted 1214 mg

Molecular weight of enzyme = 80.000
Let x be the number of moles of radio-labelled taurine

incorporated per mole of enzyme.

1,000 x l12.14 b'e J R x X - mMoles radio-labelled taurine
1,000 80,000 1

incorporated in 12.14 mg enzyme

12.14 - X
1,000 80,000

6.602 x 10"3 x

x 1,000 mCi

= 9.8948x x 10_7 mCi incorporated in 12.14 mg.
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Known from experiment 1 mg radio-labelled glucoamylase I has

1032.22 d.p.m.

e 12-14 mg = 12531-10 dop-m-
o -7 3 6 ‘
X = 12531.10 = 5.76 moles taurine

2.2x10% x 103 x 1077 x 9.894g ‘ReoTPorated

To nearest integer = 6

6.3.15 Calculation of amount of 140 radio=labelled taurine

incorporated into partially modified glucoamylase II

Weight of enzyme reacted = 5.65 mg
Molecular weight of enzyme = 80,000
Let y be the number of moles of radio-labelled taurine incorporated

per mole of enzyme.

1,000 x 5.65 x 1 x y = mMoles radio-labelled taurine incorporated

1,000 80,000 in 5.65 mg enzyme.

6.602 x 1072 x 5.65 x _y _ x 1,000 nCi.
1,000 80,000

= 4.605y x ‘IO_7 mCi incorporated in 5.65 mg

Known from experiment 1 mg radio-labelled glucoamylase has 890.50 d.p.m.

o 5.65 mng = 5,031.33 d.p.m.

o 4.605 y x 10-7 x 103 X 2.2 x 106 = 5,031.33

y = 5;031.33

= 4.97 moles of taurine

-7 3 6
4.605 x 107" x 10° x 2.2 x 10 incorporated

To nearest integer = 5
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6.3.16 The digestion of radio-labelled glucoamylases I and II by

D.C.C. treated trypsin

14C Radio-labelled glucoamylase I (5 mg) and glucoamylase II

(3 mg) were reacted for 9 hours at 0°C with performic acid reagent

(2 cm3) prepared as described by Hirs.86 The samples were freeze-
dried and redissolved in deionised water (400 cm3). The solutions
were then freeze-dried. Each sample was dissolved in 0.1M sodium
hydroxide (5 cm3) which contained calcium chloride (0.001M). The
samples were hydrolysed with D.C.C. trypsin (1 mg for glucoamylase I,
0.75 mg for glucoamylase II) for 24 hours at 2500. After hydrolysis,
the samples were passed separately through a "Pharmacia" type K15/90,
1.5 x 90 cm, 154 cm3 capacity glass column, packed with "Bio-Gel"™ P-4
gel equilibrated with 0.01M ammonium bicarbonate solution, pH 8.1.
Fractions (3 cm3) were collected and their optical densities

(206 nm) recorded automatically using a Pye Unicam SP1,800
spectrometer. The results obtained for glucoamylases I and II are
shown in FIGURE 6.8 and 6.10 respectively. Fractions occurring
between 48 to 66, 72 to 111, and 114 to 147 cm for glucoamylase I
and between 42 to 60, 63 to 96 and 99 to 150 om for glucoamylase II
were pooled separately and the latter two in each case rotary
evaporated to dryness. The first pooled fractions were reduced to

2 cm3 volume by rotary evaporation and each passed through a
"Pharmacia™ type K9/60, 0.9 x 60 cm, 38 cm3 capacity glass column,
packed with "Bio-Gel" P-60 gel equilibrated with 0.01M ammonium
bicarbonate solution, pH 8.1. Fractions (3 cm3)were collected and
their optical densities (206 nm) recorded automatically as previously
described and the results shown in FIGURES 6.9 and 6.11. Fractions
occurring between 12 to 27 and 33 to 45 cm3 for glucoamylase I and-
between 8 to 25 and 28 to 41 cm3 for glucoamylase IT were pooled and

evaporated to dryness.
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6.3.17 Peptide mapping of radio-labelled glucoamylases T and II

The dried peptide samples obtained from the column
chromatography described in section 6.3.16 were dissolved in 0.1M
hydrochloric acid (0.5 cm3) and spotted on Whatman 3M chromatography
papers 43 x 45 cm prior to electrophoresis in pyridine, acetic acid,
water (13 6:%v/v/v) at 2,500 V, 60 mA for 1 hour using a Shandon
horizontal bed high voltage electrophoresis apparatus. After air
drying the papers were spotted with congo red marker dye and subjected
to descending chromatography at right angles to the direction of
electrophoresis in pyridine, isocamyl alcohol, water (30:30:35 v/b/%)

84

as described by Baglioni. When the dye had migrated to within
5 cm of the end of the chromatography papers, they were removed,
air dried and sprayed with 1% ninhydrin dissolved in 96% ethanol.

The papers were developed by heating in an oven at 8000 for 10

minutes. The results are shown on PLATES 6.1 to 6.8.
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CHAPTER 7
SCME SUGGESTIONS FOR FUTURE WORK ON GLUCOAMYLASES FROM

Aspergillus niger

The .two forms of glucoamylase obtained in this work could be
examined by the isoelectric focussing technique to determine
whether any microheterogeneity exists within the purified enzymes.
As crystals of glucoamylase have already been obta’'ned from

Endomyces species IFO.O1111, Mucor rouxianu32 and Aspergillus

awamoriB, further investigations of enzyme structure could be

carried out on purified glucoamylases from Aspergillus niger with

priority being given to an X-ray analysis on suitable crystals
provided these could be obtained from this enzyme source. Because
of the commercial significance of the reversion reaction catalysed
by glucoamylases, this reaction could be studied in greater detail
with particular emphasis on the time dependence, and on the effect
of a—amylase on the reaction. However, before an exact theoretical
treatment of reversion could be carried out, more reliable thermo-
dynamic data (e.g. Achyd) than that used in this work would be
required.

In a recent péper by Gasdorf gi_gl& it was reported that fhe
action pattern of glucoamylase isozymes from black Aspergillus
differed in their rate of hydrolysis of glycogen. Glucoamylase T
was reported to readily hydrolyse this substrate, whereas gluco-
amylase II showed very little hydrolytic activity. In view of this
report it would be interesting to establish whether the purified

glucoamylases prepared in this work exhibited similar properties
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toward glycogen and carry out kinetic work on siﬁple substrates.

5

In a review of the chemical modification of enzymes by Wold,

it was pointed out that some enzymes could be modified with a high
retention of catalytic activity by using the active site protection
principle. In some cases the modified enzymes showed an increased
stability toward proteolytic attacke. It may be possible to use
the principle of chemical modification with protection to investigate
the preparation of immobilised enzymes of high activity or the
therapetuic application of chemically modified enzymes. Inthe
latter case with glucoamylase as a possible treatment for Type II
glycogenosis6, the anomeric configuration of enzyme product may be
important. It would be necessary to determine this for each
enzyme form especially since it has been reported by Marshall7 that
mammalian glucoamylase ( X —amylase) gives products with an

a-configuration while that of fungal origin gives the B form.
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