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PREFACE

This thesis embodies the work on rabbit intestinal
glucoamylase-maliase complex with respect to its size,
shape, quaternary structure, its mechanism of action and
a design of the active site. The subject matter has been

covered under the following major headings:

Introduction: In this section we have reviewed the major

aspects of brush border enzymes and have highlighted the
potential of the present day hydrodynamic models to predict
the shape and geometry of an oligomeric protleins. A small
write up on the negative-staining technique has also been

included.

Materials, Analytical and Theoretical Methods: The diverse

methods used in this study have becn grouped together to
avoid repetition. The theoretical methods used in the study

have also been given.

Resulis and Discussion: All the results including a relevant

discussion are given in this section under appropriate
headings. It includes information available and conclusions
drawn regarding the quaternary structure of the enzyme, a

possible mechanism of action and a possible design of the



active site. Towards the end of this section a speculative
exercise has been attempted regarding the structure-
function relationships of the enzyme, especially in view of
the supra-quaternary structure of the enzyme. At the end

of this section a brief summary of the work and concluding

remarks are given.

The figures, tables and reierences have been numberecd
consecutively throughout the thesis and a consolidated bibi-
liography is given at the end of thc thesis. For a quick
glance of the contents an index is given separately with

page numbers.

Part of the work, especially on the siZe and shape

of the enzyme has been published.”

In spite of my mentor's great help in the use of the
English language, of this Thesis, there may still be some
inadequacies. A few complex sentences which I have tried
to avoid may still be Lhere, and I haven't yel mastered the

art of simple elegance.

#Studies on the size and shapc of rabbit intestinal
glucoamylase-maltase complex.'

Sankaran, K., Sivakami, S. and Radhakrishnan, A.N. and
Pandit, M.W. Biochem. J. (1983) 213, 719-725.
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INTRODUCTION



STUDIES ON MICROVILLUS AND ITS GLYCOSIDASES

Digestion and absorption of food is most fundamental
for all living beings. The food of higher organisms contains
chiefly carbohydrates mainly in the form of polymers of
glucose (starch and glycogen), proteins, which are polymers
of amino acids and fat composed mainly of long chain fatty
acids and their glyceryl esters. Mammalian gqut, lined with
specialised columnar epithelium is well adapted for digestion
(conversion of polymers to monomers) and absorption (uptake
of digested matter) of theii food. The adaptiation, at
morphological level, involves tremendous increase (about
600 times) in the surface area, by formation of villi and
microvilli, which are fingerlike projections respectively
of the epithelium and the epithelial cells called entero-
cytes. Due to the thick array (about thousand per cell)
of these microvilli, in the intestiinal cells, they appear
as a band under light microscope, known as 'brush border'.
The digestion of food i.e. breakdown of polymers to monomers
takes place at three levels, viz. cavital digestion, cata-
lysed by secretory enzymes (mostly endoenzymes) in the lumen
(cavity), the prbducts being oligomers/monomers; contact
digestion, catalysed by enzymes (mostly exoenzymes) attached

to the enterocyte cell walls especially on the microvilli,



the products being essentially monomers; intracellular,
catalysed by enzymes in enterocytes cytoplasm, the products
being -monomers formed from absorbed oligomers [l]. The
conditions and the environment in which these events take
place vary widely. In the mouth it is almost neutral pH,

in the stomach it is acidic (pH2) and in the intestine it

is nearly alkaline (pH 8). The appropriate enzymes secreted
or present on the membrane are optimally active under these
conditions. The contact digestion and transport processes
present on the microvilli scem to be closely associated but,

the nature of their interactions still remains vague.

|
The variations in fﬁé:; adaptive organisation are
induced by nutrient and hormonal factors. The essentiality
of this organisation is appreciated in a diseased state
WL‘-
including genetic disorders, where one or the—otiEr element

of this complex system is found missing or malfunctioning.

Digestion and absorplion, vilal funclions of the body,
are carried out effectively by complex and specialised
structures. Since most of this intricate mechanism and
machinery are housed in the brush border, isolation of brush
border elements and their study at molecular level, wherever
possible, have become both a necessity and fashion to corre-

latéthe structure with its function. These studies have



thrown considerable light on our understanding of this
terminal digestion and transport, wherein a trans-membrane
anchor peptide, which has been shown to anchor the catalytic
portion of the molecule to the membrane (membrane bound
condition), has been implicated in transport of product into
the cytoplasm [2]. This is an attractive possibility yet

to be proven conclusively. The intestinal glycosidases
which are large proteins with their abilily to catalyse more
than one reaction and probably also involved in the trans-
port of the products must possess a very inleresting quater-

nary structure and unfortunately this is an area which has

not been probed adequately.

Ultrastructure of Microvillus

Microvilli are minute projections of about 0.1l pm
in diameter and 1 pm to 2 pm in length from the luminal
surface of enterocytes and are visible only under electron-
microscope [3]. The plasma membrane of the microvillus,
is continuous with the plasma membrane of the enterocyte
and the central core consists of microtubules (about 20
of them) in the form of a bundle appearing as an hexagonal
array in cross-section [4]. These are actually actin fila-
ments [5,6] extending to the terminal web, located in the
apical portion of enterocytes, immediately below microvilli.

There are cross bridges between these filaments and between
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the filaments and membrane seen under electron microscope,
providing additional strength. These cross bridges ‘have
been identified as a-actinin |7]. The function of this
core-assembly is expected to aid some movement which may
be important in stirring the contents in the lumen for
better digestion or even to aid pinocytosis |4]. The plasma
membrane of the microvillus is somewhat thicker than a
typical plasma membrane and is covered on the luminal end
(apex) by a fuzzy layer called glycocalyx which is rich in
acid mucopolysaccharides (glycosamino glycans) which are
poor in sulfate and rich in sialic acid [3]. This portion
could be negatively stained and viewed under electron
microscope where upon 60 R particles are made visible, and
they have been attributed enzyme functions (see below for

details),

Location of hydrolytic activity on Brush Border membrane

Isolation of membranes and demonstration of activities:

Intracellular digestion was envisaged by Cajori (g].

as early as in 1933. Dahlqvist and Borgstrom [9] demonstra-

ted clearly that the disaccharidase activity is too weak to
account for the total disaccharide digested and absorbed and
hence suggested that the activity must reside on the cell walls
of enterocytes, challenging the popular belief held for a long
time on luminal digestion. They also showed clearly that
@-amylase activity, on the‘contrary, is mostly luminal. Miller and

Crane [10] for the first time isolated brush border membranes



of hamster intestine and demonstrated high yields of
disaccharidases activity in them [11]. Since then, with
improved methods to prepare purer brush border prepara-
tions [12], the isolation of brush border and demonstration
of various particle bound activit;es in them became one of
the two popular techniques for location of enzyme activity
on the brush border. The other method involves the use

of fluorescent substrate analogues or reacting fluorescent
antibodies with the enzyme systems in the intact intestinal
epithelium. It was shown that in the presence of 1M Tris,
iﬁuéold the brush border preparations gave five bands
separated on a glycerol density gradient cenirifugation.
While one fraction contained rod shaped molecules with
rounded ends and of diameter of 60 R, another fraction,
associated with maltase and alkaline phosphatase activities,
was membranous containing 60 R particles, which were thought
to house the enzyme activilics [13]. The basic structure

of the reagent required to rupture the brush border was

found out to be

With improved preparations it was alco possible to see the
cross bridges between the rods in the core structure [14].
One remarkable feature, however, is the persistence of
glycocalyx around the vesicies which was resistant to removal

by the disruptive forces operative during the careful processing.



Histochemical procedures: By histochemical procedures

an amino-peptidase was demonstrated by reacting it with its
chromogenic substrate L - Leucyl=4-methoxy-2-naphthyl amide
and simultaneously depositing an electron dense material

at the reaction site [15]. Histochemical method using
substrate analogues initially misled Dahlqvist and Brun [16]
to postulate cytoplasmic distribution of disaccharidases
which was proved later by Lejder [17] to be owing to a
procedural artefact wherein the labels were actually the
ingested substrate or product molecules. The latter author
devised an improved technique and demonstrated their external
localisation on the membrane [17]. Doell et al [18] used
fluorescent antibodies against lactase and sucrase and
showed that they are located on the brush border. Though
there was_éigigaht criticism about the purity of the prepa-
rations used, the use of pure enzyme preparations did not
alter their conclusions [19]. Localisation of phosphatases
can be achieved by reacting with lead which leads to a
deposition of lead at the reaction site [20]. Splitting
of 6-bromo-2-naphthyl-a-glucoside and simultaneous azo-=
coupling with hexazonium para-rosanilin helped unequivocaﬁ
localisation of maltases (sucrase-isomaltase and glucoamylase)

in the brush border. This reaction was shown to be inhibited

by maltose and sucrose but not by other ;disaccharides [21].



Analysis of cryostat sections of 1lOu thick parallel
to the surface showed that alkaline phosphatase, disacchari-
dases and dipeptidases have much higher activities in the
tip portion of the villi than in the crypts and their strong
association with the membrane was.evident from the fact that
they could be identified even in unfixed sections [22]. 1t
is noteworthy that a weak fluorescence or positive staining
is observed, depending on the technique used, even in the

terminal web portion [23].

Mosaic pattern of activities: When brush border

membrane fraction was digested with papain for 5 min almost
all of the maltase, lactase and isomaltase activities were
released and when chromatographed on Sephadex G 200, they
appeared as a single peak near the void volume. Digestion

up to 40 min released leucine-aminopeptidase but not alkaline
phosphatase [24,25]. This difference in solubilisation led
to the notion that these activities are distributed on the
brush border in a mosaic pattern. Recently, immunological stu=-
dies by Tsubou et al [26] indicate that sucrase-isomaltase,
maltase and lactase on the rat intestinal microvillus
membrane are probably arranged independently with a high

degree of molecular freedom.

Glycocalyx and enzyme'activities: Negative staining

of the brush border preparations [15] revealed 60 R diameter



particles in the glycocalyx [27,28]. When removed using
papain and subjected to different%al centrifugation the
activities were associated with fﬁé&particular fraction
rather than membrane fractions. In undigested material the
activities were associated with the membrane fraction. So
the activities were thouyght to be associated with the glyco-
calyx part, residing in the 60 X particles [28,29]. Nishi
et al [30] observed ring shaped particles (outer diameter
100 R and inner diameter 35 ®) on the glycocalyx and attri-
buted them to sucrase molecules present at high concentra-
tion. Howe§er, a later study by Gitzelmann et al [31]

using ferﬁ%in labelled sucrase antibodies showed that the
sucrase is located on the membrane-proper and removal of
glycocalyx gave rise to pronounced labelling. Benson et al
[32] observed no correlation between the removal of 60 R
particles and release of hydrolaseg activity on papain
digestion. Recently, Nishi and Takasue [33] localised
intestinal sucrase-isomaltase on the membrane by specifically
reacting it with its unlabelled antibodies and directly
viewing the antigen-antibody complex under electron micro-
scope, taking advantage of large conceniration of sucrase-
isomaltase on the membrane to give adequate electron opacity
on complexing. In patients with celiac disease, glycocalyx
is normal, but sucrase and other disaccharidase activities
are low and also there seems to be no correlation between

the evolution of surface coat and the activities, in different



animal species [23]. So at present it is not clear if

the glycocalyx is devoid of activity or not.

Distribution of glycosidases alondg the length of the

small intestine

The distribution of an enzyme along the gut and the
subsequent absorption of products arising from this enzyme
activity may be correlated. This aspect has been extensively
ctudied in hamster [34], pig [35,36] rat [37,38] chicken
[39,40] man and monkey [41], guinea pig, pigeon and rabbit
[42]. In general, the enzyme activities are maximally
present in jejunum with decreased activities in duodenum
and ileum. However, there are certain deviations. Trehalase
of pig intestine is equally actlive in both proximal jejunum
and distal ileum. In rabbit while maltase is low in duodenum
and ileum compared to jejunum, glucoamylase activity is
distributed uniformly throughout [42]. 1In the neﬁiborn human
the activities are more or less uniformly distributed [43].
In pigeon and adult human the activities are maximal in
duodenum and proximal jejunum. The maximal sites of absorp-
tion of the products of enzymic action follow rather closely
the distribution of the enzyme activities along the intestine,

suggesting the proximity of -the two systems [44].
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Isolation of the enzyme activities

Solubilisation using proteases: To understand more

about the mechanisms involved in the terminal stages of
digestion and absorption, it became essential to isolate
the enzyme activities and to study their molecular nature.
Since these are all membrane bound, the first step was to
evolve suitable methods of solubilisation. Several pro-
cedures have been tried wiih varying degrees of success,
like repeated freezing and thawing, use of bicarbonate,
acetone drying followed by aqueous extraction, n-butanol
extraction and use of enzymes. Lecithinase, lipase and
amylase were ineffective in the case of both swine [45]
and rabbit [46] and presumably so in other cases. In the

W erbrases,
case of swine, pig and rat&ﬁrypsin was found to be effective,

Arissdion-s

but it was not in the case of rabbit and human«[47]. Deoxy-
cholate was shown to be effective in solubilising more than
50#% of disaccharidase activity in swine and rabbi£:[45,46].
The solubilised invertase activity was found to be protected
against protease damage by phosphate, Tris and borate buffers,
but not by veronal. Semenza and Auricchio [48] were the
first to solubilise disaccharidases using papain for their
separation using chromatography. In 1963 Auricchio et al
[47] published a procedure to solubilise the human intesti-

nal disaccharidases using papain. While maltase, isomaltase,

invertase, lactase and cellobiase were completely solubilised,
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trehalase remained un=solubilised and lactase and cello-
biaseoSZ%;bartially inactivated. Protection against the
loss of maltase activity was provided by K' but not by Na®.
Ever since its use in solubilisation was demonstrated,
papain became the protease of choice for the purpose in
subsequent studies. With hamster, rat; rabbit, pig, monkey
and human, elastase has been shown to be as effective as

papain in solubilisation, and it was implicated in the

degradation of membrane proteins and their rapid turnover [49].

Solubilisation using detergenis: While papain solubi-

lisation was successful in the release of enzyme activities,
use of detergents as effective solubilisers was shown as
early as in 1958 [45] in the study on swine, and later in
rabbit [46]. Before the superiority of using a non-ionic
detergent (Triton X-100) was brought out in their systematic
study [50] on rat liver plasma membrane enzymes, Gitzelmann
et al [51] used Triton X-100 in iheir study on rabbit small
intestinal disaccharidases, and Eggermont and Hers [52]
demonstrated its usefulness in solubilising maltase-isomaltase
and maltase-sucrase ana glucoamylase of the human intestinal
mucosa. Maroux et al [53] used Triton X-100 for the first
time in intestinal mucosal protein purification from hog
intestinal brush border and subsequently it found its use

in rabbit [54], rat [55] and pig [56]. SDS was shown to be
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more effective than Triton-X 100 in releasing the acti-
vities even at lower concentrations. The activities were,
however, found to be less stable in SDS medium compared to
Triton-X 100 and hence the latter was preferred [57,58].
Colbean and Maroux [59] used Emulphogen BC 720 to solubilise

alkaline phosphatase.

Purification of solubilised enzyme: In most cases,

the purification of the solubilised proteins involved
different combinations of salting out, gel filtration,
preparative gel electrophoresis and ion exchange chromato-
graphy procedures. The first purification procedure for
sucrase-isomaltase [61] involved urea extraction followed
by papain solubilisation and chromatography on Sephadex

G 200 and Biogel P 300. Preparation of lactase and gluco-
amylase from baby rat small intestine by Schlegel-Hauteur
et al [62] involved chromatography on Sepharose, Sephadex
and DEAE cellulose and Kolinska and Kraml [63] employed
only Sephadex G 200 and DEAE cellulose to purify sucrase-
isomaltase and glucoamylase. Elhanol precipitation after
solubilisation was followed by DEAE cellulose, Sephadex

G 200 and preparative eleclrophoresis in the case of human
intestinal glucoamylase purification [64]. Additional
steps like heat treatment and ammonium sulfate precipita-
tion were followed in the case of lactase-phlorizin hydrolase
purification from rabbit [64] and glucoamylase from

monkey [65]. An elegant purification procedure of rabbit
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intestinal glucoamylase-meltase complex was a single
specific affinity step using Sephadex G 200 [65]. Recently &
immuneadsorbent method was used for purification O?Léig
intestinal glucoamylase-maltase complex [56]. The‘ﬁethod
of solubilisation, either using papain or Triton X-100
does not(elter the purification procedure generally. In
the case of detergent solubilised enzymes, the detergent
is ultimately removed either by butanol extraction [67]
or ice-cold acetone precipitation [54] or washing tle
affinity gels with large volumes of the detergent free
buffer before elution [68]. The purified enzymes have

been shown to be almost completely homogeneous in PAGE (and

free of any major heterogeneity)

Studies on the purified enzyme systems

Mode of attachment to the membrane: The general

belief that the enzyme activities are membrane bound came
from evidenceﬁ from different lines of investigations
detailed above. Though their external localisation was
well established by electron microscopy and the solubili-
sation studies [69,70], the exact nature of their associa-
tion remained obscure and is not completely unders tood
even today in certain cases. Solubilisation using protease

and detergent became an important tool to gain a breakthrough
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into this problem. Since the former releases the protein
presumably by virtue of its proteolytic activity and the
lattei removes the proteins as a whole, it is expected
that the two forms (referred to as detergent form and pro-
tease forms) should differ in molrecular details and this
difference will reveal the nature of the peptide called
anchor peplide which is not accessible to protease activity
because of its association wilh the membrane. The early
observation that the form of aminopeptidase released from
pig brush border by Triton X-100 is different from that
released by papain was extended to the hydrolases from
pig, rat and rabbit [71]. Among the glycosidases sucrase-
isomaltase is the best studied systemgfﬁith regard to this
problem. It has been clearly shown in the brilliant stu-
dies by Semenza and his associates [2,72,73] that it is
anchored by a hydrophobic segment which is less than 10x%
of the total protein mass of the isomaltase unit (the
sucrase unit being not involved). However, similar studies
on rat intestinal glucoamylase-maltase complex did not
reveal the presence of any such peptide [55]. In the case
of pig glucoamylase-maltase complex there is adequate
evidence for its presence but it has not been isolated and
identified [56]. This mode of attachment is not uncommon
in other classes of membrane bound enzymes like leucine
amino peptidase [74], cytochfome P 450, glycophorin, neur-

aminidase, etc., [795]. The study from such systems reveal
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certain general characteristics of the anchor peptide.

The anchor peptides are generally 20-30 amino acids long,
predoﬁinant in hydrophobic amino acids like leucine, valine
and isoleucine and arc deficienl in acidic and basic amino
acia and exhibit either a-helical- or B-pleated sheets within
the membrane [75]. Owing to the presence of this peptide
and its detergent binding ability, it is often found that
the detergent forms have higher M (about 100,000 in the
case of Triton solubilized enzymes) larger Stokes' radius
(almost a factor of 2), show charge shift in immunoelectro-
phoresis, possess affinity to hydrophobic gels and aggrégate
on removal of the solubilising detergent. Chemically, the
protease form will lack this peptide portion, and hence
show a new C= or N-terminal depending on its insertion

in the sequence,.the latter being more common among brush
border enzymes [4]. The majority of the brush border
(intestine and kidney) hydrolases seem to be different in
their mode of insertion from the other intrinsic membrane
proteins. They are attached to the membrane by their
N-terminal side while the other intrinsic proteins like
9lycophorin [76] alkaline phosphatase [59] are asso-
ciated by their C-terminal. This difference according to
Brunner et al [73] has biosynthetic implications and
explains the external localisation of the major part of

the molecule, unlike the othérs (C-terminus linked) which

are mostly buried in the membrane [64]. The two forms of



16

rat glucoamylase-maltase complex were shown to be identical
except in one behaviour, i.c. the aggregation of the aged
detergent form. However, very recently [77]*the isolation

of the detergent form of the rat enzyme with an additional (pro-
tease sensitive) peptide has been' reported. Obviously there
are diverse ways in which proteins can be bound to the

membrane and more careful studies are needed to unravel

their association with the membranes.

Characterisalion of individual enzyme system

Heterogeneity in enzyme activities: Early studies

jdentified glycosidases viz. maltase, invertase, lactase
and trehalase, phosphatase and peptidase activities asso-
ciated with the brush border preparations. Heat inacti-
vation, gel filtration and ion-exchange chromatography
employed in their isolation indicated that these were
present in multiple forms. In the case of the human, maltase
was shown to be present in as many as five forms [78],
while later studies [79] confirmed only four forms. In
many animals there are three maltases, and in rabbit and
monkey of the three forms only two are predominant [80,42].
With the characterisation of the isolated systems it became
apparent that each maltase activity is characteristically

associated with another disaccharidase or oligosaccharidase

*The paper seen in title form only
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activity. Thus, the heat labile maltase (called maltase 1)
was found associated with invertase and isomaltase activi-
ties while the heavy and heat stable maltase (maltase III
or II, depending on the animal) was found to be associated
with glucoamylase activity [57,81-84]. The existence of
two p-galactosidases (lactase activity to be more precise
in animal systems) in the intestinal mucosa, a soluble
enzyme with an acid optimum pH and a particulate enzyme
with pH optimum around 6.0 has been reported in many animal
species - rat, rabbit, cat, monkey and man [85-90] - while
purification of a third p-galactosidase with low optimum
pH was effected in human small intestine [91-92]. The
lactase activity of monkey [93] and of human was further
resolved into two fractions chromatographically. Our
knowledge at present on these different forms has increased

sufficiently and the molecular details flewings—stowly and
steadily about tirem demand consideration of each system

— —

individually here.

Sucrase-isomaltase complex: This is identifiable

with the heat labile maltase I. This is perhaps tLhe best
studied system among the glycosidases of intestinal mucosa.
Though this has been purified from various animals [51,60,
94-97] the one from rabbit has been studied extensively

with respect to its molecular and other details. This
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complex is a glycoprotein containing about 15/ by weight
of carbohydrate. Its molecular weight is 220,000 and
apparently consists of two non-identical peptides of Mr
110,000~-120,000 both having maltase activity but in addition,
one has sucrase activity and the other isomaltase activity
[98]. The two activities are separable either by mild
alkaline treatment [99],citraconylation [100] or tryptic
digestion [101]. Both have similar amino acid composition
tryptic peptides indicating high structural similarities
but, do not recombine after separation, indicating induced
structural alterations preveniing their reassembly [99].
The whole assembly is bound to the membrane by means of
an anchor peptide, the N-terminal sequence containing about
140 residues of isomaltase subunit and sucrase is non-
covalently attached to isomaltase and does not take part
in membrane association [73]. The anchor peptide was diffi-
cult to €& isolateg”and characterisgd/owing to its strong
association with the glass and plastic walls, leading to
poor recoveries. It was suggested by Brunner et al [73]

- Ak A
that its molecular weight is about 17,000 and és hetero-
geneous at the C-terminal side. The N-terminal sequence
of the detergent solubilised isomaltase subunit ﬁas a long
(in fact, the longest among the known membrane bound
systems) stretch of extremely hydrophobic sequence from
residues 12 to 31 [73]. The presence ot an anchor peptide

at the N-terminal has interesting biosynthetic implications.
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Removal of detergent (Triton X-100) from the detergent

form leads to aggregation of the form (diameter 435 R) in
which-three different assemblies of the enzyme could be
identified [102]. The individual molecule measured 155 R

in length and its axial ratio was. 4. The two subunits,
arranged lengthwise, are similar in size and shape, approxi-
mating prolate ellipsoid with major and minor axes measuring
65 R and 45 R respectively and the distance between their
centres being about 85 R and different orientations of the
subunits with respect to each olher indicated flexibility
in the linkage [102]. As is the case with many other
membrane bound enzymes [75], it has not been possible to
obtain this system in crystalline forms to subject to X-ray

analysis and study at atomic level.

The detailed steady state kinetics worked out
revealed ping-pong bi-bi mechanism for iis action on dis-
accharides. The activities are activated by Nat ions
allosterically, showing homogeneous cooperativity, either
K type or V type depending on the species. The activities
are heat labile and susceptible to proteolytic damage in
the absence of K* [103]. Each subunit has its own Na®
binding site [99]. Tris is a compctitive inhibitor for
both the activities and it was suggested that it competes
for the glucose subsite with the substrate [103]. A recent

study on the mode of action of rat intestinal sucrase-
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isomaltase on g-limit dextrin [104] revealed some very
interesting points. Isomaltose is a poor substrate for
isomaltase though it is mostly involved in the hydrolysis
of a=(1l—>6) bond. On the other hand a=limit dextrin is

a very good substrate fex—it, and-a model substangg Qgéy

6> maltotriosyl maltotriose)clearly indicated its stepwise
degradation from the non-reducing end to glucose in a
complementary manner by both sucrase and isomaltase sites.
On the basis of substrate specificity it appears that iso-
maltase is a misnomer and it should be more appropriately
called a=-dextrinase. The ability of this disaccharidase

to transport its product across the artificial lipid membrane
[105] provided an attractive hypothesis, and indicated the
possibility of such a mechanism operating in the brush
border. However, since the enzyme used in these studies
was the protease form devoid of natural membrane associated
peptide, its association with the membrane could not be
natural [4], and in fact recent data indicate that the

protease form fails to attach to the liposomal membrane [2].

The human intestinal sucrase-isomaltase complex [106],
is an elongated molecule with an axial ratio of 8, consisting
of two non-identical subunits of M_ 130,000 and 120,000 [87].
Separable by urea or guanidinium chloride in presence of

sulfydryl compounds with their activities intact [107].
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The evidence for the actual existence of 'free-sucrase!
and 'free-maltase' in human intestine, contrary to the
thinking that they could have been released by papain after
solubilisation [108], was provided by Skorbjers et al [109]

in human intestine.

Glucoamylase-maltase complex: Prompted by the work

of McGeachin and coworkers [110,111] who showed that rats

even after the removal of the pancreas and salivary glands
could digest starch normally owing to the presence of intesti-
nal glycosidases Dahlqvist and Thomson [112] purified two
intestinal amylases and showed that one had a-amylase type

of activity and the other glucoamylase type of activity.

Since then this complex was identified with both heat stable
and fast sedimenting or high molecular weight maltase II or
I1I, depending on the species [57,81-84]. This complex has
been studied fairly well in the casc of rat [55,77,113,114],
rabbit [66,115,116], human [63] and pig [56]. While human,
rabbit and pig intestinal glucoamylasc maltase complexes

have Mr 210,000, 760,000 (this repori) and 240,000 respec-
tively, the rat enzyme was shown to have a Mr ol 500,000.

The complex band pattern of rat enzyme obtained on SDS PAGE at
low pH values and high temperatures and N-terminal analysis

of these bands, suggested that the enzyme is an oligomer

of two subunits of M., 135,000 and 245,000. However, the
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evidence on the oligomer composition is not clear-cut [113].
The rabbit enzyme did not dissociate at all under any of

the usual dissociation conditions involving SDS and guanidine
hydrochloride, etc., remarkable for a very large polypeptide
[116]. 1Its behaviour during gel filtration was unusual, in
that, it eluted much earlier than expected like a molecule
of Mr »900,000 while its Mr is only 760,000 according to
approach to equilibrium method (this Thesis). This clearly
indicated a very asymmetric and elongated shape of the enzyme
[117]. The pig enzyme has two polypeptide chains of

M, 135,000 and 125,000 [56]. The two activitiiez have not
been separated EE,E}l in any of the cases, as.have been
done with sucrase-isomaltase. Detailed kinetic studies with
the rabpbit enzyme [115] suggest the piesence of multiple
substrate and inhipbitor binding sites, But, in the case of
human enzyme, the two activities seem to belong to the same
active site [63]. There is little information regarding the
number and arrangement of subunits and interactions between
the subunits. In the case of rat the detergent and protease
forms did not show any notablﬁédifferenue and seemed
identical. The detergent form on ageing showed undisso-
ciable aggregation suggesting the possipbility of a very
small hydrophopic peptide at the C-terminal side, since

the N-terminal amino acids were identical. No detergent

binding ability could be demonstrated, in the case of
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detergent form [55]. On the other hand, the detergent
form of pig-enzyme shows charge shift during immuno-
electiophoresis and elutes ahead of protease form with
difference in M, of about 100,000 expected fdﬁffriton
solubilised form indicating the possibility of an anchor
peptide involved in its membrane association [56]. But,
the isolation and characterisation of the anchor peptide
has not been attempted. With no agrecement between these
two findings, it was difficult to suggest a possible mode
of its attachment to the membrane. Very recently Lee and
Forstner [77] have reported that the detergent form could
be isolated with an intact additional peptide portion, if
the solubilisation was peiformed with protease inhibitors
and this peptide is possibly chopped off during the normal
course of solubilisation which leads to an apparent identity

of ihe two forms.

The enzyme has been studied in detail with respect
to its specificity, inhibition pattern, etc. in rabbit [116],
pig [56], human [63] and monkey [118]. Maltose, starch
and amylopectin are the best substrates for the enzyme.
Oligosaccharides are also hydrolysed. The human enzymec is
most active on maltonanose,and oligosaccharides with higher
or lower degree of polymerisation have lower activities [63].

Generally, the isomaltase aétivity is about ly% of maltase
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activity and the activity is improved if the isomaltose
unit is present in a larger molecule [56]. The enzyme
while specific for a linkage shows lack of specificity

for aglycon part, which could be either glucose or eveh a
phenyl moiety. The bonds cleaved can be either a-(1 »~ 4),
a=(1 » 3), a=(1 -~ 2) or gL(l + 6) (in the order of
activity) [115,56]. There seems to be some importance for
the anomeric hydroxyl in disaccharides hydrolysed by this
enzyme because, if it is blocked or involved in glycosidic
bond as in the case of sucrose, trehalose and maltosaccha-
rides, they are either inhibitors or poor substrates [56].
During starch hydrolysis the enzyme releases glucose
residues one by one from the non-reducing end and the only
product, identifiable is glucose though there was a faint
maltose spot observable after 45 min of hydrolysis [112].
There is contrast with regard to the action pattern of

the enzyme when compared to glucoamylase from mould. The
mould enzyme exhibits lower activity towards maltose,
compared to higher oligosaccharides [118]. On the other
hand intestinal glucoamylase exhibits maximum activity
towards maltose. Though there is a clear indication in
the detailed kinetic study by Sivakami and Radhakrishnan
[115] for the presence of multiple substrate and inhibitor
binding studies it is not clear if they are arranged 1in
the linear fashion suggested for fungal glucoamylases based

on their action pattern [118]. Some interesting aspects
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of the action pattern of the rabbit enzyme and a specu-~

lative model for the active site are given in this thesis.

Lactase-phlorizin hydrolase com mplex: This is one

of the intestinal glycosidases which has not been probed
adequately for molecular details. Since the time Malathi
and Crane [119] reported that phlorizin hydrolase activity
is distinct from the brush border lactase, the relation-
ship between the two act1v1tles in the complex has been 70/

ubJec§ﬁ¢,2ﬁ'a_l;&f5£j;iudy at the kinetic level. There
a:e evidence that both the activilies are present in the
same protein or protein complex [61,120,121] with at least
two catalytic sites. InAinfant rat the sites appear to be
independent [122] whereas in the case of human and hamster
and rabbit there appears to be an interaction [120,121,123].
However, in monkey there seems to be only one site for
both the activities [123]. An interesting feature of
this enzyme is its taxonomy and developmental pattern. In
general, both lactasc and phlorizin hydrolase activities
are relatively higher in the infant animals than in adults
and the activities can be under same or different biological
control mechanisms [38]. It is likely that there are two

separate polypeptides forming an oligoenzyme structure [122].
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There is also an acid phlorizin hydrolase activity
for the enzyme which is stimulated by linear 4 carbon
dicarboxylic acids, the most effective being L(+)-tartaric
acid and the stimulated activity can be inhibited by other
organic acids like pyruvic acid which do not have any
effect on the unstimulated enzyme [123]. A possible phy-
siological role that has been attributed to this complex
is the hydrolysis of glycosyl ceramides present in milk
[124]. This activity can be associated with either phlo-

rizin hydrolase [124] or lactase [123].

This complex does not have maltase activity and it
is specifically a B-glycosidase. It is essentially a
disaccharidase with about 1% of B-galactosidase acti-
vity. Cellobiose is also hydrolysed at a considerable

s

rate though, it does not have galactosyl moiety which
would mean that the enzyme is specific abeuth?éziglyconc
and the B linkage. Though it is not specific towards the
aglycon part, nevertheless, it détermines the rate. In
higher animals, a p—galactosidase activity does not

necessarily correspond to lactase activity as in microbial

systems.



HYDRODYNAMICS AND QUATERNARY STRUCTURE OF MACROMOLECULES

Quaternary structure of proleins; a bird's-eye view

Many proteins whose M is greater than about 60,000
have more than one polypeptide chain either identical or
non-identical [125]. Larger proteins with subunit structure
exhibit a quaternary structure which adds versatility to
their action as compared to single polypeptides of the same
size [126] and it also serves to minimise to a great extent,
the errors that might creep in during their biosynthesis
especially at transcriptional level [127]. The advantages
of proteins with a quaternary structure can be appreciated
better especially when viewed from the point of their func-
tions. These functions vary widely and ilhe proteins with
quaternary structure are well adapted to suit the function.
This class of proteins gg;é%?%:—of structural proteins like
collagen and many key enzymes in metabolic pathways, often
consisting of multienzyme systems. Large protein assemblies

like ribosome owe their function to the quaternary structure[l26].

Within the structure the individual polypeptides are
arsociated ina specific manner even if the linkages are not

covalent. The forces involved may be SO weak that the
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complex could be reversibly dissociated even to the monomers
level simply by dilution [128], or binding of a monovalent
cation [129] or anion [130] or cofactors [131] or substrates
[132]. This reversible association and dissociation play

an important role in the function-of these proteins. On

the other hand, many of these proteins possess highly asso-
ciated polypeptides which cannot be dissociated easily but,
with detergents like SDS or denaturants like urea and gua-
nidinium chloride [133-135]. 1In others especially the
structural proteins the polypeptide chains may be covalently

linked.

Over the years, by an analysis of the quaternary
structures with respect to the number and nature of poly-
peptide chains and the geometry of iheir ensemble, certain
general features have emerged [136]. A large proportion
of these proteins are made of an even number of identical
polypeptides and are arranged to generate a close set of
geometries, symmetrical around a central point. Recently,
however, it has become apparent that some proteins with
asymmetrically arranged subunits can exist and even in a

crystalline form [137].

A study of quaternary structurc involves various
aspects [137], which include: (a) identification of the

nature and number of polypeptide chains, which is easily
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performed by dissociating the complex either with SDS,

urea or guanidine HCl inﬁpresence or absence of sulfydryl
compodnds and subsequent estimation of the size by electro-
phoresis, gel filtration, analytical ultracentrifugation or
less commonly, using hybridisation technique [138]; (b)
establishing the geometry of the ensemble which in the case
of crystallisable complexes involves low-resolution X-ray
diffraction studies and in the case of non-crystallisable
ones, a small angle X-ray scattering technique or high
resoluiion transmission clectron microscopy aided by image
reconstitution techniques and hydrodynamic studies along
wilh iheories of various model systems; (c) a study of sub-
unit interactions which cun be accomplished only for ciys-
tallisable complexes by high resolution X-ray diffraction

techniques, the best example being haemoglobin.

A siructural complexity that is seen in some proteins
with quaternary structure is the presence of a functional
unit or 'protomer' which is not easily dissociated further
into polypeptide chains but which combines in a particular

geometrical pattern to give risc to the final complex [136].

Methods available for noncrystallisable proleins to study

their quaternary structure

The subunit arrangement and their interactions have

not been well investigated for many of the membrane bound
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proleins, mainly because( they could not be isolated as
crystals suitable for X-ray studies [75]. One advantage
especially in the case of intestinal disaccharidases, is
that they are large enough (Mr > 200,000) to be investi-
gated using high resolution electiron microscopy, which ena-
bles an ecvaluation of structural details at about 20 &
resolution. This will definitely allow one to predict the
plausible arrangement of subunits, especially using image
reconstitution studies[139]. Proteins less than about

M. 100,000, are difficult to be analysed for subunit de-
tails by eleclromicroscopy. In such cases their behaviour
in solution is a useful aid to make prediction about their
shape and if the number of subunits ;;e known from other
physicochemical or chemical methods, it is felatively easy
to predict their actual arrangement, thanks to the rapid
development in theoretical models for hydrodynamic particles
[140]. The combination of solution studies with electron
microscopy has many advantages. Primarily it is a useful
cross—-check for the structure derived from the electronmicro-
scopic images, and if the structure from electron microscopic
studies is well founded, then it helps to see 1if the pre=
dicted behaviour of hydrodynamic model is in keeping with
the true behaviour of the molecule. Additional information
like molecular weight, water of hydration etc. can be

obtained from solution study.
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Since we have used such an approach and since its
development especially on the prediction of actual structure
from experimental measurement is of recent origin and has
not been fully exploited, (except to make some comments on
axial ratio) it is proposed to review the recent knowledge

on the subject and highlight the potentiality of the approach.

Hydrodynamic studies-theoretical principles of various model

systems:

This study is pertaining to the motion of the macro-
molecule or any other hydrodynamic unit, in solution and
the methods involve physical measurements of such a motion.
Since the methodology is of old ogpigin and well studied and
great details are covered in many excellent reviews and text
book chapters [141 - 153], only the information obtainable
on shape and assembly of subunits in a complex from hydro-

dynamic study, pertaining to Atte recent developmenE'will be

covered here.

Shape factors: There are two important shape factors,

f and V. The former (f), called frictional coefficient, is
obtained from both sedimentation coefficient and diffusion

coefficient measurements, by the relations



32

The latter (v), called viscosity increment is obtained from

intrinsic viscosity by the relation.

[T]] = Vh\’

In the case of spherical molecules f is related to the size

of the sphere by Stokes' equation.

f = 61[1]16s

and analogous equations for prolate ellipsoid, oblate

ellipsoid and long rod, in terms of their axial ratio and

size are complicated [152].

Theory of equivalent ellipsoids: Perrin employed a

quantity called frictional-ratio, that is the ratio between
f and fo’ which is the frictional coefficient of an equiva-
lent sphere of radius ag and volume, V_. Now f/f0 is inde-
pendent of the size of the particle and is a function of

axial ratio only [154].

v, on the other hand,is a function of axial ratio

only and appropriate expressions in terms of axial ratio have

been worked out by Simha [155,156].
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Aciually, E?ictional ratio and viscosity increment
are functions of not only sheape but also the hycration of the
hydrodynamic particle. Hence 1t 1s not possible to weigh the
relative contributions from the measurement of one of them.
As an alternative,Oncley et al [156] suggested that either
a typical value of water of hydration (0.25 g/g of protein)
is assumed and the axial ratio is read from a contour of
axial ratio vs frictional ratio or viscosity increment for
different hydration values; or, the hydrated volume Vh is
replaced by partial specific volume V so that [n]=vv, which
straight away yieldsy and hence the axial ratio. Yet another
way of interpreting the data would be to assume either no
hydration or sphericity and express dimensions corresponding
to maximum asymmetry or maximal hydration respectively.
Sheraga and Mandlkern, [158] strongly objected to such
arbitrary assumptions and pointed out that these assumptions
are unwarranted if one combined two different hydrodynamic
parameters and solved two simultaneous equations, to obtain
both asymmetry and hydration factor. They introduced a fac-

tor called B given by the relation

1/3 .1/3
nolnl? M/

- [ f is obtained either from s° or D°]

—
—

B is a function only of axial ratio and has a characteristic

value of 2.25x106 for spheres, random coils and oblate ellip-
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soids, and in the case of prolate ellipsoids it increases
rather insensitively in relation to their axial ratios.
Owing to this insensitivity, it requires very accurate data
for its evaluation and hence is unsuitlable for the purpose .
However, this insensitivity was used with advantage in com-
puting molecular weight from viscosity and transport data.
Holtzer and Lowey [159] pointed out that even ihis estimate
could be subject to error if the irue molecular shape is
not the same as the assumed ellipsoid. So, al present the
use of B is restricted to finding out if the hydrodynamic
particle is a prolate ellipsoid or an oblate ellipsoid.
There are other criticisms questioning the wisdom_dar combin-
ing two different experimental quantities [146,147] since,
the shape assumed could be different in these mecasurements,

especially for flexible molecules.

A close approximation to Lhe equivalunt ellipsoid is

a cylinder of the same length and volume as the ellipsoid [160];

V, = 4/3 na’b = 1 reL

String of beads (Kuhn®s model), Hydrodynamic behaviour

of approximate representation of a rod ac a siring of beads
of radius 'r' with surfaces scparated by distance equal to

the bead diameter was theoretically worked out by Kuhn [161]

and the following relations were derived:
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3
T]Sp = 1'(/48 GS and D = KT/(31;/2)1]° S

where "sp is the specific viscosity, G is the number of
particles/ml, S is the length of the model. Volume of the

model is given by:
V = mA)(ds)

where d is the diameter of a bead and the number of beads in

the model is S/2d.

This model was used by Shulman [162] to derive the
shape of fibrinogen molecule from its sedimentation and

viscosity data. He used the relations:

v = ;-‘--(s/n)2

£/f (/24273

0

and showed some agreement between its electron microscopic
appearance and shape derived using v, but not f/fo. However,
there was uniformly lack of agreement between the shapes

derived from v and f/fo using other model systems.

String~-of-beads(Kirkwood's model):Kuhn's model did not

achieve much popularity, but it lent support to the view

that [n] is proportional to the first power of molecular
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weight. A glaring omission that led to the failure in pre-
dicting correct molecular weight, especially of large mole-
cules was the hydrodynamic interactions between the monomers/
subunits in a chain. It is obvious that in large molecules
the interior elements will be hydrodynamically shielded and
their effect on the motion of the molccule will be insigni-
ficant. The theories developed later took into account this
interaction. Debye and Brinkman [163] described a molecular
model consisting of a sphere containing a uniformly distri-
buted system of resisting points equal in number to the
number of monomer units and obtained an agreement with the

experimental observation. In the relation

[n] = kMa, 1a' decreases from 1.0 to 0.5 as

the molecular weight increases. A popular model, based on
V - 3 -
theories,/ which took into account hydrodynamic interactions

between units, was developed by Kirkwood [164]. This is a
more accurate version of Debye's model. Kirkwood treated

the rod like particles as a slring of spherical beads,

aligned in a row, with beads touching each other and their

centres separated by a distance equal to the diameter of a

bead. The sedimentation coefficient and intrinsic viscosity

of such a geometry is?
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s° = [ ¢ (1-Vp_)d? 1n J]/18n

and [n] = (24 J%)/(9000.p.1n J)

where'P is the density of the particle, J is its axial ratio

and d is the diameter of each becad.

String-of-beads ys equivalent ellipsoid: Holtzer and Lowey

[159]) obtained the P value from these expressions for this
model and made a comparison with the B values obtained from a
similar expression for ellipsoidal model. They indicated

that B value obtained would depend on the model chosen and
hence would affect the calculated Mr' They traced the origin
of this difference to the frictional coefficient of the models.
A rigid string of spherical beads ofter a significantly
greater frictional resistance to translation than a similar
ellipsoid. The molecular weights obtained from g values

based on Kirkwood's model for some long chain molecules like
light meromyosin, paramyosin and collagen were in good agree-
ment with their absolute Mr’ unlike the values based on B from
equivalent ellipsoidal model. However heavy myosin did not
show a good correlation with Kirkwood!s model, but agrecement

was good with the ellipsoid.

Holtzer and Lowey [165] had previously applied Kirkwood's
model to myosin molecule and obtained its dimensions, which

were close to the ones obtained from light scattering experiments.
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s° = [ » (1-¥p_)d? 1n 31/18n,

and [n] = (24 32)/(9000.0.1n J)

where'P'is the density of the particle, J is its axial ratio

and d is the diameter of each bead.

String-of-beads vs equivalent ellipsoid: Holtzer and Lowey

[159] obtained the B value from these expressions for this
model and made a comparison with the B values obtained from a
similar expression for ellipsoidal model. They indicated
that B value obtained would depend on the model chosen and
hence would affect the calculated Mr' They traced the origin
of this difference to the frictional coefficient of the models.
A rigid string of spherical beads offer a significantly
greater frictional resistance to translation than a similar
ellipsoid. The molecular weights obtained from g values

based on Kirkwood's model for some long chain molecules like
light meromyosin, paramyosin and collagen were in good agree-
ment with their absolute M., unlike the values based on B from
equivalent ellipsoidal model. However heavy myosin did not
show a good correlation with Kirkwood!s model, but agreement

was good with the ellipsoid.

Holtzer and Lowey [165] had previously applied Kirkwood's
model to myosin molecule and obtained its dimensions, which

were close to the ones obtained from light scattering experiments.
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The relationships used were
[s] = [(1-¥ »,)d°/18.¥.n,] 1n(6MV/Nnd®)
- 2
[n] = 24 Vv J° /9000.1nJ

°s and 0 = density and viscosity of solvent. d = mol.

diameter J = axial ratio and v = (Nnd?L)/6M

Stern [166], made a comparative study between equi-
valent ellipsoid theory and Kirkwood's model. From the

expression for [n] and [S] in both the model systems, he

obtained
2 6750 n [n]ls] . _
Lgg = -~ (for axial ratios > 20)
(1-v o)
1800[n]lsIn
ﬁ; = ——© (for all axial ratios)
CE(l"V Do)
. o EE
E 4/3
JE
Fg = £,/F

the subscript SB and E respectively mean string-of-beads

and equivalent ellipsoid model.
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Values of €. and J; have been tabulated [166]. For the
estimqtion of .lengths of a macromolecule, while in the case
of ellipsoidal model one should have a prior knowledge of
axial ratio, no such requirement is necessary in the case
of SB model. Stern [166] also_concluded that the spherical
bead model gave valid estimates of Mr for rigid helical
macromolecules of high axial ratio. According to him from
the deviation of the length measured using light scattering
and the one calculated using either string-of-bead model or

ellipsoid model one can pick up the correct model.

One valid reason for the lack of a sensitive varia-

tion or B with respect to axial ratio, could be that relative
3
weighté§§ for [n] is poor, being anv'in the expression of B.
In fact [n] is the more sensitive parameter of shape than
frictional ratio. Stern's expression for L gives an equal
and.[- .

Weightﬁab for [n] and hence could be used with a better

reliability and confidence.

Once-broken-rod, a model for denatured states: Since

the rigid rod and random coil models were suited for native

and completely denatured states, the model of once broken

rod was treated by Hyuk Yu and Stockmayer [167] to include

the case of partially denatured macromolecules (like DNA).

The contribution to changes in hydrodynamic parameters by

such flexibilities at or near either end of a rod is
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insignificant. For the model chosen, i.e. centrally placed
break, it was predicted that [n] would be 15% lower than

the native behaviour and this was actually seen in the
behaviour oi poly-y-benzyl-L-glu polymer chains linked by

a flexible bifunctional initiator.trimethylene diamine [168].
In the case of chains with flexible joints away from the

centre and with segment lengths Lf and L(1-f), the following

relationship holds
[n] once broken/[n] rigid = 1-0.60f(1-f)

It was pointed out by Zwanzig [169] that a defect
in Kiikwood's theory led to inaccurate results in some
cases;{like the correct D for a rigid circular ring molecule
is actually 11/12 of that predicted by theory. But, correct
values will bé:gpt for long rigid rods. Hearst and Stock-
mayer [170-173] studied in detail the hydrodynamic behaviour
of cylindrically symmetrical models with rigidity inter-
mediate between flexible coil and rigid rod or ellipsoid.

Hydrodynamics of all shapes (shell model): In all

the macromolecular shapes have

<

ew restricted classes like spheres,

the cases discussed above,

been modeled into a f

ellipsoids (prolate or oblate), cylinders, rigid string of

. S
spherical beads. But, the actual shape of macromolecules
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are so0 varied, from linear to subunits arranged in strict
regular geometrical patterns with spherical, cubical, di=-and
polyhedral symmetries. To account for the hydrodynamic
behaviour of these and to predict the actual shape the
first attempt was made by Bloomfield et al [174]. Confirming
the validity of Kirkwood theory they modified Kirkwood's
model to consider even subunits of different sizes. They
proposed a shell model, according to which a large number

of small and identical spheres (subunits) are arranged to
outline the overall particle shape. For a structure composed
of identical subunits of effective radius Ty arranged in
a rigid geometrical array with a uniform spacing r, the

frictional coefficient is given by
£ =n [/t )r,/r) o(n)]™

where ¢ and are frictional coefficients of individual
subunits and that of equivalent sphere, o(n) is a geometrical
factor determined by the arrangement of subunits. This

model was applied to macromolecules of known size and shape
prk .
}jke‘haemocyanin, phycocyanin, fibrinogen, slow form of T,

bacteriophage, tobacco mosaic virus (IMV), fast form of T,

and A ghosts [175]. There was an texcellent' agreement in

the case of haemocyanin and 'good' agreement in the case

of phycocyanin, TMV, fast form of Ty and A ghosts. However,
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a good agreement was not seen in the case of fibrinogen,

slow form of T, and bacterio phage.

Hydrodynamics of all shapes (Subunit model) : In a

series of articles, Jose Garcia de:- la Torre and Bloomfield,
[176-179] reported their study using another model system
called subunit model, in which the particles are built up
by using a definite number of spherical subunits having
different sizes. Kirkwood's theory was actually based on
the formulations of hydrodynamics developed by Oseen and
Burgers [180]. According to them the subunits were regarded
as point sources of friction regardless of the shape, while
it is true that the hydrodynamic forces are distributed on
the subunit surfaces. Rectification of this and other flaws
[181-183] in the original theory led to an improved hydro-
dynamic theory. In some cases even negative diffusion co-
efficients were predicted owing to the strength of hydro-
dynamic interactions of these point sources. , Using the
it b lainon of
improved theory, it was shzﬁf that theﬂbead model of a rod

like molecule behaved—ip—its—transport—behawlour intermediate

between an ellipsoid and a cylinder.

KT _ _
D =(3ﬁﬁ;f) [ InL/a +y ),y = 3/8 and L = na
L = length
a = diameter of a bead

n = number of beads
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They [179] reported a simple and improved version
of a theory to calculate [n] and published tables contain-
ing frictional coefficients and intrinsic viscosity values
for a number of common structures usually assumed by macro-
molecules and their assemblies. Application to hemierythrin
amiaspartate—transcarbamylase and once-broken-rod clearly
demonstrates not only their usefulness but also their poten-
tiality to predict the correct hydrodynamic behaviour of
the molecules. They also stress the importance of combining
two hydrodynamic quantities, translational and viscosity
parameters to get g values. Such B values for various

structures have been tabulated.

Hydrodynamics of all shapes (Improved subunit model):

While their predictions were in good agreement with experi-
mental values for structures with sizable axial ratios,
error was unavoidable in the case of prolate ellipsoids
with short axial ratios [184]. This problem mfwfn'é:to
the considerable concentration of the frictional resistaﬁce
in the central bead which occupies a large fraction of the
volume of the particle. 12%? in order to improve upon the
results it was necessary to move the frictional elements

to the surface of each sphere with an array of smaller

spheres, replacing larger ones. But Fthis inevitably

increases the computation ana hLence computer time [184].
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Bernal and Garcia [185] made use of the point just
mentiqned and worked out the improved values for various
geometrical shapes (to save the computer time, subunits
have been replaced by only a few (5-8) small spheres). They
have tabulated both f and [n] for.various shapes of macro-

molecules [185].

Frictional coefficient and geometry of oligomers:

A recent review [186] gn this aspect gives an excellent
guideline to arrive at the geometry of an oligomeric pro-
tein from its frictional property. Taking into account the
rugosity of proteins, arising from the processes on its
surface and assuming that the subunits in an oligomeric
proteins are hydrodynamically independent, a useful relation-
ship (given below) connecting the sedimentation coefficient

and geometry of an oligomer was arrived at.

_1/3
>nY 0.01 M2/31=
(1-veo) ~ °° *n

E. = nl/%S/fn)

n

where §,, fn, M, V and F  are respectively the sedimentation
coefficient (in water at 20°C) frictional coefficient, mole-
cular weight, partial specific volume and geometric factor

of an oligomer. ¢ and n are respectively the frictional
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coefficient and number of subunits. Fn for various possible
r\

geometries up to a tetramer have been tabulated and the
possible geometry can also be read from the graph provided

[186].

Fn can also be approximateiy calculated for any

geometry using the following relation derived from Kirkwood's

formulation [186]

n
Fn = D—QQl + % >
i=1l j=1

i#]

rij is the distance between subunits of equal size anad

-1
rij)

M3

radius 'a'. The correlation between Fn values arrived at
by these two different methods for various proteins with

known quaternary structure was found to be good.

Using the shell model with spherical beads of l.4 R radius
and Kirkwood's formulation Teller et Ql [186] found out that

the correct frictional coefficients are calculable only when
hydration of charged residues is taken into account. Accor-
ding to them the frictional properties are dependent on
overall dimensions, rugositly of the surface and hydration

at charged residues on the surface.

gurface area of proteins: The empirical relationship

d sedimentation properties of mono-

connecting surface area an
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meric proteins is given by

st/ (1-3p) = KA_

Where A, is the accessible surface area in 3? and
k = 8.940.7 10-4 S.Cm/g/g%.From this relation one can
calculate the accessible area of a protein and for a number
of proteins this has been found to be a simple function of M
and appears to be an invariant property of protein folding

[188]. The log AS Vs log M is linear with a slope of 0.70

and A, = 11.1 x /3

For a spherical molecule it can be shown that

Ay = 5.6 x M3

The experimental value is almosti twice ikad—of the
calculatedv;;dléhis—ie~owing to the fact that folded proteins
have nearly twice the area of the sphere of same mass and
density. Presence of crevices seems to have negligible effect
on As. It is to be appreciated that hydrodynamics offers a
simple and straightﬂjorward method to arrive at the shape
and geometry of an oligomer especially after the advent of
modifications in older theor;es and its intelligent appli-

cations to predict the hydrodynamic behaviour of all possible

shapes known in biological systemS. The Job is simplified to
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the extent that one should measure rather accurately either
frictipnal coefficient or intrinsic viscosity of an oligomer,
whose subunit-stoichiometry is known, and compare the values
given for various geometries in reference [185] and choose
the best fit, or calculate ithe geometrical factor from,ﬁl
frictional coef[ficient and know the best fitiing geometry
from Lhe table or graph proviaed iﬁgreterence[186]. If

the probable geometry is available by other direcl methods
like electron microscopy or small angle X-ray scattering,

one can cross check if the probable yeometry is true hydro-

dynamically alsoc.

QUATERNARY STRUCTURE AND ELECTRON MICROSCOPY

Negative stain techniques

fhe high resolution technique using negative staining
is an alternative to X-ray analysis, in the case of proteins
fﬁﬁzh’cannot be crystallisea to suit X-ray work. In the
past few decades this area of eleciron microscopy has shown

considerable development in specimen preparation for high

resolution work and in image reprocessing iecnnique. The
recent image reprocessing techniques enable one to obcain
the original threqadimensional picture of the macromolecule

from its twd&@imensional image, a task renderead difficult

due to the large depth of focus in E.M. Since there are
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some excellent reviews [139,190] and illustrative examples
[191,192] in Lhe literature, only some aspects relevant to

the work reporied in this Thesis will be summarised below,

Conventional methods: IL was accldentally found by

Farrent [193] that certain molecules were in negative contrast
in his microgyraphs obtained after po§itive staining. Similar
observation was made by Hall [194], while studying positively
stained virus particles. Its routine use and superior
quality of the pictures were brought out by Brenner and
Horne [195]. One of the advantages of this slaining method
is that when protein molecules arc dried within the matrix

of negative stain, surface tlension forces are dissipated
againséagtain bed surface, minimising distortion of the
ultra—sgructure of the specimen. In the conventional nega=-
tive staining techniques the proleins along with a suitable
negative stain are placed on a supporl film, prepared either
of plastic or carbon on a copper grid. When the stain dries
gut, the specimen is subjectled to electronmicroscopic in=-
vestigation. T[hough the procedure looks very simple and
straigh&:forward, one should bear in mindfrzhe artefactsib/
which might arise owing to either improper stain ancd support
film interactions or nonuniform layering of stain, or forma-

tion of stain microcrystals which interfere wilh the quality

of?image and its interpretation [196]. Better negative
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LoskerH

stains do not usually possess this eyil and yive a very
thin film on the surface of the membrane. The membrane is
thought to ke a 'necessary evil! [196] because it limits

the resolution and is a candidate for arteflacls, while
providing mechanical strength lo tpe specimen. Though
Lhere are several compounds of heavy elements like tungsten,
uranium, molybdenum, etc., available, phospho=-tungstic acid
and uranyl acetate are the two most popular negative stains,
the latter is preferred for high resolution work owing to
its smaller size compared to PTA.

Awrr”L“

Techniques without support membranes: A hint to do

away with the necessary evil was oblained from the early
work of Hexley and Zubay [197], when they found better clarity
and qualily of pictures obtained from areas not covered by
support film. In other words, the molecules in holes{rbf
otherwise uniform membrane gave rise 10 superior images.

It is remarkable that these films formed across the holes
are resistant to washing from one side. Though holey carbon
and plastic membranes became a fashion, there was not any
major attempt to remove the membrane completely, until
Malech and Albert [198] reporled a yery novel method{rih
which thoroughly cleaned grids of 400 or 500 mesh were
floated on a mixture containing l% PTA (final) pH 73,

10 pg/ml . bacitracin and the opecimen. After a brief
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wash, the dried grids were examined under E.M. The

protein=-stain-bacitracin combination seems to be essential
for the formation of stable films under the electron beam.
This method was shown to be useful for molecules in the Mr

range of 10°-1¢°

because smaller and larger molecules cross-
ing this range did not yield stable membranes. The limages
were claimed to be superior and artefact free. Apart from
other claims the simplicity of the method and the ability

of the proteins to make stable films did 1;;£é-%r%ait-%o

the method and questionad the inevitability of ilhe support
{ilm. We were prompted by this observation and recently
found out that our protein/fdlling in the slze range re-

commended, had the ability to foim stable films with uranyl

acetate stain (2/,pH 4.0). (See page 70).

Sandwich lechniques: Another major variation in the

negative slaining technique, was introduced by Lake e¢tal [199]. The
carbon film was tloated on the enzyme solution followed by

1ts floating on the stain solution. Later it was lifted

with the grids. Lake et gi[l99] found that the molecules

in arcas where the carbon support film had folded on itself

gave superior quality pilctures and thus developed a double

layer carbon technique as a modification of the single

carbon layer Lechnique [200]. A review of this method and

its use in immuno electronmicroscopy work-has been published

[200a]%
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Image reconstitution: The difficulty in interpreling the
images formed as two dimensional projections'of the three
dimensional objects is to an extent rendered casy by the
presence of a population of molecules oriented in different
ways. With an intelligent guesswork one can identify with
relative ease the gross geometrical pattern of the subunit
arrangement, from these different orientations, owing to the
presence of symmetry axes in ithe design of the macromolecules.
A useful technique which may {further aid this process is
photographing the molecules normal to ihe beam and at an
angle slightly tilted to the normal. This gives a stereo
scopic pair of images of the molecule and comparison of re-
lated views reveals the gross three dimensional appearance
of Lhe molecule. There are image reconstitution methods
available to envision the original structure which led to

the particular image[139, 190].
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MATERIALS

chemicals: The chemicals and malerials commercially

obtained are grouped together wiilh the supplier's name in
parenthesis. All chemicals not listed were of ihe analy-

tical or the best available grade.

Sepharose 4B-200 (40-150p), Octyl - Sepharose CL-4B, Phenyl-
Sepharose CL-4B, Sephadex G200 (40-120p) and blue dextran

(Pharmacia Fine Chemicals, Uppsala, Sweden) .

Dowex-50 (50x8, 200-400 mesh) H' form, Dowex-1 (1x4, 100-

200 mesh) Cl1~ form, Papain (2xcrystallised), 9lucose oxidase,
horse radish peroxidase, o-dianisidine, irypsin (TPCK treated),
carboxy peptlidase A, acrylamide, bis-acrylamide, TEMED,
riboflavin, TRIS buffer, bovine serum albumin (crystalline),
guanidinium chloride, sodium dodecyl sulfate (recrystallised
from methanol), dansyl chloride, dansyl amino acids, dipep-
tides, tripeptides, N-etihyl morpholine, p-mercaptoethanol,
p-hydroxy mercuribenzoate, p—nitrophenyl-a—glucoside,
glucono-§~lactone, phenyl-a~glucoside, amylose, amylopectin,

Coomassie blueR 250, CoomaSsie blue G250 (Sigma Chemical

Company, MO, U.S.A).
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Triton-X100, enzyme grade sucrose ana urea (Eastman Kodak
Company, Rochester, New York, U.S.A); soluble starch (E Merck,
Darmstadt, W. Germany); Freund's completc adjuvant (Difco
Laboratories, Detroit, Michigan, U.S.A); Azocoll (Calbiochem,

Los Ang les, California, U.S.A).

Micropolyamide sheets, 15 cm x 15 cm, coaled on both sides
without bonding agent (Schlelcher and Schull, D-3354, Dassel,

W. Germany).

Polyamide powder was a gift from Dr. Keshav Datye, U.K. and
p-limit dextrin from Dr. R.P. Sharma, University of Hyderabad,
Hyderabad, India; bacitracin was a gift from Prof.L,K. Rama-

- chandran, Osmania University, Hyderabad.

Instruments

Beckman Model E analytical ullracentrifuge equipped with
Schlieren Optics, RTC unil and electronically controlled
speed regulation was used for sedimentation velocily, sedi-
mentation equilibrium and diffusion experimenis. The plates

read on a microcomparator (Gaertner Scientific Corporation,

Chicago, ILL.U.S.A).

Viscosity was measured using Ubbelhode scmi-micro type

viscometer.
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Automatic amino acid analysers used were: Bechman model

116C, Kontron and LKB (alpha plus).

Isoelectric focusing was performed in an LKB Multiphor

unit Model 2117 fitted with a cooling system.

Gilford spectrophotometer-250 (Gilford Instruments LAB, U.S.A)
fitted with thermo programmer and Shimatzu spectrophoto-

meters (Japan) were used to record the absorption spectra.

Fluorence spectra was recorded on Fluorescence spectro-

photometer (Hitachi, Japan).

Mineralight UV SL.25(Ultraviolet producis, U.S.A), was usecd
as a source of both long and short wave UV to view the

fluorescent dansyl derivatives on TLC.
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PURIFICATION PROCEDURE FOR THE PROTEASE AND
DETERGENT FORMS OF THE ENZYME

Preparation of particulate fraction:

The procedure was essentially according to Sivakami
and Radhakrishnan [66] with slight modifications. Rabbits,
about forty in number per batch, were sacrificed by decapi=-
tation. The intestines were removed,washed thoroughly with
ice—=cold isotonic solution of KCl (1l.15% w/v), cut open length
wise and the mucosa was scraped with a microscope slide by
running it over the mucosal surface gently under ice-cold
condition. The scraped mucosa was weighed, suspended in
su{iicient volume of cold (4°C) potassium phosphate buffer
(0.OL M, pH 7.0) and homogenised using either a Waring
blender worked at top speed for 5 sec, Or a mechanical
grinder coﬁsisting oi a motor drive, a glass grinding chamber
of volume, 30 ml, and a teflon pestle, to give a 20% (w/v)
homogenate. The homogenate was centrifuged at 20,000 g for
\50 min and the resulting pelleil was resuspended in half the
original volume‘yifﬁ cold potassium phosphale buffer (0.01 M
pH 7.0; hereafter reﬁ?féd to as K-phosphate buffer), using

The resuspended pellet was divided into
- /‘..-:,._r-

two approximately equal parts. One part was -su }

a tissue-grinder.
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gsolubitisation with papain and ilhe other was treated with
Triton-X1C0, a neutral detergent.

Puriticalion of the papain form of the cnzyme

The first resuspended pellet fraction was adjusted to
a final protein concentration of 10 mg/ml with K-phosphate
bufter, and papain and g-mercaptocthanol were added to a
final concentratiun of O.b mg/ml and 0.0l M respectively
and incubated at 37°% for 90 min with continuous stirring.
AL the end of Lhis period, the proteolytic activity was
arrested with iodoacetamide (0.0l M, final) and the suspen-
cion was centrifuged at 100,000 g for 1 hour. The super-
natani fraction was passed through a Sephadex G=-200 column,
previously equilibrated with K-phosphate buffer in the cold
100m. The Led volume of the gel was calculated on the basis
of a predelermined ratio; 10 units of enzyme per 1 ml bed
volume of gcl, [66]s The flow rate was maintained al 20 ml/hour
Af ler Lhe collection of the break through fraciion, the
column was washed with 25 bed volumes of K=-phosphate buffer.

The column was brougnt to rooum temperature and the bounde=

—

enzyme was subjected—to—substrate elution with O.1 M maltose

dissolved in K=phosphate buffer. The eluted enzyme collected
in three single bed-volume fractlons was dialysed in the

cold room againsl double glass distilled water to remove
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maltose. Pilot experiments had shown that substrate elution
of the enzyme at room temperature was superior to elution

in the cold room in terms of recovery.

Purification of the Triton form of the enzyme

The second resuspended pellet fraction was adjusted
to a final protein concentration of 5 mg/ml with K-phosphate
buffer and Triton-X100, final concentration of 0.5y (v/v)
containing NaCl 0.0l mM, final. Al the end of 90 min at
4°C, the suspension was centrifuged at 100,000 g for 1 hr.
The supernatant fraction was mixed with Sephadex G-200
beads previously equilibrated with the buffer containing
0.5% (v/v) Triton-X100 NaCl, 0.01 mM. The amount of the
gel, as in the previous experimenti, was calculated on the
basis of L ml/10 units of enzyme. The mixiure was kept at
4°c, with frequent manual shaking, for about 24 hours (also
see page 90). Then thc gel was allowed to settle and the
supernatant was decanted. The settled gel was washed lhrice
with the equilibration buffer, cach Lime using twice the
bed volume. The washed gel was packed into a column and
further washed with 25 bed volumes of 0.0l M K-phosphate
buffer, pH 7.0, at a flow rate of 20 ml/hour. The bound
enzyme, after bringing the column to room temperature, was

cluted with 0.1 M maltosc contained in the wash buffer,
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free of Triton-X100. Single bed volume fractions were
collected and dialysed against double-distilled water to

remove maltose.

In both the cases, the fragtions containing enzyme
activity were combined and concentrated by freeze drying
to a final concentration of about 10 mg/ml and once again

thoroughly dialysed against the K-phosphate buffer.

PHYSICAL METHODS

Gel filtration

Sepharose-4B was packed into a 300 ml column, taking
necessary precautions recommended by the manufacturer and
equilibrated with a single bed volume of 0.01 M K-phosphate
buffer, pH 7.0, containing 0.1 M NaCl. The enzyme sample
(3.0 ml; 1 mg/ml protein) was loaded carefully on top of
ihe gel and eluted with the equlilibrating buffer at a flow
rate of 6 ml/hr. Fractions (3.0 ml) were collected using
an automatic fraction collector. Packing was done at room
temperature and the other operations were done in the cold
room at 4°C. The enzyme was detected by assay and the

fractions containing activily were pooled and preserved.
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Gel electrophoresis

Non-denaturing type (Davis[201])

Gel composition: Stacking gel, 3.3% acrylamide; acrylamide:
bis—-acrylamide 40:1; stacking gel.buffer, Tris-HCl, pH 6.9;
running gel buffer, Tris-HCl, pH 8.3; gel electrophoresis
buffer; boric acidggggpx, pH 8.3; Sample: the two forms of
the enzyme -~ native, heat treated, papain, trypsin, and
chymotrypsin treated; in each case 50 pg enzyme was used
if the staining was Coomassie Blue R250 or 5 ug if it was

silver staining.

Run condition: 4 mA/tube for cylinder (constant current)

and 50 mA in the case of slab. Run usually was stopped

when bromophenol blue reached just one cm above the bottom.

Staining: for cylindrical gels - Coomassie blue R250 (see

page 62) and for slab gels - silver staining was according

to Sammans [202].

Denaturing type-SDS PAGE (Weber and Osborn [203]):
Gel composition: running gel, 5% acrylamide and 0.135% bis-

acrylamide; running gel buffer, 0.1 M sodium phosphate
buffer, pH 7.2 containing 0.1% SDS. Gel electrophoresis
buffer: O.1 M sodium phosphate buffer, pH 7.2 containing

N 1./ QNS .
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Sample: The enzyme (50 pg) was treated with 1y SDS under
a variety of conditions such as heating at 100°C for 2,5,
10,20 and 30 min in the presence of 1% SDS; guanidine
hydrochloride (6 M) treated enzyme was heated with 1% SDS
up to 15 min 100°C, after completely removing guanidine

hydrochloride by dialysis.

Run condition: Allowed to run at 8 mA/tube (in the case of
cylindrical gels and 50 mA in the case of slab) till Brom-

phenol blue reached just one am above the bottom.

Staining: Coomassie blue R250 (for cylinders) and silver
staining for slabs [202]. (staining was done after removal
of SDS by repeatedly rinsing the gels with 504 methanol

and 107 acetic acid).

Denaturing type-SDS PAGE (Lamelli [204])

Gel composition: Stacking gel, 5% acrylamide and bis-acryl-
amide in 0.07 M Tris-EDTA buffer, pH 6.8, containing 0.1%
SDS; resolving gel, 1lO0#% acrylamide and acrylamide: bis-
acrylamide, 33:1 in 0.2 M Tris-EUTA buffer, pH 8.8 containing
0.1% SDS. Gel electrophoresis buffer: 0.0 M Tris-glycine,
pH 8.8 containing O.1% SDS and 0.754% sodium EDTA.

Samples: As in the case of previous system.
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Run condition: Constant voltage (100 V) 1ill bromphenol

blue reached one cm above the bottom.

Staining: Silver staining [202].

Denaturing type - Acetic acid PAGE [205]

Gel composition: 12 ml of 5/ acrylamide and 0.8% bis-acryl-
amide in 1.5% acetic acid were polymerised by the addition
of 0.12 ml of 10% ammonium persulfate and 0.12 ml of 104
TEMED and keeping at 50°C for 1 hr in an oven. Electro-

phoresis buffer, 1.5% acetic acid solution.

Sample: Aliquots of enzyme (50 pg) were treated with O%,
104, 504 and glacial acetic acid at room temperature as well
as at elevated lemperatures (60°C and 100°C) for varying
intervals of time (5, 10 and 15 min). Treated samples were

dried in vacuo and dissolved in 100 pl of electrophoresis

buffer prior to loading.

Run condition: Pre-run for 2 hrs at 20V cm"l and eleciro-

phoresis for 20 min at 40 V cm'l.

Staining: Coomassie blue 250.
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Denaturing type-phenol-acetic acid-urea, PAGE [206]

Gel composition: Solution containing 6% acrylamide, 0.23%
bis-acrylamide, 28% urea and 37/ acetic acid, was mixed
with a solution containing 1l.64% ammonium persulfate in 60/
urea in a ratio of 3:1 by volume and 0.02 vol of TEMED was
added to initiate polymerisation. Polymerisation usually
took about an hour at room temperature. Electrophoresis

buffer: 104 acetic acid.

Samples: Aliquots (50 pg) of enzyme solution were treated
with a solution containing 20% acetic acid, 24% urea, 40%
phenol and 5% p-mercaptoethanol, both at room temperature

and at lOOOC for 15 min.

Run conditions: Gels were initially run in a current of

1.5 mA/tube for 1 hr, followed by 4.0 mA/tube for 4 hours.
Staining: Coomassie blue R250

General staining procedure

The cylindrical gels in almost all the cases were
stained with_Coomassie—btue—R250 by soaking the gels for
2 hrs in a stain solution composed of 0.25% (w/v) Coomassie

blue R250, 40% (v/v) methanol and 10/ (v/v) acetic acid.



63

At the end of 2 hrs, they were removed and destained by a
diffusion method, which involved soaking the gels in 50%
methanal and 104 acetic acid initially a few times followed
by gently stirring in a solution of 1l0O/£ methanol and 1Oy«
acetic acid. Mixing of Dowex=-l resin,chloride form, to the
latter (1 gm/100 ml of destaining solution) [206] and heat-
ing to 60°C not only removes the dye rapidly but also leaves

the destaining solution fresh for repeated use.

Isoeleciric focusing

Acrylamide (29.1% w/v, 10 ml), bis-acrylamide (0.9%
w/v, 10 ml), glycerol (87#% v/v, 7 ml) and ampholine of pH
range 3.5-10.0 (2.8 ml) were mixed and made up to 60.0 ml
with double distilled water and degassed for 10 min. Poly-
merisation was started by the addition of 1.5 ml of 1%
ammonium persulfate. The contents were stirred and cast
into a slab of 1.5 mm thickness. Aliquots ranging from
25-60 pg of enzyme in 0.01 M potassium phosphate buffer,
pH 7.0 were loaded into wells cut out near the anodal end.

Anode and cathode solutions were 1 M H3PO4 and 1 M NaCH

<&
respectively. The run was conduc ted at’constant current

(30 mA) mode while the voltage varied {rom 300 volts to
ct
1,200 volts gradually in a duration of 3 hours. At the

end of the run the gel slab was transferred carefully into
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a tray containing 0.3 g of Coomassie brilliant blue G 250

in 400 ml of 4.13% (w/v) perchloric acid solution and left
overnight for staining. Destaining was effected by rinsing
the gel thrice with 4.134 perchloric acid, for 5 min each
time. Throughout the run a temperature of 4°C was maintained

by means of a cooling system.

Hydrophobic chromatography

The hydrophobic gels, phenyl-Sepharose and octyl-
Sepharose were packed into é 1 ml column and cquilibrated
with 10 ml of 0.0l M potassium phosphate buffer, pH 7.0.
Triton solubilised enzyme (20 pl containing 42 ug) was
applied and 0.1 ml fractions were collected when the equi-
librating buffer was passed at a ilow rate of 1 drop/l2 sec.
Fractions were collected and assayed for glucoamylase acti-
vity. Between breakthrough and washing 1 hour was allowed

for the interaction of tihe enzyme with the gel.

Analytical ultracentrifugation

Sedimentation velocity: Single sector cell (4°, 12 mm)

was used for isolated samples (Flig. 2a) and*single sector

cell along with wedge~shaped .cell Wds used whenever the aim

was to compare two samples accurately (Fig.15). The samples,
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Triton form and papain form wer%\centrifuged mostly at
60,000-rpm and the position of the boundaries were photo-
graphed and simultaneously temperature was recorded every
10 min, till the run was stopped when the peak approached
the bottom of the cell. The mobility was calculated from
the distance travelled by the peak in a certain time and
the average temperature during the run was taken as the
temperature of the run. Apparent sedimentation coeffi-

cient was calculated from the relationship

5. = —mX—
app w .x.At

where X is the migration along the axis in a time interval
2 . . .
w x is the radial acceleration.

Apparent sedimentation coefficients were corrected

to 20°C and in water using the relationship,

n n p -
S = S t SO 1 vpzoiw
20,w app [N, S 1-vp

t

S;O’w was obtained from the corrected sedimentation
coefficients at three different protein concentrations

(3.0, 5.0 and 10.0 mg/mol) and by extrapolating the straight
line resulting from the plot of S2O,w vs concentration

(Fig.2b) to zero concentration.
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Sedimentation equilibrium: Archibald's [208] approach

to equilibrium method was followed observing the necessary
precautions suggested by LaBar [209]. Single-sector cell
(4°, 12 mm) was used for the equilibrium run and double-
sector synthetic-boundary cell was used for synthetic boun-
dary run to determine the original concentration of the
protein. About 10 mg/ml of the enzyme solution in 0.0l M
potassium phosphate buffer of pH 7.0 was used. The rotor
speed was maintained at 4,400 rpm and the photographs of
the boundary pattern at the meniscus were taken at 15 min
intervals. After the equilibrium run was over, the cell
was shaken well and the enzyme solution was sucked out to
fill up one of the chambers of the synthetic boundary cell,
while the other contained the buiffer in which the enzyme
was dissolved. The rotor was rotated at 6,000 rpm when
the buffer overlayered on the enzyme solution through a
capillary connecting the two chambers. The first photo-
graph was taken as soon as the boundary was formed and the
next ones followed at 1% min intervals. The rotor tempe-

rature was maintained at 24°C during the run and the phase-

plate angle (80°) was unchanged for both the runs.

The molecular weight was calculated from the relation-
/a,[t'\ :
(dC/dx)m

X mcm

M
T (1-vP)w?
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ship where (dc/dx)m is the conceniration gradient, at the
meniscus, Xm is the radial distance of the meniscus from

1he axis of rotation.

Diffusion: This is essentially a synthetic boundary

run, conducted as described under sedimentation equilibrium.
To evaluate Dgo,w the experiment was performed at three
different concentrations of the enzyme (3,5 and 10 mg/ml).
The apparent diffusion coefficient was obtained using the

relationship [210] where, A and H are area and height

I

app 4nt

respectively of the peak, at time t.

Dapp was corrected to the standard condition of 'in water

at 2000', according to the relation

_ 29-5 ..)Olv t W
D20,w - app (293+t) ( ) (“?O w)

Dgo w was evaluated as a Y-intlercept of the straight line
]

resulting from the plot of D20,w VS concentration.

Partial specific_volume

Partial specific volume of the papain form of the

enzyme was calculated from the available chemical composition
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reported by Sivakami and Radhakrishnan [116], partial
specific volume of individual amino acids taken from Cohn
and Edsall [149], and those of carbohydrates from Gibbons

[lel/aﬁa using the relation

v

]

X viwi/ﬂmi
where A is the specific volume of the i th amino acid.
w. is the weight proportion of the i th amino acid.

1

The partial specific volume of the Triton form of tilhe enzyme

assumed to be the same as that of the papain form.

Viscosity

Viscosity measurements were made with a semi-micro
type Ubbelohde viscometer. Since viscosity is sensitive
to temperature fluctuations, the experiments were performed,
immersing the viscometer in a constant-temperature water
bath provided with an efficient temperature control system
which maintained the temperature at 24.00 % 0.02°C. The
viscometer constants were verified by measuring the visco=-
sity of double distilled water at three different temperatures.

Time of flow of double distilled water was 228.3 + O.1 sec
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at 24.00 + 0.02°C. Great care was taken to prepare solu-
tions free of dust particles which would give rise to
erroneous results. The solutions were rendered dust-free

by centrifuging in a table-top centrifuge followed by milli-
pore filtration. The viscosity of: the buffer, 0.01 M
potassium phosphate buffer, pH 7.0 containing 0.02/% sodium
azide in which the enzyme was dissolved, was measured first
followed by enzyme solutions at various concentrations,
starting at 12 mg/ml. The viscometer had an iﬁ}builﬁ pro-
vision for dilution. Dilutions were made with the buffer
equilibrated at the same temperature. After every dilution,
10 minutes were allowed fgi E?%fmal equilibration. Measure-
ments were repeated till concordant values within + O.l sec

were obtained. The relative viscosity was obtained from

the relation,

n_ ot
Mo poEo

where n, P, and t are the viscosity, density and time of
flow, respgctively for the enzyme solution; mn,, P, and t
are the corresponding parameters for the buffer. Intrinsic

viscosity was obtained as a common Y 1ntercept of two lines,

Ny
from the plots of 1ln nrel/c vs C and ————-—/C vs C [146].

The concentration of the profein (C) was determined by

Lowry's method of protein estimation.
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Electron microscopy

Clear ancd dust free samples of the two forms of the
enzyme prepared as described earlier, were appropriately
diluted with double distilled water so as to give & uniform
and well separated images of the molecules in the electron-
micrograph. A few pl of the sample Jére applied on to a
copper grid (200 or 400 mesh) coated with Formwar stabilised
with a thin layer of carbon. The excess liquid was drained
off with a blotting paper from an edge of the grid and before
the sample on the grid dried, a few pl of 2% uranyl acetate
stain was applied on to the grid. After a few minutes
(usually 5 min) of staining, the grids were dried and viewed

under electron microscope operated at 80 kv.

During our investigation it was observed that the
enzyme and uranyl acetate stain combination formed membrane/
film over naked 400 mesh copper grids. It withstood the
electron beam (80 kv) fairly well, though there was some
drift observed on exposure to the beam,which disappeared
subsequently. In this method, naked copper grids (400 mesh)
were either floated on the enzyme solution (50 pg/ml) for
a few minutes and then removed, blotted off and placed in
a 2/ uranyl acetate stain solution for 6 min or floated
directly on enzyme stain mixture. The blotted and dried

grids were viewed under electron microscope operated at



71

80 kv. Several windows were either partially or fully
covered with membranes attached to the edges (see electron
micrograph, Fig. 18 ). While some of the membranes were
unstable to the electron beam, many were stable after ini-
tial drift. The images were of a better quality, compared
to the one obtained from Formwar coated grids. Areas were
selected and photographed at focus, under-focus and over-
focus conditions. It is also interesting to note that such
membranes formed even with soluble glucoamylase-maltase-

anti glucoamylase-maltase complex ( Fig.36).

CHEMICAL METHODS

Amino acid analysis

Tﬁe enzyme (100 pg) was digested with 6 N HC1 at
110°C for either 24 hours or 48 hours in a tube sealed
under vacuum. The seal was broken open at the end of the
digestion and the acid was evaporated in vacuo over moist
NaCOH pellets. The residue was washed thrice with glass
double distilled water and analysis Was carried out with an

automatic amino acid analyser.
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Analysis of N-terminal amino acid

Identification offN—terminal amino acid: For the

identification of the N-terminal amino acid, the enzyme

(100 pg) in double distilled water’ (100 pl) was denatured

by heating at 100°C for 15 min in the presence of 1y% SDS.
After cooling, dimethyl formamide (100 pl), 1 M NaHCO,-Na,CO,
buffer,pH 8.5 (100 pl) and 100 mg/ml dansyl chloride solu-
tion in acetone (10 pl) were added and kept at 37°C for

30 min [212,213]. The reaction mixture was then dialysed
against several changes of double disiilled water till
dansic acid and other fluorescent side products were completely
removed. The retentate was hydrolysed with 6 N HCl at 110°C
for 18 hours in a sealed tube. The hydrolysate was evapo-
rated to dryness in vacuo over moist NaOH pellets and washed
thrice with double distilled water followed by a wash with
50/ pyridine. The washed residue was dissolved in 10 pl

of 50# pyridine and about 2 pl of this was applied in a
corner of one side of a polyamide sheet coated on both sides
(5cmx 5em) while standard DNS-amino acids were spotted on
the same corner on the other side. The thin layer chromato-
gram was developed in the first direction with 3% farmic
acid [213] and in the second direction with benzene-

acetic acid (9:1, v/v) [214]. Care was taken to see that the

chromatogram was completely dried and freced of first solvent
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before running in the second solvent. The plate was dried
and viewed under an UV lamp. By comparison with the stan-
dard DNS-amino acid spots (on one side) the N-terminal(s)

were identified.

Quantitation of N-terminal amino acid: In the quanti-

tation of N-terminal amino acid the dansyl-labelling pro-
cedure was essentially the same as the one followed for

its identification, except that each step was carried out
carefully avoiding transfer and other lossess. Aliquots

of enzyme solution containing 200 and 300 pg of the enzyme
were dansylated as described above but hydrolysed with 6N HCl
for only 6 hours at 110°C, to prevent excessive damage
caused by the conditions of conventional acid hydrolysis

to the released dansylated N-terminal amino acid, which

has been shown to be released faster than many other amino
acids in the protein/peptide [24a]. The hydrolysate was
dried in vacuo over moist NaCH pellets and washed with
double distilled water, followed by 504 pyridine. The washed
residue was dissolved in 50# pyridine in 50 pl and loaded

on to a column of polyamide powder (1 ml bed volume), pre-
viously washed and equilibrated with a mixture of benzene
and acetic acid (9:1). Elution was effected with the same
solvent system ana the fluorescent zone which eluted first
and much ahead of others from the column was collected and

analysed by TLC on polyamide sheet (see previous section
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for details). The collected fraction was made up to 5.0 ml
with the solvent system and the amount of the derivative
was estimated both fluorimetrically and spectrophotometri-
cally (Figs.910), with reference to a weighed amount of an
authentic sample of dansyl derivative of the N-terminal

amino acid, treated identically as the sample.

]
Analysis of C-terminal using carkoxypeplidase A

To identify and estimate the C-lerminal amino acid
and to thavel the partial sequence of the C-terminal of
the enzyme simultaneously, the enzyme (600 pg) was denatured
by heating at 60°C for 1 hour with 6 M guanidium chloride
in Tris-HCl buffer (0.3 M, pH 8.5). The denatured enzyme
was dialysed thoroughly till it was n'h’of quanidium chloride,
and evaporated to dryness. The dry residue was dissolved
by heating at 100°C for 5 minutes in 200 pl of 0.2 M N-ethyl-
morpholine acetate buffer, pH 8.5 containing about 2 M urea.
Activated carboxfﬂbeptidase A [215] was added to give a
protein to protease ratio of 40:1 by weight, ané‘incubated
at 37°C. Aliquots, corresponding to 120 pg of the enzyme
were removed at O, 5, 15, 45 minutes and 2 hours and the
proteolytic activity was arrested immediately with glacial
acetic acid (10 pl). The aliquots were then analysed for

the released amino acids, in an automatic amino acid analyser.
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Ideally, the C-terminal amino acid will correspond
to that particular amino-acid which shows a maximum rate
of release followed by the next. The stoichiometry of the
C~-terminal amino acid is established from its amount (in
moles), corresponding to the complete release [visualised
by the plateau region in the time vs amount of aminoacid released
curve (Fig.l1)] for the quantity (in moles) of the enzyme

taken

Peptide mapping of a tryptic digest

The enzyme (100 pg) was denatured by heating at 60°C
for 1 hr with 0.3 ml of 0.3 M Tris-HCl (pH 8.4) buffer con-
taining 6 M guanidium chloride. The denatured enzyme was
thoroughly dialysed against?double distilled water and the
retentate was evaporated to dryness. The dried and dena-
tured enzyme was dissolved in 100 pl of 0.2 M NaHCO5-Na,CO4
buffer, pH 8.5 and 2 pg of trypsin (TPCK treated) was added
in two equal parts, one at the start and the other after
about two hours. The digestion was allowed to proceed at
37°C. Acetone (100 pl) and dansyl-chloride (10 pl of a
100 mg/ml stock solution in acetone) were added to the

digest at the end of 4 hours and incubated at 37°C for another

30 min. The pH of the reaction was then lowered to 4.0

with glacial acetic acid and the reaction mixture was applied
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on to a Dowex-50,HF column (bed vol, 0.5 ml) previously
equilibrated with 0.0l M acetic acid. Dansic acid, which
is a side product was washed oul with O0.01 M acetic acid,
and when no more blue fluorescence eluted the ion=-exchange
resin adsorbed dansyl peptides were displaced with 1 M
ammonia in 25% acetone as an intense yellow fluorescent
zone, which was dried by evaporation and taken in 10 pl

of 50#% pyridine [216]. About 2 pl was spotted on both the
sides of a polyamide sheet (5cmx5cm)and developed in the first
and second directions respectively with 3% foimic acid and
9:1 benzene: acetic acid solvent system. After drying the
chromatogram, spots were viewed under UV and traced out on
a translucent (tracing) paper with a pencil. When a close
comparison between the iwo forms of the enzyme was desired

both were spotted on the same plate, one on either side.

IMMUNOLOGICAL METHODS

Antibody production

Adult female rats, two in number, were sensitised,
each with 250 pg of papain solubilised enzyme from rabbit
dissolved in 250 pl of 0.0l M potassium phosphate buffer,
pH 7.0, containing 0.9% NaCl by injecting hypodermally.
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A week after, the enzyme (500 pg) dissolved in 500 pl of
0.01 M potassium phosphate buffer, pH 7.0 containing 0.9%
NaCl, was thoroughly mixed with 0.5 ml of Freund's complete
adjuvant and homogenised to a white paste (uniform oil-in-
water emulsion). To this paste another 0.5 ml of Freund's
complete adjuvant was added and mixed to form a uniform oil
in water emulsion. This antigen-adjuvant combination was
divided into two equal parts and injected to the rats at
multiple spots below the skin. This procedure was repeated
for three more weeks and in the 5th week after sensitisation
the enzyme (500 pg/rat) in buffered saline was injected as a
booster dose, under the skin just above the intestine. The
rats were sacrificed under anaesthetised condition on the
10th day after the booster, and the blood (4 ml/rat) was
collected from the artery. The blood, collected in centri-
fuge tubes, after an hour's standing at room temperature,
was allowed to stand in the cold room, overnight without
disturbance. Next day, the blood clot was removed by centri-
fugation, and the clear yellowish supernatant (2 ml/rat)

was sucked out with a Pasteur pipette, divided into 0.2 ml
aliquots and stored in the frozen condition in plastic
vials. The presence of antiibodies were checked for by ring-
test in which the antigen (papain form of the enzyme) was
layered carefully upon the antiserum and allowed to stand

at room temperature for abou£ an hour, whereupon the Ag-Ab

precipitate formed as a ring in the interface between the two.
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Immuno~diffusion

Agar solution (1%) was prepared by heating to boiling
1.0 g of agar in 100 ml of buffered saline containing 0.02 g
of sodium azide. The solution when hot was poured into
petri dishes to a few mm height and cast into gels. The
agar plates were stored in the cold room and used as and
when necessary. In a typical double diffusion experiment,
six wells each of 4 mm diameter and equally gpaced were made
by sucking out the gel, around a central well, at a radial
distance of 0.5 cm. Anti-serum was poured in the central
well and the antigens were poured in the surrounding wells.
Various forms of the enzyme were used for determining anti-
genecity (native papain and Triton-forms and denatured
forms under different conditions and the dansylated protein).
The set-up was usually left for 1 hr at room temperature
and then for 24 hours in the cold room or in a refrigerator
by which time the diffusion of ihe proteins was complete.
From the pattern of the precipitin lines around the central
well, conclusions were drawn with regard to the identity
of the forms. To enhance clarity and to locate minor com-
ponents, if any, the gels were also stained with Coomassie
blue G 250 after washing the unprecipitated antigen zones

with double distilled water. Destaining was done with 104/

acetic acid.
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Quantitative immuno-precipitation

In this experiment, a fixed amount of antibody is
allowed to react with different amounts of antigen and the
precipitates formed are collected ‘and the composition of
antigen and antibody in them is ﬁ&?&io'x}t. To 50 pl of
antiserum in each tube, different amounts of the enzyme
(papain form) in the range of 0-240 pg were added and all
the tubes were made up to the same final volume (0.2 ml)
with buffered saline. The precipitation was allowed to
take place at room temperature for 1 hr and subsequently
for 72 hours in cold room. The precipitates were collected
by centrifugation at 5000 rpm for 15 min in a table top
centrifuge, and washed with ice-cold saline. The washed
.precipitates were dissolved in 0.2 ml of O.05 N NaCOH and
subjected to protein estimation by Lowry's method. The
amount of antigen employed in the reaction vs the amount
of protein in the respective precipitate was plotied (Fig.35)
and the maximum through which the resulting curve passed

was taken as the point of maximal precipitation.

To find out the stoichiometry of antibody binding
to antigen it is essential to evaluate the molar composi~-
tion of the precipitates, i.e., the amounls of antigen and

antibody, separately. To achieve this the supernatants
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obtained after the removal of precipitates, were assayed
for enzyme activity and from the total activity in the
supernatant and specific activity of the enzyme the amount
of enzyme in terms of protein value in the supernatant, was
calculated. The difference between the amount of enzyme
employed in the reaction and that recovered in the super-
natant gave the amount of the enzyme that was precipitated
by antibody. When this was subtracted from the protein
value of the precipitate, the amount of antibody in the
precipitate was obtained. By assuming an average molecular
weight of 150,000 for y-globulin (antibody) and using 760,000
as the Mr of the enzyme the molar composition of the preci-
pitates was determined and the stoichiometry was expressed

as the number of moles of antibody bound to a mole of antigen.

Immuno electron-microscopy

To view the complex in an electiron microscope and
derive useful information it is essential that the complex
should be soluble and free from other proteins in the serum.
The antigen and antibody complex, was precipitated and
separated from other serum proteins. The washed precipitate
was brought back to a soluble complex by treating it with
4 M KCl, which brings about ihe disaggregation of the pre-

cipitate, in the presence of excesS of antigen. The enzyme
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(50 pg) was precipitated with 50 pl of antiserum. The

washed precipitate was shaken vigorously with 0.5 ml of 4 M
KCl and left at room temperature for 30 min. The clear
solution obtained after this treatment, was mixed with 100 pg
of the enzyme and the contents were dialysed overnight against
several charges of double distilled water. The retentate in
the dialysis bag remained a clear solution. A few micro-
l1itres of this was applied to a naked copper grid (400 mesh)
and stained with 2% uranyl acetate (see under electron-

microscopy) and viewed in an electron microscope.

THEORET ICAL METHQDS

Size of a macro-molecule

Molecular weight: The molecular weight of a molecule

(Mr), obtained directly from sedimentation equilibrium
experiment, as described above can also be calculated from

o ° ] db 's equation
S2O,w and D20,w making use of Svedberg q

0
RT.S20 w

M, = ———2Oul
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Molecular volume: The molecular volume, in turn,,

is obtained from M, and partial specific volume (V) of the
molecule which is the volume of 1 gm of the molecule in

dry state, using the relationship

Shape of a macro-molecule

The shape of a macromolecule, unlike the molecular
weight and volume cannot be obtained directly from the
measured hydrodynamic parameters unless certain shape
factors are evaluated from them and compared with those
of model system of fixed geometrical shapes such as a sphere,
a cylinder, an ellipsoid, a string-of-beads whose hydro-
dynamic behaviour has been studied in detail both theore-
tically and experimentally, to allow prediction of the
shape by comparison. Owing to the restriction in the
number of shapes to which such comparisons are possible
the derived shape will only be equivalent unless supported
by direct observation on the shape of the molecule, such
as from electron microscopy anc X-ray diffraction. In this
study the shape derived from hydrodynamic study has been

compared with the one obtained from electron microscopic
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studies. In the following section the details of this

derivation is given.

Determination of shape factors: Frictional coefficient

and viscosity increment are 'two shape factors', widely
used in the derivation of shape of molecules. Frictional

. s . . o o .
coefficient, is obtained from both S2O,w and D20,w according

to the relationship

. _ MU1-¥p) _ _RT_
R.T.S° N.D

A more useful term, frictional ratio, which is the ratio
of the frictional coefficient of the molecule under study

to the friction coefficient of an equivalent sphere, is

given by
0 Srao
RT/N.D 3VvM
f/f . = ‘-—-3JL———-——- f = 6mnr,. = 6™ F—x
0 6mn SV 3v.M/4nN  © 0 4nA

Viscosity increment is evaluated from the intrinsic viscosity

using the relationship

v o= [‘n]-Vh

where V is the viscosity increment and V, is the hydrated

volume of the molecule.
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Since the shape factors f/fo and v are functions of hydra-
tion value (g. of water associated per gram of the molecule)
as weli as the shape of the molecule, another shape factor
called p was derived by Scheraga and Mandelkern[158] to
eliminate the contribution due to hydration, by combining
s® and [n] or D° and [n], according to the relation

B = N.Sono[nll//m/(:].-\—rp) = N.D?Ml{?]]lél::,/ﬂ'l'

Though B is unpopular in the elucidation of the dimensions
of the molecule owing to reasons discussed elsewhere (page 34)
it is used to distinguish be tween a prolate ellipsoid and
an oblate ellipsoid and to calculate the hydration factor

by combining, the following equations

T

v = [n].v.

1 2.1/3
where F = fo/f and Yy = N ;?16200n ) /

hydration factor,(§) = Vy -V

¢ is then used to find out the contribution of hydration

to the values of f/fo and V.
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Dimensions of equivalent ellipsoid: For impermeable

spheriqal molecules f/fo and v have values close to 1.0 and
2.5 respectively. Any deviation from this is taken as due
to asphericity and the axial ratio is worked out assuming
that the molecule is either an ellipsoid or a cylinder.
Other evidence to judge if the molecule behaves as a sphere
or not comes from gel filtration behaviour. If the molecule
is eluted from the gel at the position expected for an
equivalent globular shape, it is taken as sphere and if it
is eluted earlier, in the absence of any exclusion effects,
it is taken as due to elongated shape. If a molecule is
shown to be spherical, its only dimension, radius(r) is
obtained by the relation

3

4
VM = 3 nr

If it is asph%;ical, several geometrical shapes are
possible. From B J;lue one can decide if it is a prolate
or an oblate ellipsoid depending on whether it is above or
below a value of 2.l5x106, characteristic of spherical and
prolate ellipsoid of very small axial ratio. The axial ratio
of a prolate or an oblate ellipsoid can be obtained from
the contours of axial ratio vs hydration factor (calculated
as mentioned above or determined independently or assuming

a typical value of 0.20 g of water/g of protein) for various
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frictional ratios or viscosity increments [157]. Once the

3 - 2b
axial ratios aﬁzgknown, the dimensions (lengté‘gnd equa-
torial diameteqp are calculated from the following relationship

VM = % nab. for a prolaté ellipsoid and
V, = 3 mab® f blate ellipsoid
M = 3 or an oblate ellipsoid.

Dimensions of a cylinder: In the case of a cylinder,

the length is taken as that of the prolate ellipsoid of
same volume and its diameter is easily obtained from the

formula

V = 1tr2h where h = length of the prolate ellipsoid.

Dimensions of Kuhn's string of bead model: In the

case of molecules, appearing as a string of identical
spherical beads separated by a distance called inter-bead-
distance equal to the diameter of the bead, the following

relationships were worked out by Shulman [162]. (Page 35).

vV o= 1/4(s/d)2

1 2
VM=T2-' -udS

n = L/2d
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where S is the length of the string; d is the diameter of

a bead and n is the no. of beads in a string. For these
excluding the case of beads separated by certain distance
and many other geometrical shapes, owing to the recent
development in hydrodynamic theories originally proposed

by Kirkwood and his associates, values of frictional coeffi-
cient and intrinsic viscosity havé been tabulated [185,186].
Combining the formula for the volumes of such geometrical
shapes one can easily obtain the dimension of oligomer.

The elucidation of geometry of the bead, as given below

utilises such an approach.

Geometry of the bead

To evaluate the bead geometry, the procedure laid

down by Teller et al [186] was followed. (Page 44).

Using the relationship,

n_ - p.01 M;/E’F

1-vp n

and known values of Sn’ v and Mn’ respectively the sedimen-
tation coefficient, partial specific volume and molecular

weight of the enzyme, its geometric factor F  was calculated.

Employing the relationship
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and known values of n and f being the number of beads (8)
and frictional coefficient of the enzyme,v , the frictional
coefficient of a single bead was calculated and its sedi-

mentation coefficient in turn was obtained from Svedberg's

equation,

1=
E
1
<i
©

N° £ = Spead

Since S, .4 is known and My 4 = 760,000/8, and v can
be safely assumed to be the partial specific volume of the
enzyme, Fbead’ the geometrical factor of the bead was

derived from repeating the first step mentioned above.

It is alsc possible, purely theoretically based on
Kirkwood's formulation, to derive approximately the geo-
metrical factor of any model conceived based on other
direct or indirect evidence and if the model so derived is
compatible with the actual onej; thus, the geometrical factor
derived from the frictional coefficient using the above
procedure and the theoretically calculated should show a

good match. The geometrical factor of a model is given by

the following relationship.
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where 'a' is the radius of a subunit rij

between the centres of two subunits and is the number of

is the distance

subunits constituting the oligomer. In our case, for the
model chosen (see pagel08), a, n and r;y were taken as

16.5 3, 6 and 33irespectively.

The electron microscopic appearance helps one to
choose the most_pos;;Lle structure, and also to calculate
its dimension. In cases where the appearance coincides
with the shape derived from the available model system, it
serves as a potent cross-check for the dimensional values

obtained hydrodynamically.



RESULTS AND DISCUSSIONS



ENZYME PURIFICATION

Purification of protease anddetergent forms

The purification of intélinal glucoamylase-maltase
complex is essentially a single step procedure owing to
the specific affinity of the enzyme to Sephadex G-200 at
low temperatures (4°C). It is then possible at least theo-
retically to achieve nearly 100/ yield, if the conditions
are properly manipulated. It was found that after hemoge-
nisation using a Waring blender only about 704 of the
activity in the homogenate pelleted out when centrifuged at
20,000 g for 38 min. On the other hand, homogenisation
with tissue grinders, a gentler operation, allowed almost
complete pelleting of the activity under identical conditions
‘and was the method of choice for homogenisation, Solubilisation
was almost complete using either papain or Triton-X 100 and
both forms showed similar affinity to Sephadex G-200. However,
Eﬁi:&%g of the column was observed in the case of the Triton
form possibly owing to the presence of large mixed (aggregate)
micelles of protein and Triton [217]. This occurred after
passage of one bed volume of Triton solubalised supernatant
and hence was unsuitable for a column procedure. As an
alternative, the batch method was equally effective without

any significant loss of affinity of the gel. The only step
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cquatty efftctive without any significant loss of affindty
of tho-gel- ~Fhe vmly step which determines the ultimate
yield fhen is the affinity step. In the range of the amount
of enzyme employed [15-150 IU] it was observed that 60/ of
the loaded activity was bound by the gel, 5 ml bed volume
[65] and the remaining 407 which passed unbound did not
bind to the gel when recirculated or when passed through

a fresh gel. It is possible that the binding is a concen-
tration dependent phenomenon, and the unbound activity in
the breakthrough when concentrated and applied might bind
to the gel. It was also observed that not all the bound
activity could be eluted by substrate (maltose), at least
in the cases where large amount of the enzyme was bound,
when elution was carried out at cold room temperatures.

This difficulty was overcome and almost complete elution
with substrate was achieved when the column was brought to
room temperature before substrate elulion and this improved
the overall yield to 60y from 40/ achieved carlier [66].

To remove Triton from the Triton-colubilised enzyme, it

was found that washing the column with about 25-bed volumes,
of Triton free buffer alone was sufficient. The detergent
was nol detectable up to 40 pg in about one mg of the enzyme
when tested by a sensitive colorimetric procedure [218] and
it was observed that the signal due to Triton in FT-NMR was
absent in the purified enzymé. However, a stoichiometric

binding of Triton to the enzyme may not be detectable by
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Homogeneity of the enzyme preparation

The purified enzyme was homogeneous as judged by a
variety of criteria for homogeneity. The enzyme eluted
as a single peak during gel filtration on Sepharose-4B;
it moved as a single band in all the electrophoretic systems
both under acidic and basic conditions; focussed into a
single sharp band during iso-electric focusing; sedimented
and diffused as a single species during ultracentrifugation;
formed a single sharp precipitin line with the antibody in
Ouchterlony double diffusion experiment; showed no end=group
other than the N-terminal amino acid, tyrosine, after
dansylation and finally it appeared as a single species

under the electron microscopec.

QUATERNARY STRUCTURE OF THE ENZYME

Size and shape of the enzyme compleX

It is mandatory to know about its structure before
attempting to unravel the structure-function relationship
of an enzyme and this is an essential prerequisite for the
complete understanding of the system. To this date, the
structure of many membrane proteins which are as a class

vital to the living systems, has remained poorly understood
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mainly because of the difficulty involved in their isolation
in the native state and associated inability to crystallise
them and to study by X-ray diffraction techniques [75].
Obviously, our knowledge at the molecular level agbout these
systems is still lacking. What %ittle is known about their
structure from low resolution studies comes from those
molecules which are soluble and easily purified. Electron
microscopy and very recently, low angle X-ray scattering
studies are potent techniques to study these macromolecules
at a resolution close to 20 3, where one can study conveniently
the size, shape and the subunit arrangement. Electronmicro-
scopic images are two dimensional projections of three dimen-
tional objects and hence are associated with the problem of
proper image reconstitution to gain an insight into these
problems and electronmicroscopy cannot reveal the structural
detail of smaller macromolecules (Mr <60,000). Hydrodymamic
studies offer a powerful tool, in estimating the size and
predicting the possible shape of macromolecules, which could
range in size from a few thousand daltons (the range electron-
microscopy cannot handle) to a few million daltons, with the
only limitation that the derived shape is only equivalent

and must be compared with the shape obtained from techniques

which record it directly. Hence, electronmicroscopy and

hydrodynamic studies complement each other and this combi-

nation offers a very potent tool to unravel details about

membrane proteins, and this approach was used in our studye
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TABLE - 1

IC P

ETERS OF THE ENZYME

Hydrodynamic Values.for References
parameters glucoamylase
o
SZO,H 18.6 + 0.6 S Schachman, 1957
o -7
Dzo,w 2.}? 1_9.02 x 10 Kawahara, 1969
cm sec
L1]] 0.230 dl/g Bradbury, 1970
v 0.72 ml/g Schachman, 1957
Molecular wgight from 750,000 + 30,000 Schachman, 1957 .
s, and D
20,w 20, w
Archibald's approach 760,000 + 10,000 Schachman, 1957
to equilibrium
Ks/[n] 0.67 Creeth & Knight, 1965
f/fo 1.65 Haschemeyer &
Haschemeyer, 1973
Sﬁ using [*]and 2.94 x 10° Yang, 1961
20,w.and [‘_'q] and
/
20,w
Vv ., viscosity factor 30.3 Yang, 1961
Ve' hydrated volume 0.76 ml/glgr Haschemeyer &
9.9 x }0' ml/ Haschemeyer, 1973
molecule

qb , hydration factor

Stokes' radaius
a) from £
b) from gel

filtration on
Sepharose 6B

0.04 g of water/g
of protein

10.0 nm

12.0 nm

Haschemeyer &

Haschemeyer, 1973

Siegel & Monty, 1966

Siegel & Monty, 1966




Fig,l : Molecular weight determination by 'equilibrium-at-meniscus-
only' method of Archibald.

(a)

(b)

Archibald's run in a single sector cell at 4,400 rpm
showing the concentration gradient of papain solubilised
enzyme (1.0%) The area under the curve is time invariant.
Photographs_ were taken at 15 min intervals.

Synthetic boundary run of the sample used in Archibald's
run, at 4,800 rpm. Photographs were taken at 10 min
intervals.,
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Since hydrodynamic measurement should be made under
conditions in which charge interactions between the solute
molecules stroutd—be minimum and individual molecules
isolated, the parameters were measured, wherever necessary,
at different concentrations and then extrapolated to zero
concentration (infinite dilutionj and at a pH 7.00 close
to the isoelectric point,which is about 6.5 for the enzyme.
This obviates the use of swamping amounts of KCl or NaCl
to minimise charge interactions between solute molecules,
and also helps to keep the system close to a two component

system to which the various relationships used apply well.

Molecular weights: Thé‘yalues bf various hydrodynamic
parameters of the enzyme, measured and der%zed)have been
tabulated (Table 1). The Enzyme is a large protein as—1s
ovident—frem—its_large Mr,&? 760,000. The close agreement
of molecular weight obtained from two different methods,

S and D method using Svedberg's equation and sedimentation
equilibrium method, not only increases the confidence in

the measured value but also substantiates the homogeneity

of the preparation. This is further confirmed by the inva-
riance of the molecular weight with respect to time during
approach to equilibrium run [148](Fig.la). The large sedi-
mentation rate and relatively smaller diffusion also justify
the large molecular weight of the enzymc. The previous

estimate on the molecular weight of the enzyme by Sivakami
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and Radhakrishnan [116] would now appear to be an under-
estimate possibly owing to contamination by low molecular
weighf substance(s) which were most probably the substrate
used for elution and the product. This is reflected in

their synthetic boundary pattern, which appears as an over-
lap of two peaks, a broad one (due to fast diffusing small
molecule) and a sharp one (due to the enzyme) unlike the
pattern in our studies (Fig.lb). Since the area of the
synthetic boundary appears in the denominator in the formula
used for molecular weight calculation, the obvious consequence
of an increase in the area of synthetic boundary is the
reduction in M,. To avoid such complications, especially
when enzymes are eluted with small molecular weight substance(
it is essential to dialyse the sample exhaustively prior to
molecular weight determination and use the dialysate in the
synthetic boundary cell. However, small amounts of such
small molecular weight contaminants will not seriously alter
the sedimentation behaviour of the enzyme and hence the

reported sedimentation coefficient [114 is close to the value

reported here.

Sedimentation, diffusion and gel filtration behaviour:

. - (o]
Theanzyme sediments with a characteristically large 520’W

of 18.6S (Fig.2b) showing no detectable diffusion of the

peak even after 40 minutes (Fig.2a). The hyper-sharpness
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of the peak results from the dependence of S on ¢ and this
indicates asymmetry in the molecule. The plot of AZ/HZ vs t
is a straight line passing through the origin, a test for
the behaviour of the molecule as a single species [152]
(Fig.3a and 3b). The dependence of Sgo’ and D20 w on c is
normal and the K5, obtained from the slope of S vs c is not
high. The value of Dgo,w (1.97x10 ~Tem?sec™t ), which is less
than that expected from its molecular weight and globular
nature, is also an indication of asymmetry in the molecule.
The high intrinsic viscosity of 0.230d1/g,(Fig.4), large
frictional ratio of 1.65 and KS/[n] of 0.67 strongly suggest
the asymmetric nature of the enzyme [219]. This is expressed
or reflected in the reported behaviour of the enzyme during
gel filtration on Sepharose 6B [116]. The molecule eluted
out~ from the column at a position corresponding to a globular
molecule in the molecular weight range greater than
900,000 daltons. The asymmetry in a molecule serves to
increase its Stokes' radius and since the elutiion pehaviour
of the gel is more a function of Stokes' radius rather than
the molecular weight, the expected consequence of the
asymmetry is that the molecule should be eluted earlier than
if it were globular. In fact, this is the case with the
enzyme as seen by replotting the data of Sivakami and
Radhakrishnan [116] as V:TEEK-_ vs Stokes' radius [220],
which gives a value of 120 R for the Stokes' radius of the
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molecule and this is comparable with the Stokes' radius
0

(100 A) obtained from both sedimentation and diffusion

coefficients. An equivalent sphere should have a Stokes!'

radius of only 60 R, which is almost half that of the

experimental value and this sphere is about 8 times less in
size or volume compared to the sphere with a Stokes' radius

of 120 A.

Shape from hydrodynamic studies: The shape of the mole~-

cule}ﬁ@hich gives rise to this asymmetry was deduced from
the shape factors, frictional coefficient and viscosity
factor using model systems, based on well founded hydro-
dynamic theories. Kg/[n] value of 0.67, which is lower than
1.6 - 1.7, rules out the possibility of the enzyme being
spherical or a random coil. It suggests an elongated shape
[219], which is also evident from the high frictional ratio
and viscosity factor, in the absence of excess hydration.
Excess hydration is ruled out by a low hydration factor of
0.04 g of water/g. of protein calculated from g and [n],

and hence the asymmetry is probably related only to the shape
This rather low value of hydration which can be taken as
evidence against excess hydration should not be treated as
accurate, due to limitation laid on this method of deter-
mination. This lack of accuracy does not prevent or seriousl

alter the conclusions being derived regarding shape and



Fig.5 : Electron microscopic view of papain solyhilised enZyme.
Negative contrast staining with uranyl acetate was used;
magnification x 250,000. The beaded appearance of the
enzyme is evident and there is no regular, repeating,
geometrical pattern.
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Fig.6 : Shape of the enzyme derived from the theoretical models by
using viscosity factor and the electron-microscopic appea-
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of identical spherical beads (d) shape derived from electron
microscopy; all shown in a fully extended form,



TABLE ~ 2

DIMENSIONS OF THE _SHAPE OF THE ENZYME BASED ON THEORETICAL
MODEL SYSTEMS AND ELECTRON MICROSCOPIC APPEARANCE

b, equatorial radius of the prolate ellipsoid; a, half the
length of the prolate ellipsoid; 1, length of the cylinder:; L,

length of the string; d, diameter of the bead.

Model system Dimensions of the model Hydrodynamic
parameter used

Equivalent ellip- axial ratio a/b = 18; VvV
soid (Bradbury,1970)| 2b = 4.7 nm and
2a = 82.0 nm

axial ratio a/b = 13; £f/f
2b = 5.2 nm and ©
2a = 68.0 nm
Cylinder 1=284.0 nmd = 4.0 nm v
(Bradbury, 1970) 1=68.0nnd= 4.2 nm f/fo
String of spherical L=77.0nm; d = 7.0 nm; v
beads (Shulman, 1953) n=6 interbead distance
7.0 nm
L =41.0 nm; 4 = 9.6 nm; f/fo
n=2. interbead distance
9.6 nm
Electron- d =6.0nm; L = 62 nm;
micrograph n=8 interbead distance
2.0 nm
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dimensions. A B value of 2.l5x106 is characteristic of
spheres and ellipsoids of low axial ratios. Since the cal-

culated B value was 3.0x106

it indicated that the molecule
could be a prolate ellipsoid [158]. From the contour of

axial ratio vs hydration factor for various frictional ratios
and viscosity increments, axial ratio of 13, using frictional
ratio, and a value of 18 using viscosity increments were
obtained. From the axial ratio and the volume of the molecule
(9.6x10"19ml/molecule) the dimensions of the prolate ellipsoid
j.e. equatorial diameter and length were calculated as 47 R
and 820 R respectively for an axial ratio of 18, and 52 R and
680 3 respectively for an axial ratio of 13. The correspon-

ding cylinder will have a diameter of 40 R and 42 R respec-

tively for the same length and volume (Table 2; Fig.6).

However, the electron microscopic appearance of the
molecules did not resemble a rigid ellipsoid or a cylinaer
but was close to a string-of-beads structure (Fig.5).
Hydrodynamic theory for the transport behaviour of such a
structure was first formulated by Kuhn in 1932 [L61] and
later Shulman [162] applied a slightly modified version to
derive the shape of fibrinogen and compare it with its actual

electron microscopic appearance according to which the mole-

cule appeared as a rigid string of three beads. This prompted

us to follow Shulman's procedure and derive the shape using



99

viscosity increment as a 770 R long string containing six

identical spherical beads each of diameter 70 X, arranged
linearly with a uniform inter-bead (surface to surface)
distance of 70 R, equal to the bead diameter (Fig.6).
However, as in the case of equivalent ellipsoid,Shulman’'s

approach using frictional ratio as the shape factor gave an

altogether different picture that of a string of itwo beads
of diameter and inter-bead distance of 96 ﬂ and the total

length being 420 & (Table 2).

Shape from electron microscopy: The enzyme appears as

a string of beads under the electron microscope (Fig.5). The
bead diameter, obtained as a modal value from about 200
images, is 60 K and they are arranged linearly with an inter-
bead distance of about 20 R. The number of beads, correspends
to 8 per molecule according to the calculation from the mole-
cular volume and the bead volume (VM/Vbead)' The total

length of the moelecule is 620 R (8x60 R + 7x20 X). The
agreement of this with the model obtained from Shulman's
approach using viscosity increment is fair. In fact, when
axial ratio (10.3 and 11.0 respectively of the E.M. model

and the theoretical model) alone is considered, the agree-=

ment is excellent. (Table 2 and Fig.6).

Flexibility in the molecule: A point of interest and

possibly of considerable structural implication is the lack
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of agreement in the dimensions of the shape obtained from
frictional ratio or from viscosity increment irrespective

of the model system chosen. Normally the agreement between
the shapes derived from either of the two procedures should
be very close. To reconcile this serious descrepancy, we
have considered the possibility that it may be attributed to
the flexibility in the links between the beads. We believe
that this would allow the molecule to assume different over-
all shapes under different force-fields [146,147,221]. It
is conceivable that in viscosity measurements the molecule
might pe in an extended form during its flow through a capi=-
llary owing to the operation of shearing forces, and during
sedimentation which is a bulk motion under centrifugal field,
the same molecule might be in a more compact form. In the
electron micrographs the images are not repetitive in the
overall geometrical shape and the molecule assumes various
shapes owing to the different orientations of the beads with
respect to one another (Fig.5 and 13). The freedom allowed
by the flexibility in the links for the molecule to assume

different shapes as seen in E.M. pictures may, therefore,

be a reasonable assumption.

Subunit stoichiometry of the enzyme complex

It is rather unlikely that a large protein such as

this (Mr = 760,000) is a single polypeptide and normally
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such large proteins are composed of subunits whose molecular
weight ranges from about 30,000 daltons to about 50,000
daltons [222]. The upper limit in size, noted so far, for a
single polypeptide is about 200,000 daltons [136]. An
obvious conclusion, therefore, is that rabbit intestinal
glucoamylase-maltase complex should have subunits arranged

to give the overall shape described in the previous section.
Hence, our immediate aim was to isolate these subunits and
study their properties. It was already reported by Sivakami
and Radhakrishnan [116] that the enzyme was not dissociable
by the classical SDS-PAGE method, and that the enzyme
lacked tetaily—in sulphur amino acids. Treatment with 6M
guanidinium chloride shifted the elution-volume of the enzyme
in a Sepharose 4B column from the inner volume (native state)
to the void volume (denatured)[116], which is owing to the tri
formation in the structure of the protein from compact to
random coil structure, the latter having a higher Stokes'
radius than the native structure eluted out earlier [223].

It is also clear from this observation that though denatu-

ration by guanidinium chloride treatment was complete the

molecule did not dissociate.

Evidence from gDS-PAGE: More drastic conditions, but

not drastic enough to break covalent links were employed in

this study to help in the isolation of the subunits. It

. . 0
has been shown that heating the proteins in 1% SDS at 100°C
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for prolonged periods ( up to 1 hr) did not cause breakage
of peptide backbone and such conditions were necessary for
some proteins to dissociate them into subunits [224].
Similar treatments to our protein failed to dissociate it
and even increasing the SDS concgntration up to 2% was not
successful. It is likely that SDS was not effective owing
to poor binding,characteristic of many glycoproteins [225],
but other denaturants like urea and guanidine hydrochloride
might be effective as has been shown in a few cases [133-135].
It is relevant and of interest to mention here that the pro-
tein did not loﬂse its enzyme activity in 5% SDS nor did it
lose its ability to react with its antibody even in the pre-
sence of 2% SDS (page 149. These conditions are sufficient
to destroy the activity of most of—thre enzymes. However, it
lost its activity completely in 3M guandinium chloride.
Membrane bound intestinal hydrolases, have been found to be
resistant to inactivation by SDS and other detergents used
in their solubilisation and have been isolated in active
form after electrophoresis in the presence of these deter-
gents [57,81-84]. Denaturation by heating at 60°C for 1 hr
with guanidine hydrochloride followed by SDS treatment after
removal of guanidine hydrochloride and electrophoresis in
the presence of SDS, failed to dissociate the molecule.

Urea in place of guanidinium chloride was also not successful.
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Fig.7 : The effect of heating the enzyme (both forms) at pH 4.0

from 30°¢c to 100°C at a rate of 1 C/min, The hyper-
chromic effect seen is due to turbidity caused by the
precipitation of the enzyme. The enzyme at higher pH
values did not exhibit hyperchromicity.
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Evidence from acid PAGE: Owing to the reported success

of acidic systems in the case of certain proteins which are
otherwise difficult to dissociate, two such systems were

tried [205,206]. 1In the acetic acid method, both untreated
enzyme and the enzyme treated wiyh 20/ acetic acid, remained
as a band at the top of 5% gel, while it was either partially
or completely absent in the case of enzyme samples treated

at 60°C for 15 min with higher concentration of acetic acid
(60-100%) in a manner that was dependent on the severity of
the treatment. However, no other bands were seen concomitant
with the decrease in the intensity of the original band.
Assuming that the fragments could be small peptides that might
have escaped into the buffer in 5% gel, discontinuous gradient
gel electrophoresis with 5/ and 1O/ gels was performed without
success. During thermal denaturation studies of the enzyme
at various pH values for detecting a hyperchromic effect, it
was observed that the enzyme precipitated when heated above
60°C at pH 4.0 (Fig.7). In the light of this observation

it is possible that the enzyme aggregated and precipitated

in the presence of acetic acid and hence failed to penetfate
the gel and was removed during the washing and staining pro-
cedure. This aggregation must have been a function of the
severity of the acetic acid treatment causing a progressive
decrease of the band intersity and the final disappearance.

Aggregation of proteins in this system has been noted earlier
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Fig.8 : Identification of the N-terminal amino acid of the papain form
of the enzyme : The N-terminal amino acid, tyrosine, has been

resolved by TLC on polymide sheets after dansylation, as
didansyl derivative.,
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[205]. Evidence gathered from chemical studies also favoured
the aggregation theory. When the dansylated enzyme was
treated with acetic acid drastically and dialysed against

104 acetic acid, the fluorescent band remained on top of

the 5% gel during electropheresis. In the acetic acid-phenol-
urea system, though acetic acid t37%) was present the enzyme
dic not behave in the same manner as in the acetic acid
system. The enzyme remained a few mm below the top of the
gel as a sharp band and did not disappcar or loose its inten-
sity even after heating it at 100°C for about 15 min in this
system. The urea and phenol in this system, either did not
allow aggregation or they had helped the aggregate to remain
in the soluble state. Finally, it is to be concluded that
the enzyme did not dissociate into subunits under any of the
available methods and if subunits are present they must be
linked covalently by unconventional bridges (disulfide

bridges are excluded since S is absent in the protein).

Chemical studies—analysis of N=terminal: In view of

the refractory nature of the protein to cleavage into sub-
units by conventional methods, it was considered that a

quantitative end-group analysis and the end-group to protein

stoichiometry might provide us with a lead. Using dansylation

technique the only N-terminal amino acid that was detectable

was tyrosine (Fig.8). Didansyl tyrosine, the dansyl deri-
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vative of the N-terminal tyrosine hasan R, close to 1 in
the solvent system benzene - acetic acid, 9 : 1 (v/v),
employed to develop the TLC on polyamide sheets in the
second direction. The other expected fluorescent products
viz. dansic acid, O-dansyl tyrosine and €¢-dansyl lysine have
a Rf close to O in this solvent system. It was, therefore,
ﬁﬁﬁiﬁﬁi& to isolate the N=terminal derivative of the protein
using a small column (bed volume 1 ml) of polyamide powder
using the same solvent system. The difference spectrum of
the isolated didansyl deriwative of the N-terminal against
didansyl lysine as blank, resulted in tyrosine spectrum as
can be seen from Figure 9 and it matched well with the spec-
trum obtained in the same way using an identically treated
authentic didansyl tyrosine from Sigma. The fluorescence
spectra of the prepared derivative and the authentic sample
also matched well (Fig.l0). The stoichiometry of the puri-
fied end-group calculated using both tyrosine absorbance at
280 nm and fluorescence intensity was 40 moles and 70 moles
respectively ner mole of the enzyme. Since the absorbance
methods are less susceptible to contributions by contaminants
compared to fluorescence methods, the lower value of 40 moles/
mole of enzyme is probably more reliable. Irrespective of
the correctness of this estimate it served as the first

direct evidence for the presence of multiple subunitse.
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Fig.ll : Analysis of C-terminal amino acid, The amount of released
amino acids by carboxy peptidase A vs time, At about 2 hours
after the start of the digestion serine tends to plataeu off
A value of 32 C-terminal/molecule was deduced, Glycine
and alanine are released at a lower rate corresponding to
second and thiri residues. The .graph suggests Ser-Gly-Ala=--

as a possible pqrti.l sequence of the C-terminuc.
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Chemical studies- analysis of the C-terminal: The
C-terminal was analysed using timg:phased carboxypeptidase A

digestion and subsequent quantization of the released
amino acids by an automatic amino acid analyser. The results
indicated that serine is the C-terminal amino acid and the
second and the third residues aré glycine and alanine respec-
tively (Fig.ll). The C-terminal to protein stoichiometry
worked out from the amount of serine released at the end of
2 hours is 32 moles/mole of enzyme. The lower value of
C-terminal stoichiometry compared to that of the N-terminal
may be due to the incomplete release of all C-terminal
serine, which is known to be released slowly by carboxy=-
peptidase. Nevertheless, the procedure also confirmed
existence of multiple subunits. Since tyrosine and serine
respectively are the only N-terminal and C-terminal amino

acids detectable it is most likely that the subunits are

identical.

Chemical studies— peptide mapping: The Enzyme denatured
P,

with guanidine hydrochloride was sub;ec¢ed*¢u*tr$;%&c—act1on
(page 75 ). The tryptic peptides were dansylated and the
dansyl peptides were resolved on polymide TLC, a technique
which was found quite satisfactory for the separation of

even closely related peptides as can be seen from Figure l2a.

The tryptic peptide map of the enzyme contains only twelve
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Map of nearly 40 gi- and tri-peptides after dansylation
using the method described in the text under methods

(page 75), Number of fluorescent Spots correspond to
about 35, close to the number of dansylated peptides,

Some of the peptides had the same N-terminal or C-terminal,
1st direction formic acid water, 3:100(v/v); 2nd direction,
benzene-acetir acid, 9:1(v/v).

Fig.l2a. There are only 12 fluorescent Spots of the dansy-
lated tryptic peptides, arising from 600 cleavage points
(from the amino acid composition), thus Suggesting the
presence of about fifty subunits.



Table B

Amino acid analysis of th: two forms

Papain form Triton form

Amino acid moles/mole of resi-/sub- moles/mole of resi=/st

enzyme dues unit enzyme dues ur
Asp 646 13 668 13
*Thr 287 6 293 6
*ser 340 7 350 7
Glu 636 13 591 12
Gly 448 9 504 10
*Ala 396 8 400 8
*val 394 8 395 8
*1le 267 5 293 6
Leu 404 8 406 8
Tyr 263 5 248 5
Phe 263 S 256 5
His 100 2 100 2
Lys 392 8 356 7
Arg 202 4 228 4-5
Pro 380 8 380 8

¥Corrected to destruction during hydrolysis : 54X for Thr a
104 for Ser

*Values after 48 hr hydrolysis were given more weightage
Each value is an average of concordant values (within 5%
variation) among atleasi four analyses. No. of subunits
was taken as 48.



Fig.,1l3 : Electron microscopic images of the enzyme at a higher
magnification (x500,000) and a resolution of about 20 A.
The fine structure of beads is revealed. Each small
pead measures approximately 35 A in diameter and there
are either 5 or 6 of them in each bead, in a octahedral
geometry which is clearly seen in the images of some beads
(circles).
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fluorescent spots (Fig.l2b) corresponcing to the dansylated
peptides. From the amino acid composition (Table 3 ) nearly
600 cleavage points (lys+arg) for trypsin can be expected

and nearly as many peptides are theoretically possible if

the enzyme were a single polypeptide or made up of many
nonidentical subunits. Even allowing for resolution limita-
tions in the technique and for the presence of overlapping
peptides, the observed small number of peptides can not be
explained unless it is assumed that the molecule is a multimer

of about fifty identical subunits,

Fine-structure of a bead - Electrcn microscopic

evidence : The image of the enzyme at about 20 R resolution

and at higher magnification reveals the presence of a fine
structure of the beads (Fig.)2). Each bead appears to con-
sist of smaller beads, approximately 335 R in diameter. It

is necessary that the diameter measurement should be accurate

to + 1 R, to work out the actual number of such smaller

beads in a bead and obviously this is unpracticable in this
case at least. The appearance, however, suggests that there

could be either five or six such smaller beads within each

main bead (Fig.l13).

Geometry of the bead - Hydrodynamic study: Since it is

a general observation that usually an even number of



Fig.14 : The assumed geometry of the bead on the basis of electron-
microscopic appecarance, The two dimensional projection
of the geometry shown at the right side has a striking
resemblance to some of the images indicated in Fig.13.
The geometrical factor of this gecometry from hydrodynamics
and that arrived at from purely theoretical grounds show good
agreement (page 109).
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polypeptides are seen to associate in a perfect symmetry
around a central point to form oligomeric structures [136]
and the chemical evidence suggests strongly that there are
about fifty identical subunits, it is most likely that there

are six subunits in each bead.

Recently, Teller et al [186] hawe laid down procedures
for determination of the geometry of an oligomeric protein
from its frictional coefficients and this prompted us to see
if there is any correlation between the assumed geometry,
based on the electrommicroscopic appearance (Fig.13) and
considering maximum symmetry possible to generate an appro-
ximate sphere, since in our earlier calculations we assumed
the sphericity of each bead and worked out correct number of
beads. Each bead according to our assumption is made up of
two rows of three finer beads arranged in such a manner
that their centres occupy three corners of an equilateral
triangle ahd two of such triangles are placed one above the
other with the corners of onein line with the centres of

the sides of the other (Fig.14). In short the geometry is

an octahedron with a D3 symmetrys

The geometrical factor, Fj of the enzyme (0.7148)
calculated from 52(18.6), M_(760,000) and v(0.72 ml/g) of

the enzyme is considerably less than 1 suggesting a linear
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arrangement of beads as has been already established,

The geometrical factor, of the bead is 1.028, a value
close to 1, suggestive of a compact structure with spherical
symmetry. The geometrical factor calculated purely theo-
retically for the assumed geometry given above (Fig.l4) is
1.06, apparently very close to the one derived from sediji-
mentation coefficient. This close agreement is taken as a
strong evidence for the assumed geometry to represent truly
the actual appearance and geometry of the bead. The two
dimensional projection of the assumed and verified geometry,
compares well with some of the images of the beads in the electro

micrographs (Fig. 13 ).

Quaternary structure of the enzyme complex: In summary,

on the basis of various lines of evidence presented above,
the following conclusions are drawn. The enzyme is made up
of 48 identical subunits (ca.33 R in diameter). The subunits
are arranged in such a manner that groups of six associate
as octahedrons with D, symmetry,to form beads (60 R in dia-
meter each). Eight such beads are assembled linearly with a
uniform interbead surface-to-surface distance of about 20 R
to generate the final shape of the enzyme. The flexibility
in the links between the beads ana the existence of the

unusual covalent linkages between the subunits and between

the beads, are unique and nofeworthy.
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STUDIES ON THE ASSOCIATION OF THE ENZYME COMPLEX
WITH THE BRUSH BORDER MEMBRANE

It is known for a long time intestinal hydrolases
are membrane-bound and are not easily released from the mem-
brane unless treated with a protéase like papain or elastase
[49] or with a detergent like Triton-X100. Detailed studies
on sucrase-isomaltase and amino-peptidases have shown that
these enzymes are anchored to the membrane by means of a very
hydrophobic peptide present at the N-terminal end which often
traverses the whole width of the membrance. Such a detailed
information is not available for many other brush border
membrane—bound enzymes. These is some evidence to indicate
the presence of an anchor peptide at C-or N-terminal end in

the case of pig intestinal glucoamylase-maltase complex [56].

The strategy employed in the above studies is to solu=-
bilise the enzymes by a protease (generally papain) or a
detergent (generally Triton-X100), and to compare the mole-
cular properties of the two forms to reveal the identity of
the anchor peptide. It is assumed that the detergent removes
the whole enzyme inclusive of the membrane — embedded portion
and that the protease removes only that portion which is out-

side the membrane by cleavage of one or more susceptible

peptide bonds.



A close comparison of the sedimentation behaviour of Triton
form (upper, Wedge shaped cell) and papain form (loWVer,
ordinary cell) of the enzyme.Run condition: 60,000 rpm;
temperature, 24.8°C; interval between photographs, 5 min;

concentration, 0.5 w/v). Both the forms exhibit identical
sedimentation behaviour.



Table - 4

Hydrodynamic parameters of the two forms of the

enzxme .

HY DRODYNAMIC _ VALUES FOR .
PARAMETER TRITON FORM PAPAIN FORM
(0]
520, w 18.42 S 18.6 S
Dyg , (c=1% w/v) 1.945 x 10~/ 2.073 x10~'
’ cni/ sec.
Molecular weight 800,000 770,000

by S and D method

Archibald's method 770,000 760,000
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With a view to investigating the mode of attachment
of ra?bit intestinal glucoamylase-maltase complex, we adopted
the strategy mentioned above. The enzyme was solubilised
using papain or Triton-X1l00, purified to a state of homoge-
neity and a variety of molecular properties of the two forms
compared. The results enumerated below indicate almost a
monotonous identity of the two forms, thus differing signi-

ficantly from sucrase-isomaltase.

Physical studies of the two forms

Aggregation phenomenon: Aggregation in the absence of

detergent is a characteristic feature of the detergent form
of membrane proteins [102], attributed to the presence of
the hydrophobic anchor peptide and the protease form, as
might be expected, is incapable of this aggregation. In
fact, this difference is often taken as a primary evidence
for the presence of an anchor peptide. As a consequence of
this aggregation, the detergent form will be several fold
bigger than the protease form in the absence of detergent
and this will be reflected in the size and shape determi-
nations. In the case of rabbit intestinal glucoamylase-
maltose complex as can be seen from Table 4 both the
forms have almost identical sedimentation (Fig.15) diffusion

coefficients and molecular'weight,and show identical gel



Gel filtration of papain and Triton-x100
solubilised glucoamylase-maltase complex

Activity (IU)

120 150 180 210
Elution volume

®PrapaiN FORM
O04,07TvITON FORM

Fig.16 : Gel filtration behaviour’ of Triton and papain forms of the
enzyme. There is a shift in the peak towards inner volume
as a function of ionic strength of the elution buffer. Both

the forms behave identically with respect to even this fine
variation, suggesting identity.



Fig.17 : Electron microscopic appearance of the aged-Triton form.
Negative contrast by uranyl acetate,w s Support - mem-
brane, (Formvar). Absence of aggregation phenomenon and a
close resemblance to the images of papain form (Fig.5)
are evident,



Fig.l8

Electron microscopic appearance of Triton form of the enzyme,
negatively stained with uranyl acetate and pictured on naked
grids. The membrane/film formed by the enzyme-uranyl acetate
(2%) combination can be seen characteristically attached only

to one of the edges of the windows. After an initial drift on
exposure to the ~lectron beam (80 Kv), the membranes stabilised
and the images obta.ned were of high quality compared to what
could be achieved undur the performance of the E.M., with Formvar
strengthened by thin carbon coating used as support film.
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filtration behaviour (Fig.16). These results rule out
the aggregation phenomenon and possibly also the presence

of a prominent hydrophobic anchor peptide.

In the case of rat intestinal glucoamylase-
maltase complex it was reported that though both the forms
seemed identical with.respect to the observed molecular
properties, the detérgent form exhibited an irreversible
aggregation phenomenon on long storage and this was attri-
buted to the possible presence ©f a small hydrophobic
peptide at the C-terminal (which was not further analysed)
that might have escaped detection owing to its small size
in a large protein (Mr 500,000) [55]. However, the
rabbit enzyme did not show any aggregation even after long
storage (1 year) as can be seen from the electron micro-
graphic images (Fig.l17). The electron microscopic images
of both the detergent form (Fig.18) and protease forms

are strikingly identical.



Fig.1l9

A close comparison of the sedimentation behaviour of

Triton form of the enzyme in presence of 0.5% Tritin-X100
(lower) and Triton form incubated with pagain, activated

by 0.01M B-mercaptoethenol for 1 hr at 37 C (upper).

There is apparently no change in the sedimentation behaviour
of the deterqent form by both the treatments. This suggests
lack of interaction with the detergent and also resistance
to papain digestaion.



Hydrophobic chromatographic
elution pattern of papain from
(e—e)and Triton form(s—s) of the
Enzyme.
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Fig.20 : Hydrophobic chromatography using Octyl-Sepha.use CL-4B,
of both papain (@—@) and Triton forms (m—wm) of the
enzyme. The forms are eluted completely with the
equilibrating buffer (potassium phosphate buffer,
0.01M and pH 7.0) suggesting lack of hydrophobic inter-

action with the gel.
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filtration behaviour (Fig.l6). These results rule out the
aggregation phenomenon and possibly also the presence of a

promihent hydrophobic anchor peptide.

Stokes' radius: The above results suggest an identical

Stokes! radius for both the forms. One of the major attribute
of the detergent form and which can not be observed in the prec
tease form is its ability to bind a miscelle of detergent owing
to the interaction of the anchor peptide with the detergent
[56]. Consequently, both molecular weight and Stokes' radius
of the detergent form would be larger than the protease form
e.g. in the case of y-glutamyl transerase the Stokes' radius
was larger by a factor of 2 and is readily reflected in the
gel filtration behaviour [4]. There was no difference in
this behaviour for the two forms of the rabbit enzyme even

in the presence of 0.l% Triton-X100 (Fig.l19).

An interesting observation made during our gel fil-
tration studies was that the elution volume varied reversibly
as a function of ionic strength of the buffer, (0.0l M
potassium phosphate buffer, pH 7.0) with a pH close to its
isoelectric point (Fig.20). Thus, the elution volume in
the absence of NaCl was 140 ml. It increased to 150 ml with
0.0L M NaCl and to 140 ml with O.1 M NaCl. This is possibly

due to a decrease in Stokes' radius of the enzyme as a result
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Isoelectric focusingﬁ%apain and Triton forms of the enzyme.

Both focus at the same isoelectric point which is about (i1322)
as read from the position with respect to anode (3.0) and
Focusing at a single point rules out micro-

cathode (10.0).

heterogeneity.
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of interaction of salt with certain charged residues present
in the links between the beads. The identical behaviour of
both the forms of the enzyme even with respect to the subtle
variation of elution behaviour with ionic strength is note-

worthy.

Hydrophobic interactions: owing to the presence of

the hydrophobic peptide one of the properties expected of

the detergent form is its ability to be severely retarded or
bound by hydrophobic matrices like phenyl- or octyl-Sepharose.
As can be seen from Figure 20, the two forms were not at all
retarded or held Qnéﬁ” these hydrophobic matrices, suggesting
probable absence of (or lack of expression of the hydrophobic
character of) an anchor peptide. Similarly it was reported
by Lee et al [55], that the Triton-X100 solubilised
glucoamylase-maltase complex of rat intestine, which was
subsequently purified after the removal of the detergent, did
not bind to freshly added Triton-X100 at all owing to the
absence of hydrophobic interactions.

Ionic properties: Both the forms focus at the same

isoelectric point (Fig.21) and exhibited identical electro-
phoretic mobility in various electrophoretic systems under
both acidic and basic conditions. Since the anchor peptides

as a rule lack charged amino acids [75], the ionic properties
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Fig.22 : Tryptic peptide maps of Triton and papain forms, of the
enzyme (for details see under Methods section) (page 75)
run under identical conditions. The striking resemblance
of the maps is suggestive of identity of the two forms.
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Fig.23 : Comparison of the C-terminal analysis of papain (upper)
and detergent forms (lower). Both the forms show the
same pattern of release in sequence of the C-terminal

amino acids, serine, glycine and alanine, upon treatment
with carboxypeptidase A.
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of the two forms may be similar in isoelectric focusing
and tpis procedure may not reveal the existence of an anchor
peptide. It should, however, be pointed out that they a¥e
sensitive enough to pick up even microheterogeneity and the

results rule out the presence of any microheterogeneity [226].

Chemical studies of the two forms: Assuming that the

sensitivity of the physical method was inadequate for the
detection of a rather inconspicuous (hidden or buried) hydro-
phobic peptide in a large sized molecule (MI = 760,000), we
attempted to probe the primary structure of both the forms,
which must have undergone a change in the case of protease
solubilised form owing to the proteolytic action of papain

during solubilisation.

The amino acid composition of both forms were the same
within the limits of experimental error (Table 3). For such
a large protein the presence of an extra length of peptide
of about 25-30 amino acids, normally seen in anchor peptides
[4], will not aller the amino acid composition confidently
detectable within the error limits of the analysis. The
identical tryptic peptide maps (Fig.22), the same partial

C-terminal sequence (-Ala-Gly-Ser, Fig.23) and the same

N-terminal amino acid (Tyr).for both the forms unequivocally

establish the complete identity of both the forms and rules



Fig.24 :

Ouchterlony double diffusion technique. The pattern of
precipitin lines around the antibody well indicate immu-
nological identity. The samples were Triton form, aged-
Triton form and papain form of the enzyme. The denatured
enzyme (guanidinium chloride treated) did not show immuno
precipitation.
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out the presence of any anchor peptide. It is unlikely that

the identity of both N- and C-terminals is fortuitous,

Immunological behaviour of the two forms

The difference in the immunological behaviour between
two close related proteins arises because of extra antigenic
determinants in one of them [227] or some of the antigenic
determinants are different. Immunodiffusion offers a very
sencitive and simple method to identify such small differences
The identity between papain and Triton (both fresh and aged)
forms is apparent from the immunodiffusion pattern (Fige24).
Since the antigenic determinants are conformational, it would

mean that the two forms are identical even at the confor-

mational level.

Kinetic behaviour of the two {orms

Kinetically both the forms behaved identically with
respect to pH optimum (7.5), denaturation by SDS, urea and

guanidinium chloride (Fig.19) and inactivation by various

alcohols (Table 7 ).

Heat stability: The detergent form, however, was found

to be more labile than the:protease form to heat inactivation.
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The Triton form lost all of its activity with in 15 minutes

at 60°C whereas the papain form lost only 504 of its activity.
This is the only property in which a difference between the
two forms was noted. It is possible that Triton is still
bound in stoichiometric levels not easily detectable or
removable at or near the active site, and aggravates the

denaturation process in the presence of heat,

Studies on papain solubilisation

The identical nature of both detergent and protease
forms of glucoamylase-maltase complex in the case of rat [55]
and of rabbit raises serious doubts about the association -
of the enzyme to the membrane and about the mode of linkage
of the protein to the membrane. Linkage by an anchor peptide
which is cleaved off by the protease action 1is well-establishe
at least inthecase of sucrase-isomaltase [73], but there could
be species differences and other modes of linkage. Papain is
undoubtedly the most effective among the protease tried in
releasing the intestinal hydrolases from the brush border
membrane. But,what is assumed rather tacitly 1is that the
release of the intestinal hydrolases is due only to the
proteolytic activity of papain completely overlooking the
possibility of an esterase activity well=known to be asso-

ciated with papain. After all, the intestinal hydrolases
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are glycoproteins and some of them, if not all, might be
associated with the membrane by an ester linkage between a
glycoh moiety of the hydrolase and the functional groups

on the membrane. If the enzyme is released bf an activity
other than proteolytic activity, it would explain the identity
of both the forms as far as the peptide backbone is concerned.
Alternatively, after the release of the protein from the
membrane by detergent the anchor peptide is cleaved’off by a
specific cellular protease, with a specificity.ﬁéﬁe as that

of papain.

Proteolytic activity vs solubilisation activity -

experimental details: The degree of solubilisation and the

proteolytic activity have been concurrently monitored under

a variety of conditions with a view to finding out whether
there is a causal or direct relationship petween the two
processes. Proteolytic activity was measured with Azocoll

as a general test substrate for protease and the degree

of solubilisation was measured by the release of both
glucoamylase-maltase and sucrase-isomaltase complexes. The
release of the enzymes from the mucosal pellet fraction was me

sured under the following conditions: a) using heat inacti-

vated papain b) using papain in the absence of added

thiol compounds c) using papain in the absence of added

thiol compounds and proteas> activity further inhibited by
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iodoacetamide or p-hydroxy-mercuri-benzoate (10 pM to 10 mM)
and d) using papain activated by various concentrations of
p-mercapto-ethanol (1 pM to 10 mM). 1In all the above expe-
riments the pellet protein to papain ratio was 50:1 (w/w)
and incubation was at 37°C for 90 min (except in the experi-
ments with B-mercapto-ethanol, when the incubation time
was reduced to 10 minutes). During our experiments it was
found that the solubilisation was completely arrested at
high concentrations (10 mM, final) of p-hydroxy-mercuri-
benzoate or iodoacetamide and this property was used with
advantage in the above experiments. It should be mentioned
that these are preliminary data and would require a more
detailed study to come to definitive conclusions regarding
the mode of attachment of glucoémylase-maltase to the brush

border membrane, but are of sufficient interest asastarting

————

point.

Solubilisation ability of papain mot activated by thiol
compound: Denatured papain was not able to release the enzyme
at all and hence it was clear that an enzymatic process is
involved in the solubilisation. In the absence of added
thiols, papain exhibiting only 10/ of the proﬁeolytic acti-
vity compared to the fully activated papain, was effective in

bringing about complete solubilisation of the enzyme compleX.

Assuming'that this solubilisation was due to the presence of
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Fig.25 : Is protease activity of papain involved in the
solubilisation process?:protease (0—0) and solubi-
lisation (@—@) activities of papain not activated
by B-mercapteethanol; protease (&—d~A) and
solubilisation (@—@) activities of papain in the
presence of 100 UM p-hydroxy-mercury-benzoate j and
(A—4) solubilisatipn in the presence of 1 UM
B-mercapto-ethanol. Complete solubilisation of the
enzyme was effected using papain even in the absence
of thiol compounds and in the presence of 100 M of
p-hydroxy-merciribenzoate.
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papain not activated by added thiol compounds. Even at very
low concentrations (1 pM) of B-mercapto ethanol, the proteo-
lytic activity of papain was enhanced several fold, while the
degree of solubilisation remained unaffected. At higher
levels (1 mM and above) when the proteolytic activity of
papain had already plateaued pf?: the degree of solubilisation
was enhanced only 2 fold. Frcm these experiments with thiol
compounds and from the earlier experiments with sulfydryl
reagents, it appears that there are two types of enzyme acti-
vities in papain vis-a-vis the degree of solubilisation. The
protease acfivity is very sensitive to both activation and
inhibition under conditions which do not severly affect the
degree of solubilisation. The enzyme activity associated
with solubilisation is also apparently involving =SH groups
of papain, but it is insensitive to thiols and sulfydryl
reagents at low concentrations, and is possibly an esterase

type of activity long known to be inherent in papain.

Papain solubilisation in presence of azocollagen:

Supportive evidence for the above line of thinking was ohtaine:
by including azocollagen as a competitive substrate for the

proteolytic activity in the solubilisation medium. The pellet

protein- papain Tratio was raised to 200:l (w/w) so that only

504 solubilisation activity was exhibited by papain not acti-

vated by the addition of thiol compounds. If prctease -activit
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of papain was involved in the mechanism of solubilisation

one would expect an inhibition in the degree of solubilisation
with azocollagen as a competitor for the membrane bound pro-
tein. Since solubilisation was unaffected under these condi-
tions, it once again points to another enzyme activity in

papain which enables solubilisation.

In all the above experiments, sucrase-isomaltase acti-
vity was also monitored and it is of interest to note that it
closely followed the behaviour of glucoamylase-maltase com-
plex suggestive of a common mechanism of papain solubilisatio

for both the complexese.

Concluding remarks on mode of attachment of the enzyme

complex: Though all the foregoing evidences point to the
possible involvement of an activity other than proteolytic
activity during the solubilisation of the enzyme, they do not
establish the actual nature of the activity or rule out the
possibility of a very specific peptide bond being cleaved,
since the sucrase-isomaltase cocmplex in which an anchor
peptide is presumably cleaved off by virtue of the proteolyti
activity of papain, follows closely the release of glucoamyla:

maltase complex in all the experiments mentioned above. Lack

of competition by azocollagen, and higher concentrations of

thiol reagents and thiol compounds needed respectively to
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inhibit and activate the solubilisation process compared to
the normal proteolytic activity (for example hydrolysis of
azocollagen), would strongly suggest that the susceptible
peptide bonds of the intestinal hydrolases have a very high
affinity and specificity to papain. Such a peptide can

serve as a 'signal' for a protease (like papain) involved in
the turnover of these hydrolases. Though not commonly used,
elastase, a pancreatic protease has been known to be as
effective as papain in releasing the membrane bound hydrolases
of intestine and has, therefore, been implicated in the rapid
turnover of these hydrolases. A very recent observation by
Lee and Forstner [77], was that the detergent form of rat
intestinal glucoamylase-maltase complex could be isolated
with a subunit susceptible to proteolytic activity, if the
solubilisation and isolation were performed in media contai-
ning a proteolytic inhibitor. This would mean that subsequent
to detergent solubilisation, the susceptible peptide is lost an
the detergent form behaves identically as the protease form.
Such a possibility also exists in the case of rabbit
enzyme, especially when viewed from the point of suscepti-

bility of the bond being broken, as revealed by the solubi-

lisation experimentse



STUDIES ON THE ENZYME ACTIVITY - A NEW MECHANISM
OF ACTION AND DESIGN OF THE ACTIVE SITE

Glycosidic enzymes of intestinal brush border in
general possess more than one activity and like other multi-
enzyme complexes they are large proteins (Mr > 200,000).

They are not easily dissociated and are often made up of
tightly asscciated subunits which are the actual sites of
individual activity. Thus, sucrase-isomaltase of rabbit
intestine has two large subunits (Mr = 100,000) both exhi=-
biting maltase activity but in addition one exhibiting
sucrase activity and the other isomaltase activity. Lactase-
phlorizin hydrolase complex is made up of two subunits one exhi-
biting lactase and the other phlorizin hydrolase activity.
There is evidence for athird site for acid=-phlorizin hydrolase
activity which is activated by 4-carbon dicarboxylic acids
with polar group, around the central carbons. The possible
physiological role is ascribed to its yet another activity
namely ceramidase which can be associated with either lactase
activity as in rat and rabbit or phlorizin hydrolase as in
monkey. The glucoamylase-maltase complex has glucoamylase,
maltase and isomaltase activitiese Owing to the complications
in the understanding of its subunit structure and assemblys,

it is difficult to form a satisfactory kinetic model. Attempt.

to separate the molecule into subunits with any one of the
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activities have proved to be unsuccessful and apparently

they are tightly associated.,

Mechanism of action of intestinal glucoamylase - a hypothesis

On the analogy of the mechanism of action of fungal
glucoamylase it has been assumed that the intestinal
glucoamylase is an exo-enzyme and that it cleaves off glucose
residues from the non-reducing end of the individual polymer
chains of starchor glycogen. The work of Dahlqvist and
Thomson [115] who found glucose as the major end product
supported such a mechanism for the intestinal glucoamylase.
However, there are a number of results in the literature
which would cast doubt on such a mechanism and call for a
new line of thinking and this section is an exercise in that
direction. The results in the literature and some of our
recent findings are given unaer appropriate headings. A
new hypothesis for the mechanism of action for glucoamylase

along with a possible design of the active site are given.

Action pattern of fungal glucoamylase and intestinal

glucoamylase: If the mechanism of action of any two enzymes

is the same, it is expected that both should show similar

prefercnce for various substrates. If fungal and intestinal

glucoamylases share the same mechanism of action, then their

preference for maltose and other oligosaccharides of various
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degrees of polymerisation (DP) as substrates should be similar
While maltose is a poor substrate for fungal glucoamylase, it
is one of the most preferred substrates for intestinal
glucoamylase. Malto-triose, as well as higher oligosaccharide
are good substrates for fungal g}ucoamylaseu Maltotroise is

a poor substrate for the intestinal enzyme compared to either
maltose or higher oligosaccharides. There is a tremen-
dous decrease in Km and increase in Vmax for maltotriose com=-
pared to maltose and this isa characteristic feature of the
fungal glucoamylase action [118]. This characteristic feature
is conspicuously missing in the action pattern of intestinal
glucoamylase. On the other hand, there is an increase in Km
and a decrease in Vmax for maltotriose compared to maltose
and higher oligosaccharides (DP 4-6), in the case of intestine
glucoamylase [56,115]. This difference in the action pattern
of the two enzymes towards maltose and various oligosaccharidt

clearly indicates that the two mechanisms deviate considerabl:

Structural requirements of a substrate : From the

detailed kinetic studies on substrate specificity, it is
clear that the basic structural requirements for a disacchari
substrate are an unsubstituted glucose as glycon and an
ax-linkage -which can be (1->4), (1-3), (1—2) or (1—»6) in

that order of preference [56]- between the glycon and aglycon



126

The aglycon part can be either a glucose moiety ora fru-
ctose moiety or even a phenyl-ring with or without substi-
tutions [56,115]. Though there is a lack of specificity

over aglycon part and the linkage (as long as it is a) the
rate at which these substrates are acted upon is determined
by the aglycon and the susceptibility of the linkage to
hydrolysis. Non-reducing disacchasides like sucrose and
trehalose whose anomeric hydroxyl is involved in the glyco-
sidic linkage are inhibitors inspite of their having an unsub-
stituted glucose as glycon and an a-linkage between the glycon
and aglycon moieties. If the anomeric hydroxyl of a
disaccharide is involved in a glycosidic linkage with a
neighbouring moiety, such as maltose is in maltotriose, then
it appears to be a poor substrate [56,115]. However, in the
case of panose, a triose, in which the additional glucose
residue is attached to C6-0H instead of the anomeric hydroxyl
of maltose, the rate at which it 1is hydrolysed is better than
that of maltotriose [56]. This apparent importance of anomer:
hydroxyl was also mentioned by Sorensen et al [56] in their
work on pig intestinal glucoamylase-maltase compleX. On the
basis of the above findings, starch should be a poor sub-
strate, (it is a substituted maltose, at the anomeric
hydroxyl) but it is a preferred substrate hydrolysed at a

rate comparable to that of maltose. This was one of the

major reasons which prompted us to consider alternative
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mechanisms such as cleavage of maltose from the non-reducing ends

thus relecasing the anomeric hydroxyl.

Appearance of maltose in the reaction - mechanistic

implications: Dahlqvist and Thomson [112] while investigating

the action of intestinal glucoamylase on starch, found that
the enzyme hydrolysed starch by an exo-action, and produced
only glucose upto first 40 min, and later along with glucose

a small amount of maltose also appeared. Though the reduction
power of the reaction mixture up to 10 minutes could be attri-
buted solely to the glucose released, these two did not coin-
cide, clearly indicating the presence or release of additional
reducing compounds apart from glucose. The appearance of mal-
tose (or additional reducing substances) was not considered
seriously and they suggested that intestinal glucoamylase

action corresponds to that of fungal glucoamylase.

The following experiments have been carried out with
homogeneous rabbit intestinal glucoamylase-maltase complexs
the disappearance of blue colour of starch-iodide complex as
a test to distinguish an exo-action from an endo-actionj
correlation between the reduction power of the products of
starch hydrolysis -measured by dinitro salicylate procedure
[226] and expressed as equivalents of glucose- and that of
the released glucose measured specifically by T.G.0. proce-

dure [227], separation and jdentification of the reaction pro-

ducts by paper chromatography.
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The disappearance of blue colour of starch-iodide
complex by the action of the enzyme., To about

500 uUg/ml of starch in 0.01M potassium phosphate
buffer pH 7.0, enzyme (10 Hg/ml) and 20 ul
appropriately diluted iodine reagent (0.4% w/v

w.r.t. iodine) were added. The disappearance of

blue colour was recorded at 500 nm using a spectro-
photometer. In another experiment, (0O—0O) the iodine
reagent was added after incubating starch with the
enzyme for a stipulated time. The enzyme employed
was at a concentration of 5 ug/ml,the other conditions
remaining the same. The 50% rate of hydrolysis

of starch-iodide complex compared to starch is
apparent.
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Velocity of starch hydrolysis by DNS(o—o) and
TGO(e—e) procedures
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Fig.27 : The correlation between the amount of glucose released
as measured by T.G.0. method (@—®) and reduction value
measured by DNS method (O—0) (expressed as equivalent
glucose released/starch hydrolysed) at various time intervals.
Assay condition: starch (500 ug/ml) enzyme (4 ug/ml),
buffer potassium phosphate buffer, 0.0l1M and pH 7.0,
temperature 37 C. The lack of correlation from the beginning

of the ‘incubation is noteworthy.



Michaelis-Menten curve for starch hydrolysis
by DNS (e—e)8TGO(0—o) procedures
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Fig.28 : The lack of correlation between the amount of glucose

released as measured by T.G.0, method (0—O) and as
measured by DNS method (e—@) at various concentrations
of starch indicates the presence of additional reducing
components in the reaction mixture. Assay conditions:
VariouS concentrations of starch (as .indicated) in 0.01M
potassium phosph « Ruffer pH 7.0, enzyme concentration
(5 ng/ml) and incuba. 72n time, 1/2 hour.



Fig.29 : (a) The paper chromatogram of the reactipn mixture gf starch
hydrolysis by the enzyme, developed ascendindly using
n-butanol-acetic acid-water (4:1:2) systcm, 2,3,4 and 5
correspond to respectively 10 min., 20 min., 30 min.,

40 min., of incubation time. Assay condition: Starch
(1 mg/ml) in 0.01M potassium phosphate buffer pH 7.0,
enzyme 10 g/ml. At the end of the stipulated time aliquotes
(100 ul) of the reaction mixture were withdrawn; the reaction
was arrested immediately by boining; concentrated under vacuum
and applied on to the paper. \rhe faint spot of maltose is seen
even within 10 min. )

bl

(b) Incubation of the eu~yme did not produce maltose by trans-
glycosylation or by synthesis. This indicates that maltose
produce hydrolysis of starch by some other mechanism.
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The disappeéarance of blue colour which was gradual and
slow suggested an exo-type of action (Fig. 26). Moreover, at
no stage during the hydrolysis of starch there was any indica-
tion of small limit dextrins like a=-limit dextrins obtained by
the action of a-amylase, an endo-enzyme. This rules out the
presence of an endo-action of any of the activities in the
enzyme, inherent or as a contaminant (as has been shown in
apparently homogeneous preparationsof fungal glucoamylase)
[228]. The release of glucose from starch is thus a consequence
of only an exo-action. Even at early stages of incubation there
was lack of correlation between the reducing equivalents and
glucose released (Figs. 27,28). . This indicated the presence of
reducing compounds other than glucose. The chromatogram revea-=
led a small amount of maltose as the only other reducing compowe:
within 10 min. after the start of the reaction [Fig.29]. Glucose
was the major product of starch hydrolysis. In a separate expe~
riment it was shown that maltose is not formed by transglycosy-
lation reaction, by checking the chromsatograms of the reaction

mixture containing the enzyme and an excess of glucose, 0.1 M

(Fig.29b).

The observations on rabbit intestinal glucoamylase are
remarkably similar to those on rat intestinal glucoamylase
[112], suggestive of a common mechanism cf action of intestinal
glucoamylases. It is not pcssible to account for the presence
of maltose or other reducing substances in the reaction mix-
ture of starch hydrolysis, on the basis of the mechanism of

action of fungal glucoamylase. It has been clearly demons=-
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trated that fungal glucoamylase releases sequentially only
glucose residues from the non-reducing ends of starch, by

virtue of its a(l-4) and a(1-6) hydrolytic activities.

Maltase as an integral part of glucoamylase: In the

case of the intestinal enzyme, apart from glucoamylase acti-
vity a very high maltase activity' (compared to the feeble
activity in fungal glycoamylase) has been noted fer a long
time. This maltase activity also accounts for a considerable
proportion of the total intestinal maltase activity. The

two activities have not been separated physically nor a
differential inactivation or inhibition demonstrated, as in
the case of sucrase-isomaliase complex. Kinetic evidence
suggested that the maltase activity is an integral part of
the glucoamylase site [115]. The nature and significance of
this arrangement and its mecharistic implications during poly-
mer hydrolysis have not been analysed carefully. From a
teleological view-point, the presence of maltase activity as
an integral part of the glucoamylase site points to a

physiological function.

Possible mechanisms of action of intestinal

glucoamylases: Any mechanism proposed should explain and
take into account the following facts: the exo-action of the
enzyme, the presence of other reducing substances (especially
maltose) apart from glucose,. the major product, the observed

action pattern of the enzyme towards oligosaccharides of
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various degrees of polymerisationy, the inhibition pattern of
various compounds and the nature and significance of the
inherent presence of various activities implicated in the

polymer hydrolysis.

We propose a possible mechanism of action of intestinal
glucoamylase-maltase complex based on the arguments and expe=
rimental evidence provided above. The foremost proposal in
this mechanism is a p-amylase type of action (referred to as
p-amylase hereafter) which has been envisaged to precede the
action by maltase, in the removal of glucose from the non-
reducing ends of starch or any other polymer or oligomeric
substrates. The polymer or oligomer hydrolysis by intestinal

glucoamylase then becomes a two step process as given below

glucose oH Q—Amxlass glucose
1. (4)HO- anhydride|n (1) (4)HO- anhydride n_2_OH(;
+ Maltose
Maltase
2. Maltose —> 2 glucose

There are certain characteristic features of a two
step mechanism as opposed to a single step mechanism, The rat
of the overall reaction is determined by the rate of the
slowest step. This in turn is dependent upon the affinity

and catalytic efficiency of a particular step towards a
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given substrate. The extent of inhibition and rate of inacti-
vation are dependent on the step which is most affected,
Accumulation of maltose a product of the postulated B-amylase
activity can be expected by blocking maltase activity, which
is the second step in the mechanism, unless, of course,
p—amylase 1is not vulnerable to a feed-back inhibition by

maltose. This phenomenon is known in multi-enzyme systems.

Action and inhibition patterns - Explanation based on

the proposed mechanism: For maltotriose and possibly for

maltotetrose, it appears that p—amylase is a rate limiting
step because they are hydrolysed at rates smaller than that
of maltose hydrolysis. For higher oligomers and polymers

the rate limiting step is probably the maltase activity
because their rates of hydrolysis approach that of maltose.
When the hydrolysis of starch was performed in the presence
of inhibitors like Tris, sucrose and glucono-g-lactone, it
was noted that the reduction power of the reaction mixture
and the reduction in blue colour could be accounted for solely
by the released glucose. In the presence of 6 mM maltose
starch hydrolysis was completely inhibited as evidenced by
the persistence of blue colour. During heat inactivation
studies, the descrepancy between the reduction power of the
reaction and the amount of released glucose, gradually ceased

to exist as the inactivation progressed, suggestive of slightl
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greater inactivation of B-amylase site by heat. Similar
results were obtained with inhibitors like Tris and trehalose
when é—amylase activity was affected more than the maltase
activity (Ki values of these inhibitors are considerably

smaller for starch hydrolysis compared to maltose hydrolysis

msl).

This mechanism can explain and account for the
release of glucose by an exo-action from polymer substrates
like starch on the analogy of plant p-amylase. There will
be a small population of maltose at any time in the active
site which survives maltase activity anqqfhis is possibly
what is detected on the chromatograms. Like in the case of
plant B-amylase maltose is an inhibitor of starch hydrolysis,
maltotriose will be a poor substrate and oligosaccharides
with intermediary DP(4-8) $¥e the preferred substrates. This
fits in excellently with the observed action pattern of the
intestinal enzyme. Owing to the release of maltose prior to
maltase action, the hydrolysis of starch and other polymer
substrates will be at rates comparable to maltose hydrolysisa
The mechanism of action accounts satisfactorily for inhi-
bition pattern of various compounds. It also offers a possible
explanation for the necessitycdfa tight association of maltase
and glucoamylase activities. Maltase site is an integral

part of intestinal glucoamylase as shown by kinetic studies
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and this fits well with the proposed mechanism for which the

proximity of the enzyme activities is a preTequisite.

Iodine , inactivatjon studies - evidence for two

——

species of maltases and glucoamylases: During our studies,

it was observed that the enzyme exhibited only 504 of its
starch hydrolytic activity towards starch-iodide complex.
Suspecting inactivation by iodine reagent the enzyme was
pre-incubated with different concentrations of iodine
reagent before assaying for glucoamylase, maltase and iso-
maltase activities. It was found that all the activities

are sensitive to iodine ana are lost completely at a concen-
tration of 0.3 mM (w.r.t. to iodine) of iodine reagent. When
iodine reagent was added subsequent to the addition of res-
pective substrates, 50/ activities of glucoamylase and mal-
tase were found to be protected against inactivation by the
reagent. This apparently indicated two 'species' of gluco-
amylase and of maltase activities. In each case one activity
is iodine inactivated substrate-protected and the other is

jodine-inactivated-substrate unprotected.

Heat inactivation studies - evidence for heat labile

and heat stable 'pecies'of activities: The enzyme was pre-=

incubated at 60°C for various intervals of time and the

glucoamylase, maltase and isomaltase activities were assayed.



Heat inactivation pattern_of
various activities
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Fig.30 : The inactivation of the enzyme activities by heat(&o'%bout
half of the maltase (#—®) and glucoamylase (@—®)
activities are lost with in 15 min, and the remaining half
is relatively heat stable suggestive of two 'species' of
activities for both glucoamylase and maltase. Estimation
of the activity of iodine inactivated-substrate protected
maltase (M) indicates that it is the stabler of the two
maltase 'specics', Its loss of activity parallels that of
isomaltase (O=f}) suggestive of a close association between
them. Isomaltase is relatively heat stable and it is a single
cies of activity. Glucoamylase activity measured by DNS (0—O
also parallels the profile of gluco amylase activity measured
by T.G.0. (0—®).
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The differential rates of inactivation indicated the pre-
sencg of two species of both glucoamylase and maltase acti-
vities. Isomaltase activity was associated with the latter

species of maltase (Fig.30).

Isomaltase and associated activity: From both heat
and iodine inactivation studies it was found that there is
only one 'species' of isomaltase activity. The loss of
iodine-sensitive-substrate-protected-maltase activity during
heat inactivation followed closely that of isomaltase and

this suggested a close association of these two activities.

Inactivation studies - a possible support to the

proposed mechanism: The results on the inactivation of the

enzyme by heat and more especially iodine lend considerable
support to the proposed mechanism of action. Both the studies
indicated the apparent presence of two 'species' of gluco-
amylase and of two maltase activities. One is heat sensitive
and iodine-inactivated-substrate unprotected while the other
is relatively heat resistant and iodine sensitive but substrate
protected. ¥ith the classical mechanism, two polymer binding
sites have to be invoked, one for each 'species!' of gluco-
amylase activity. Such a design of the active site involved

in polymer hydrolysis will make it unwieldy and it may

introduce other steric complications. Also,it is difficult
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to conceive of an identical inhibition pattern by iodine of
the two different and independent activities namely maltase
and giucoamylase. The mechanism proposed in this thesis
offers an elegant and perhaps more reasonable explanation

for the apparent presence of two 'species' of glucoamylase
activity, but with only one polymer binding site. Our mecha-
nism invokes a combined action of B-amylase (primary polymer
binding site) and of maltase mechanistically and sterically
linked. The apparent presence of two species of glucoamylase
then is a direct consequence of the actual existence of two

species of maltase.

This would mean that the B—amylase need not be inhi-
bited by iodine at all. The type of differential inactiva-
tion by iodine can be correlated with the earlier findings
of Sivakami and Radhakrishnan [115]. They showed that a
group with a pka of 5.7 was essential for the hydrolysis of

both maltase and starch and that an additional group with a

pka of 4.3 is responsible only for starch binding. Our
hypothesis is that starch hydrolysis after the initial
binding and p-amylase action, takes place with the involve-
ment of the site where maltose is hydrolysed. We can assume
that the group with a pk_ of 5.7 (presumably histidine,

which has been implicated in the active sitesof a-glucosidases)

is associated with the maltase site. Inactivation of this
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group would affect both starch anc maltose hydrolysises On
the other hand, if we assume that the B-amylase has the
group with pka of 4.3 and that it is the only polymer binding
site, inactivation of this group would affect only starch
binding and starch hydrolysis. If iodine reagent reacts
specifically with the group having pka of 5.7 it would
affect only maltase but not g-amylase. Even if maltase is
affected,starch hydrolysis camot proceed because of the
two step (linked) mechanism proposed. The fact that there is
504 of glucoamylase activity protected against iodine
inactioms would mean that starch binding offers protection to
one of the maltases. This iodine sensitive-substrate pro-
tected-maltase seems to be associated with the isomaltase,

as evidenced by their similar heat inactivation profile.
Isomaltose (the substrate for isomaltase) inhibits only
starch hydrolysis but not that of maltose. This specificity
seen in its inhibition behaviour is an indication of a spe-
cific interaction between iscmaltose binding and starch bin-
ding or hydrolysise. Since maltase 1is not inhibited, the
inhibition effect of isomaltase can be attributed to the inhi-
bition of binding of starch to p-amylase or its subsequent

hydrolysis to maltose. In any case, it is evident that starch

binding can influence isomaltase and vice versa. Thus not
only is there an evidence for the observed protection of

isomaltase by starch binding, but it can also be expected to bt
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Fig.31 : The Proposed design of the active site. The entities
a, b and c respectively represent (R-amylase (polymer
binding site), iso-maltase-maltasc unit (0= & PB-limit
dextrin binding site) and maltase (which is iodine inacti-
vated and not protected by substrate against inactivation,
It appears that (see text for details) the isomaltase and
the associated maltase (iodine sensitive-substrate protected)
have a more intimate connection with the (-amylase and hence
depicted as being close to the 'hydrolysing centre'
(indicated by the trialgle). Mode of action on a polymer
has also been indicated. Sec text for further details.
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since complete hydrolysis of starch to glucose requires

isomaltase activitye.

Design of the active site of the enzyme complex

Based on the results of inactivation studies and the
proposed mechanism of action of the enzyme, a possible design
of the enzyme active site has been conceived. According to
this design illustrated in Fig.31, it consists of three enti-
ties designated as a) p-amylase site b) isomaltase-maltase
site and c) a maltase site, explained in greater detail

below.,

p-amylase site: This is the primary polymer binding

site. It can bind to six glucose residues from the non-
reducing end of a polyﬁer bvanch) or it can conveniently acco--
mmodate the oligosaccharides with a degree of polymerization
of 5=6. This will be\keeping/in*with the preference the
enzyme exhibits in hydrol?sing these oligosaccharides com=-
pared to maltotriose or maltotetrose. It catalyses the .

sequential release of maltose from polymers like starch

or glycogen.

Isomaltase-maltase site: This is involved in the binding

of the a- or p-limit dextrins. There are two activities
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associated with this unit. One is relatively heat stable and
iodine inactivated-substrate protected-maltase activity

and the other is isomaltase activity. This unit takes part
in polymer hydrolysis and can catalyse the hydrolysis of

maltose, a= and B-limit dextrins.

Maltase site: This is yet another binding site for
maltose and its hydrolysis. This is heat labile and iodine -

inactivated and does not get protection by substrate binding,

The isomaltase-maltase site rather than maltase site
seems to be more intimately associated with the starch hydro-
lysis. This is depicted by placing the isomaltase-maltase
close to the 'hydrolysing centre! of B amylase site. Maltase
site is depicted away from the hydrolysing centre.
Nevertheless, this site is important for the hydrolysis of
starch and maltose. From the inactivation studies it was
inferred that this site accounts for nearly 504 of each of
the activities. While isomaltase-maltase site gets protec-
tion by binding of starch, maltase site is not protected and
hence is inactivated in presence of iodine reagent. The
glucoamylase activity seen under these conditions is, therefoi
due to the maltase activity of ijsomaltase-maltase site subse-
quent to p-amylase action. This probably represents the

jodine sensitive-substrate brotected glucoamylase activity

(one of the two observed tspecies').
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Mode of action on starch:

The complete hydrolysis of starch takes place accor-

ding to a sequence discussed below.

Starch binding and gramylése action: Six residues

from the non-reducing end of a branch of starch bind to
B-amylase site. Maltose is cleaved off one after the other

from the non-reducing end, till the branch point is reached.

Maltase activity subsequent to the g—amylase action.

The maltose resulting from p-amylase action is acted upon

by both the maltases (isomaltase-maltase and maltase sites)
and glucose is released into the medium. It is considered
that maltose arising from B-—amylase action is not an enzyme-
bound intermediate, since maltose is detectable in the re-
action mixture. On the other hand, it is likely that the
concentration of the released maltose in the active site
builds up to such an extent that is effectively hydrolysed
by maltases. This will result in a steady-state concentra-
tion of maltose, which seems to play an important role in

the regulation of p-amylase activityby a feed back inhibition

by the product.,

Attack on the branch points: When starch is reduced to

g-limit dextrin (the core structure left after the complete
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action of B-amylase on starch, with all the branch points
exposed), the isomaltase with its associated maltase acti-

vity takes over and leads to further degradation to glucose.

The hydrolysis profile of starch indicates an initial
fast reaction for about 20 min. at which time about 50/ of
the starch is hydrolysed, followed by a slow rate of release
of glucose. The 504 of starch hydrolysed initially also
correlates with the 50/ of mass distributed between the first
branch points and the non-reducing ends. Presumably, the
initial fast reaction is due to the hydrolysis of a(l1->4)
linkages in the branches catalysed by the combined action of
p-amylase and maltases and the subsequent hydrolysis at a
slower rate is due to isomaltase-maltase action on the resul-
ting B-limit dextrin. This would require that the functional
unit of the enzyme should detach itself when the hydrolysis
of a branch is completed and attach itself to another branch.
This process will continue till a B-limit dextrin results,
and which will be acted up on at the isomaltase-maltase site
to release glucose sequentially. The mechanism of action of

isomaltase is probably analogous to that of the isomaltase

unit (dextrinase) of sucrase-isomaltase with a-limit dextrinse
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Fig.32 : The evaluation of number of binding sites for various
competitive substrates during the hydrolysis of starch,
glycogen or maltose. The slope of the straight line resulting
from the plot of log[ (v -v,) /Vi] vs log [i] (where v, and V_

are respectively velocities of the reaction in the presence

and in the absence of the competitive substrate) yields the
number of binding sites available for a competitive substrate,
The straight lines (#—%) (G—0) and (O0-0) were obtained from
the data on the inhibition of hydrolysis of starch by maltose,
palatinose and glycogen respectively. The straight lines (0-0) ’
(0—0), (&-A) and (O-0O) resulted from the inhibition of hydrolysis
of maltose, by starch, palatinose, maltotriose and malto pentose
respectively. (& &) is from the data on the inhibition of
glycogen hydrolysis by maltopentose. The number of sites have
been tabulated (table 5),
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Fig.33 : The evaluation of the number of binding sites available

for various competitive imhibitors during inhibition of
hydrolysis of starch or maltose according to the method
detailed under Fig.32., The straight lines (&), (0—®)
(m-®) and (A—X) respectively, correspond to the inhibition
of starch hydrolysis by sucrose, Tris, trehalose and glucono-
d~lactone. The number of binding sites for Tris and sucrose
during inhibition of maltose hydrolysis were obtained from the

straight lines (0-O) and (&), For the number of sites
see Table 5.



Table 5

Number of binding sites for various competitive

substrates and inhibitors

fe ot marotvss | SRS GRS M ghe
site®
Starch hydrolysis Maltose 3.25 (3)
Palatinose 1.25 (1) -
Glycogen 1.25 (1)
Surcose 3.2 (3)
Trehalose 1.0 (1)
Tris 1.35 (1)
Glucono
lactone 5.0 (5)
Maltose hydrolysis Starch 1.25 (1)
Palatinose 0.95 (1)
Maltotriose 0.7 (1)
Maltopentose 1.0 (1)
Sucrose 1.25 (1)
Tris 1.0 (1)
Glycogen hydrolysis Maltopentose 1.7 (2)

Figures in the paranthesis refer to the numbers of binding
sites expressed as the nearest integer.
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Number of sites for various substrates and inhibitors

With the presence of three activities viz. B—-amylase,
maltase and isomaltase and two species of maltase activities
the proposed active_site design of intestinal glucoamylase
maltase complex is rather compliéated. It was desirable at
this stage to have a quantitative picture regarding the number
of binding sites for various substrates and inhibitors to
verify whether the proposed model can provide the expected
number of binding sites for various compounds. This was
achieved by plotting the data from inhibition and competitive
substrate  incubation studies of Sivakami [229], and some of
our own as shown in Figures 32 and 33 . The number of binding
sites for a substrate or inhibitor obtained from the slopes

of the resultant straight lines have been tabulated (Table & ).

In the case of starch hydrolysis there are, according
to this procedure, three sites each for disaccharides maltose
and sucrose; two sites each for oligosaccharides like malto-
triose and maltopentose (the data on glycogen hydrolysis has
been adapted on the assumption that the mechanism of hydro-
lysis for both starch and glycogen are essentially the same);
one site for polymers like starch and glycogen, and one site

each for TRIS, trehalose, and palatinose; and as many as five

sites for glucono-é-lactone.. In the case of maltose hydro-

lysis it can be seen that the various substrates and inhibitors
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have only one binding site. Sucrose is an inhibitor of both
maltase and glucoamylase activities. It would resemble the
conformation of maltose especially in the strained state
(half chair conformation of the aglycon part) which it has
to assume prior to binding. On tpis basis, sucrose can be
expected to bind to the same three sites to which maltose
can bind. Glucono-é-lactone has a half chair conformation
corresponding to the glucose moiety in a substrate molecule
which has to undergo a conformational transition (from chair
to half chair) prior to hydrolysis by the enzyme. It has

5 binding sites accommodated in this fashion: two in iso-
maltase-maltase (one for each) and one each in maltase,
p-amylase, and the last one.can bind to any other site avai-

lable. Trehalose, Tris and palatinose each bind to only one
site to effect inhibition by preventing eiiher the binding
or subsequent hydrolysis of starch. Though the available
data are inadequate to pin-point the actual location of
their binding, we are owly suggesting their probable bipding
sites. Palatinose, owing to its structural resemblance to
isomaltose, binds at the jsomaltase. Trehalose, being not
an inhibitor of maltase, will not bind to both the maltases
but can bind to either p-amylase or isomaltase site. Tris
has been shown to bind specifically at the glycon portion in
sucrase-isomaliase [103] and on amalogy, Tris probably

binds to p-amylase at the glycon site and prevents the
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hydrolysis of starch. Since trehalose and TRIS can bind to
different sites at the same time, there will not be any mutual
interaction between them during inhibition of starch hydrolysis.
This has been observed ard reported by Sivakami and Radha-

krishnan [115 ].

Based on this model and the proposed mechanism there
is a possible explanation for the observed substrate inhibi-.
tion phenomenon, in the case of hydrolysis of maltotriose and
maltopentose. This was not observed in the case of either
maltose or starch during their hydrolysis. According to Dahlqui st
[230] the substrate inhibition is due to transgly-
cosylation, a process in which the glucose cleaved off from
one of the substrate molecule is transferred to another mole-
cule of the substrate instead of water. So, there should be
two sites in the active site for the oligosaccharides, one
which binds the acceptor and the other the donor. There are
two sites available for these disaccarides according to the
results from graphical method mentioned above. An alternative
explanation can also be offered based on the proposed mecha-

nism of action of the enzyme. Maltotriose and maltopentose

are substrates for B-amylase. Hence they naturally bind to

B-amylase site. This accounts for one of their binding sites.

Since they are inhibitors for maltase activities, the second

binding site is the maltase site. It is not clear if both the
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maltases or only one of them is involved in this binding.
According to the proposed mechanism of action, maltase acti-
vity_(the second step) is essential for the hydrolysis of
these oligosaccharides. A consequence of their binding to
the malggif site will be inhibition of their own hydrolysis,
somewhatlsuicidal inhibition which appears as substrate inhi-
bition. This phenomenon is not seen in the case of maltose
because it is a substrate for maltase and an inhibitor for
B-amylase. Substrate inhibition as a consequence of trans-
glycosylation, has been found even in maltose hydrolysis,
catalysed by other a-glucosidases [230]. So based on trans-
glycosylation hypothesis it is not possible to account for
the absence of substrate inhibition in maltose hydrolysis

in the case of the intestinal enzyme. Hence it appears that
the alternative explanation proviced above based on the

proposed mechanism of action appears to be a more reasonable

explanation.

The ability of the model to account satisfactorily fo
the number of binding sites available for various substrates
and inhibitors is indicative of the correctness of the approa
The ability of the proposed design to explain other observed
phenomena, especially substrate inhibition and lack of inter-

action between Tris and trehalose, is in support of the

mechanism of action alsoe.
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A_suggested method for calculating the K for branched

polymers with an exo-enzyme

It is not out of place to include a comment on the
logic of calculating the K, for a polymer substrate of an
exo—amylase based on the anhydride glucose concentration, in
the medium, instead of the polymer concentration. Unlike
endo-amylases, the exo-amylases are very specific to the non-
reducing end and hence the concentration of this end group
should determine the effective concentration of the substrate
species rather than the internal moieties. It is apparent,
therefore, that the Km should be expressed in terms of this
end group concentration. PForalinear polymer like amylose,
this can be conveniently calculated from the amount (in gms)
and its approximate molecular weight, since each molecule has
only one non-reducing end. The evaluation of the concentra-
tion of non-reducing end in the case of branched homopolymers
like amylopectin and glycogen is not straight-forward. Apart
from the Mr a detailed knowledge about its structure, espe-
cially with regard to the number of glucose moieties between
the first branch point and the end group of a branch (called
branch length) and the mass of the polymer distributed bet-
ween the first branch point and the end group are required.
Fortunately, this information is available for the

amylopectin portion of potato starche For those cases where

this information is not available the same can be easily



Table 6

5222_and KEEE/FE values for various substrates
Turnover No.
K= -max KooKy
Km Y, cat Eo gr
Substrate (mM) max Y}
per *per __max
molecules site Eo.Km
Maltose 1.43 25 320 40 2.23x105
Maltotriose 8.3 16 200 o5 2.4 x107
Maltopentose 4.0 25 320 40 8x10%
Amylopectin. 0.078 19.6 245 31 3.l4x106
Starch 0.039 16 200 25 5x10°

* -
eight protomers/enzyme molecule was assumed.
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obtained by B-amylosis of the branched polymer. Since the
action of B-amylase can not proceed beyond the branch point,
the mass of starch hydrolysed by B-amylase will correspond

to the mass distributed between the firet branch points and
end groups (denoted as Mb). The rolecular weight of the
polymer (Mp) can be approximately calculated from gel filtra-
tion. Finding out the number of glucose residues (n) in a
branch is not simple. From the data available in the lite-
rature on the structures of these polymers, a typical value
of 25 for amylopectin like polymers and 14 for glycogen like
polymers can be assumed. The concentration of the non-reducing

ends can then be obtained by the following relationship:

M,  amount of polymer (g)

ang Mp

(Mg is the molecular weight of glucose anhydride)

[Non-reducing end] =

Even such an approximation would be more reliable in the deter-
mination of Km than the conventional method. It can be seen
from Table 6 that calculations based on this method
suggest that starch is a better substrate compared to mal-
tose or oligsaccharides since its K (39 pM) is about two
orders less than that of maltose and oligoraccharides. Conse=-
quently Kcat/Km also is in favour of starch or amylopectin

compared to either maltose or oligosaccharides. By the con-

ventional method, using an equivalent glucose anhydride
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mass, starch was found to be a substrate only as good as
maltose, (l(m for maltose, 1.43 mM; K, for starch, 2.0 mM).
This method can also explain why amylose and amylopectin
give very different rates when they are at the same concen-—
tration in mg/ml. For a given amount of amylose the number
of non-reducing ends will be much smaller %%%%%% than that
of amylopectin. Yet another advantage of amylopectin is the

proximity of branches which may compliment the known structure

of rabbit intestinal glucomylase-maltase complex (Fige6 ).

Stability of the enzyme active site - studies with detergents

denaturants and alcohols

In spite of the intricate design of the active site,
the stability of the enzyme against denaturation is quite
remarkable. It retains partial activity at the end of 2 hours
at 60°C and in the presence of 8 M urea at 37°C and exhibits
total activity even after incubation for 1 hour with 5% SDS
(in fact, at lower concentrations SDS slightly activates the
enzyme activity). However, the enzyme looses all the activity
in 3 M guanidium chloride. The stability of the membrane
enzymes in general and intestinal hydrolases especially against
denaturation by SDS is well-known [58 ]. This not surprising

since the membrane-bound enzyme is associated with long chain

fatty acids.



Table 7

Extent of inhibition by various alcohols (10% w/v)

104(v/v) 104 (v/v)
Alcohol % activity p.enz sactivity T.enz

Maltase G.A. Maltage G.Ae

Methanol 91 78 97 65
Ethanol 60 58 59 58
nPropanol 0 (o) 0 0
Isopropanol 30 32 36 32
nButanol 52 56 59 50
Sec. Butano; 36 42 38 51
Tert Butanol 21 22 25 30
Ethane Diol 84 70 87 76
Propane Diol 71 66 89 71

G.A. = glucoamylase
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The enzyme is rather sensitive to several alcohols.
Among the alcohols tested, n-propamol is the most potent
inhibitor followed by t-butanol and iso-propanol  Ethanol,
methanol, ethane-diol and propane-diol are poor inactivators
at 104 (v/v) concentration (Table 7 ). This pattern of inhi-
bition suggests that n-propanol satisfies the steric require-
ment, for the alcoholic hydroxyl to interact specifically
with a particular group, essential for catalytic action of
the enzyme. Since the substrate is a poly-hydroxyl compound,
it is quite possible that alchohol interaction, especially
that of n-propanol mimicks the interaction of one of the
essential hydroxyl groups of the substrate (for example, the
4-0OH of the glycon moiety or the anomeric hydroxyl), with
some essential groups in the active site. Since propane-diol
is not a good inactivator at all and iso-propanol is not as
good an inactivator as n-propanol, the actual structural

requirement for this interaction would be that of n-propanol.

The enzyme does not loose its activity on immuno-preci-
pitation, with both starch and maltose as substrates. This
indicates that the active site and the antigenic determinants

are spatially well-separated.



IMMUNOCHEMISTRY OF THE ENZYME

The enzyme elicited a good antibody response in rat
as can be seen from the titre value of 2.4 mg/ml plasma.
The antibody reacts avidly with the enzyme forming a visible
precipitate with in one hour of their mixing. The antigenic
determinants are conformational, since the enzyme when con-
verted to the open chain conformation by reacting with 6 M
guanidinium chloride and subsequent removal by dialysis,
failed to complex with the antibody of the native enzyme. It
is not clear if these conformational determinants are at the
level of quaternary structure of the protein or at the ternary
level of individual subunits. The antigen-antibody complex
formation leading to a precipitin line in immunodiffusion
experiments did not take place when the enzyme was heat dena-
tured at 60°C or incubated with 5% SDS at 37°C for 1 hr or
treated with 104 ethanol. On the other hand it retained
partial enzyme activity at 60°C and in 10% ethanol and in
fact, fully active in 5% SDS. This observation and the fact
that the enzyme does not logse its enzyme activity after
antibody binding lead to the conclusion that the active site
and the antigenic determinants are placed well apart on the
molecules Since rat also has a similar intestinal gluco-
amylase-maltase complex, the active site conformation may

- . \ _ '
be similar and hence not considered as 'non-selff,
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The presence of full activity in the (antigen-antibody)
complex, either in the soluble form or in the precipitate
form, helped us to work out the stochiometry of antibody
binding to an antigen molecule (Table 8 ) in quantitative
precipitation analysis (page 79 ), In the antibody excess
zone there are at least 50 antibodies and presumably as many
binding sites per antigen molecule. This will include both
specific and non-specific sites, This value drops, to about
25 in the near equivalence zone on the antibody excess site.
At equivalence zone only 10 antibodies are bound to the anti-
gen. Assuming that all the antibody valencies are saturated,
it could be inferred that the antigen has about 20 antigenic
determinants, on it. 1In the excess antigen zone, this figure
drops to 16 and in the far excess antigen zone there are only
half as many sites as in the equivalent zone. In the super-
natant, i.e, in soluble complexes of the far-excess-antigen-
zone, there are about 2 antibodies/antigen, on an average.
Thus, this multivalent nature of the antigen is in line with
the large size of the molecule and from the value of the
equivalent zone for the valency, it can be seen that there
are about 2 determinants/bead. It is likely that the deter-
minants are placed one on the bead and another in the linkage
portion between the beads. It has been observed that, at

equivalence zone, the ratio of antibody to antigen correlates

with the molecular weight of an antigen [231]. From the
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Fig.35 : The profile of the quantitative immuno precipitin
analysis, obtained employing varied concentrations
of the enzyme to react with a fixed amount of (50 11)
the antibody. The full presencc of enzyme activity
(0—0) in both the soluble complexes and the
precipitates enabled us to evaluate the antibody-
antigen stoichiometry at various points in the profile.
(see also Table 8).
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weight ratio of antigen to antibody at equivalent zone, the
molecular weight of the enzyme was calculated as 800,000 a

value close to that obtained by sedimentation methods.

Immuno-electron microscopy

With a view to investigating the mode of association
of the antibody with the enzyme, especially from the consi-
deration of the interesting supra-quaternary structure, the
soluble antigen-antibody complex was purified and subjected
to electron microscopy. But, unfortunately no useful infor-
mation was obtained owing to the matching of the size of the
bead with that of the antibody, which gave a confusing pic-
ture. One observation made during this study was that the
antigen-antibody complex formed membrane/film in the presence
of uranyl acetate, on naked grids (Fig.36) just like the

enzyme complex.



STRUCTURE-FUNCTION CORRELATIONS - A SPECULATIVE EXERCISE

Among the proteins studied in detail, the rabbit
intestinal glucomylase-maltase complex represents a very
unusual protein with respect to the size, shape, subunit
and protomer assembly, supra-quaternary structure and pre-
sence of unusual linkages. It is probably the only enzyme
which is so intricate in its structure. In some functional
proteins commonly there are quaternary structures in which
protomers /subunits assemble around a central point, exhi-
biting cubic, dihydedral, tetrahedral, or spherical symme-
tries, because of the requirement that all the Fontact points
in the units are saturated and the individual units are equi=-
valent [136]. In the rabbit intestinal glucoamylase-maltase
complex there are about fifty identical subunits. Six of
them combine in a compact spherical symmetry and constitute
a functional unit or protomer (*bead') and eight such proto-
mers are in turn connected by flexible covalent links of 20 R
length, to form a linear array. This linear arrangement of
protomers is an open structure which distinguishes the end
units from the rest,at least physicallye The open ended supra-
quaternary structures have not received adequate attention

and it has been indicated that this type of arrangement is

unlikely in proteins [136]. However, such an arrangement is

found in nature and has been clearly suggested by the
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units from the rest,at least physicallyes The open ended supra-
quaternary structures have not received adequate attention

and it has been indicated that this type of arrangement is
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found in nature and has been clearly suggested by the



153

structures ot natural polymer of urease [221] and that of
haemocyanin [232]. Just as the majority of the proteins

with multi-subunits, our enzyme is ulso built up of iden=—
tical subunits, but the presence of unusual and very stable
covalent linkages between the subunits is unique. Although
disulphydryl bridges are the most:- common linkages between the
polypeptides, it is remarksble Lthat the presence of other
unconventional bfidges were recognised several years ago by
Edsall [233]. There is no a priori reason why bridges like
phosphodiester, glycosidic or iso=-peptide bonds between poly-
peptides should not be present in proteins especially in those
which lack sulfur amino acids. Indeed, such linkages are
beginning to be seen in proteins. It is conceived that
the animal fatty acid synthetase, a multi-functional enzyme
which is not dissociated by SDS, must be composed of identical
subunits helc by covalent linkages and the covalenily linked
enzymes obviate the need for specific non-covalent inter-
actions to maintain a multi-functional structure [234]. 1t

is evident, especially from the recent work [236] that
(y-Glu)-Lys cross-linking by the assotlated enzyme systems

may play a vital role in linking protein polypeptide chains.

The evolution of such a complicated supra-quaternary

structure may become meaningful when the function

of glucoamyluse 1s censidered a5 an  examples An

apparent advantage the enzyme might heve whilc acting on



154

branched polymer subunits like starch/amylopectin is that
when one of the Protomers attaches to the non-reducing end
of one of the branches, the remaining protomers are brought
into Proximity with other branches. The protamers ¢an
assume different orientations allowed by the flexibility in
the links between them, and they can attach to other
branch ends and catalyse the hydrolysis almost simultaneously,
This advantage is reflected in the K, for starch (39 uM),
which is lower by about two orders of magnitude compared to
that of maltopentose (4 mM). Consequently Kcat/Km (a lower
limit for second order rate constant for the association of
an enzyme and its substrate), for starch and malto pentose

© and 8 x 10% M lsecd respectively. Both have

are 5 x 10
almost the same Kcat (saturating substrate condition) expected
from the common mechanism operative during their hydrolysis,
A decrease in Km’ however, has a decisive influence when the
hydrolytic conditions are such that [S] is not much greater,

equal top or less than Km'

Since starch, being a polymer made up of only one type
of monomer i.e. glucose, the enzyme has to recognise only
this particular molecule in a particular conformation and for
this purpose identical subunits, each with a recognition site
for glucose would suffice. But, because the glucose in

starch molecule is involved in two types of.linkages a-(1-4)
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and a-(1-6) and because the enzyme has to hydrolyse both
for effecting complete hydrolysis, there is a necessity
that-the subunits are oriented in a particular way to suit
the overall geometry of their structure. Presumably, this
fixing is done by the covalent linkages between the subunits.,
The iso-maltase unit of surcase-isomaltase is capable of
catalysing the hydrolysis of both a=(1-4) and a-(l1-6) bonds
but it can not hydrolyse starch. It is apparent especially
in view of this, that for polymer hydrolysis apart from the
two activities mentioned there must be a polymer binding
site (and an associated degradation). This would require
more sub-sites than what are available with iso-maltase and
maltase and so there is a need for at least a few subunits
(six in the case of glucoamylase-maltase complex) to be asso-
ciated into a protomer. The covalent linkages seem to be
necessary to keep these subunits and their associated acti-
vities sterically and mechanistically close (page no.137),
- even under adverse conditions -, as demanded by the pro-
posed mechanism of action. It is not clear why there are
two maltases and consequent glucoamylace activities, in

the enzyme complex, one being more stable than the other.

This is probably a measure of abundant caution to enable

the enzyme to function even in unfavourable conditions,
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Glucoamylase~-maltase complex with its unusual covalent
linkages between subunits is very stable against denaturation
and proteolytic damage, an environment present in the intes-
tine with a variety of proteases and bile salts (natural
detergents). An enzyme of this size and its stability may
have an additional role in the stability and integrity of
the membrane, which after all is mostly a lipid-protein

barrier between two aqueous compartments.

Though the present study implies the intrinsic asso-
ciation of the enzyme with the membrane, it has not been possib
identify the exact nature of such association. The recent
study on rat glucoamylase maltase complex [77] indicates that
a peptide portion of the enzyme associated with the mem-
brane was cleaved by intestinal proteases during solubilisa-
tion with Triton X100 and presumably this could be so in
our case, especially in view of the reported lability of the
linkage (see page 121) . Rings of particle of diameter 6042
associated with 'maltase' activities have been observed in
glycocalyx, under E.M. Though these are thought to be
sucrase—isomaltase in aggregated state at high concentration,
some of them could be glucoamylase-maltase complex also,
since the diameter or beads in the enzyme structure are of
60 K diameter and it coculd take up a ring structure in mem-

brane associated form. This possibility is compatible with
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the view expressed byupley [1 ], that the close association
of a-amylase and glucoamylase-maltase complex will be a great
advantage in terminal digestion in the brush border. The
association with the glycocalyx, in that case, can be covalent
and would require the action of papain by virtue of its pro-
tease or esterase activities, depending on the type of cova-
lent linkage. During detergent solubilisation, this sescep-

tible linkage is specifically severed by intestinal proteases.

The biosynthesis of glucoamylase with all its complexity
must also be a complicated process. Perhaps the subunits are
the first to be synthesized from the genetic information of a
small stretch of a genome and the synthetic machinery may be
‘polycistronic’/ yielding a protomer or the 'bead's. There must
be extensive post-translational modifications in this process
and in the subsequent assembly of the protomer to vield the
supra-quaternary structure of eight beads. It is highly
unlikely that this assembly is an uncontrolled or random pro-
cess. For example, in a string of beads, addition or deletion
of a bead would be possible from either or both ends resulting
in a population of molecules with a number of beads greater
or less than 8 beads. Such a heterogeneity of qolecules can
be easily detected, if it existed. On the other hand, at no
stage of purification (which fortunately is based oessentially

on a single step affinity system) was there evidence for
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heterogeneity and indeed the various criteria for homogeneity that
the enzyme satisfied is suggestive of a single population of
molecules. Since all these processes are envisaged as post-
translational, it is possible that they are controlled by

the specificity of the required enzymes. Alternately, a

string of beads of the size and shape demonstrated for
glucoamylase may exhibit a geometry, hitherto unrecognised,
which is restrictive in its nature and which can recognise

the first bead (initial signal) and the last bead (termina-

tion signal) and hence impart a 'direction' to the final

assembly process.

We believe that intestinal glucoamylase can handle the
total load or dietary starch and glycogen. Salivary amylase
although quite active plays essentially no role in starch
hydrolysis. Pancreatic a—-amylase being an endo-enzyme possibly
plays a complimentary role to glucoamylase, an exo-enzyme. It
is ot interest to note that even under conditions of severe
pancreatic deficiency affecting the levels of a-amylase, there
are no reports of defective starch hydrolysis, nor are there
reports of a genetic deficiency or a—-amylase which would have
been detected if starch hydrolysis was defective. McGeachin
and coworkers [llO,lll] have reported that removal of pancreas

and salivary glands in the rat, does not severely affect the

hydrolysis of starch in the intestine. In nature it is not
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uncommon to have a surplus of certain related enzyme acti-
vities. Absence of‘pepsin as in total gastrectomy does not
severely affect the hydrolysis of dietary proteins. It is
thus conceivable that glucoamylase-alone and o-amylase
along with intestinal isomaltase,.are both designed for the

total hydrolysis of starch/gl ycogen, a major dietary component.



GENERAL SUMMARY AND CONCLUDING REMARKS

The microvillus machinery of the small intestine
plays an invaluable role in the digestion and absorption of
dietery components. Unfortunately, the structure-function
relationship of this intricate structure is not adequately
understood owing to the lack of molecular details regarding
the components of which hydrolases are preeminent. In view
of this lacuna in the understanding of this system and since
the earlier studies emanating from this laboratory on the
various microvillous enzymes for more than two decades provided
the required background and confidence, we ventured to study
the molecular structure of one of these enzymes in depth.
Intestinal glucoamylase-maltase complex was chosen for the
reasons that it is an important enzyme ip the terminal diges=-
tion of starch, a major component of the diet. The rabbit
enzyme was prepared in relatively large amounts and in a state
of homogeneity by a simple'and elegant affinity procedure
developed by Sivakami and Radhakrishnan [ 66 ]. The structure
and functi&ﬁ relationships have not been adequately studied
as in the case of sucrase-isomaltase, and an attempt has

been made in this direction.

Since our efforts to crystallise homogeneous prepara=

tions of the enzyme were not successful, we resorted to the



next best alternative of combining inferences from the hydro-
dynamic data with the structural details available from electron

microscopic studies at 20 3 resolution, to unravel the quater-

nary structure of the enzyme complex.

From the detailed hydrodynamic studies, we could esta-
blish not only the correct molecular size of the enzyme
M, = 760,000) but also ascertain the suspected asymmetry of
the enzyme using a variety of criteria which included the
frictional ratio, intrinsic viscosity, p and ko/[n] values,
The equivalent shape of the enzyme derived from its viscosity
factor, using theoretical model systems, especially that of
Kuhn agreed reasonably well with the actual appearance of the
molecule under the electron microscope. Our conclusion on
the shape and molecular dimensions of the molecule is that
it is a 660 X’long string containing eight linearly arranged
'beads! each of diameter 60 ﬁ, with a surface-to-surface

inter-bead distance of about 20 3.

Since it is unlikely that such a large protein is a
single polypeptide, we were prompted to probe into its quater-
nary structure. Earlier studies of Sivakami and Radhakrishnan
[ 116] showed that this enzyme was not dissociable by SDS or
guanidinium chloride and that it is lacking in sulphur amino

acids. Our investigations using a variety of dissociating



conditions not only supported the finding of Sivakami and
Radhakrishnan but also ruled out the presence of only non-
covalent linkages between the subunits, Direct evidence

for the presence of several subunits in the enzyme came from
chemical studies such as quantitqtion of the N- and C-terminal
amino a cids, tryptic peptide mapping, and from direct visua-
lisation under the electron microscope. The enzyme was shown
to have only one N-terminal amino acid, tyrosine, by
dansylation techniques and the partial amino acid sequence at
the C-terminal is ---Ala-Gly-Ser. The results of quantitation
of the N-terminal and C-terminal amino acids and tryptic

peptide maps suggested the presence of nearly fifty identical

polypeptide chains. This idea was supported by the electron-—
microscopic view, in which each 'bead! appeared as an assembly
of six smaller beads with a diameter of about 35 3. The
geometry of the beads, on the basis of its electron microscopic
appearance, is assumed to be a octahedron with a D3 symmetry

formed by ‘six spherical subunits,

The observed frictional properties of the enzyme and
the theoretical considerations lent support to this model.
The inability to dissociate this assembly strongly suggests
the presence of unusual covalent linkages such as an iso-
peptide linkage OY a similar type, seen only in some struc-

tural proteins. Since this enzyme is a glycoprotein, a



linkage involving carbohydrate moieties is also a possibility
worth considering. In brief, it is considered that six sub-
units® assemble into an octahedron and form a protomer which
in turn linearly associates with covalent linkages in between,
with seven others to generate a guprawquaternary structure.
The flexibility between the protomers was indicated by the
lack of correlation between the shapes derived hydrodynami-
cally from various model systems using viscosity factor and
frictional ratio, and also by the overall shape of the enzyme

as seen in the electronmicrographs.

The classical mechanism of action of this enzyme was
found to be inadequate to account for certain aspects of its
action on polymer substrates. Analysis of the available data
in the literature indicated a need to consider an alternative
more plausible mechanism of action. Detailed information is
available in the literature on: Theaction pattern on oligosaccha-
rides with different degrees of polymerisation, structural
specificity of its disaccharide substrates, inability to iso-
late or separate glucoamylase and maltase activities, appea-
rance of more reduction power in the assay mixture than can
be accounted for by glucose alone and the appearance of
maltose as a minor component during starch hydrolysis apart

from glucose. Based on these observations and on some of

our recent findings, we propose an alternative mechanism



which invokes the presence of a B-amylase-like action to precede
the maltase activity, for explaining the mode of hydrolysis

of polymer substrates and oligosaccharides. It has been shown
that the proposed mechanism is superior to the classical one
in offering an explanation for a variety of experimental
observations. Iodine and heat inactivation studies showed the
presence of two ‘'species' each of glucoamylase and maltase
activities but only one of isomaltase. These studies not only
provided experimental support to the proposed mechanism but
helped us to conceive of a possible design of the active site
of the enzyme. According to this design, the active site has
three separate but sterically and mechanistically interacting
entities: (a) p-amylase, (b) isomaltase-maltase unit in which
maltase is associated with isomaltase and is relatively heat
resistant and which exhibits substrate protectable iodine
inactivation, and (c) a maltase which is heat labile and which
exhibits iodine inactivation not protected by substrate. The
presence of two 'species' of glucoamylase activity is merely

a direct consequence of two kinds of maltases, according to
the proposed mechanism. The isomaltase-maltase unit seems

to be associated more closely with the p-amylase rather than
nith maltase. In support of the proposed design of the active
site is its ability to account for the number of sites avai-
lable for various substrates (maltose, 3; oligosaccharides 2;

snd polymers, 1) and inhibitors (sucrose, g;_glucono—ﬁ—lactone,_j



Tris, trehalose, and palatinose, 1 each) calculated from the

data available from literature by a graphical method,.

In spite of the intricate structure of the active
site the enzyme is very stable towards denaturation. It is
quite active in the presence of 5% SDS, but is inactivated
by certain alcohols of which n-propanol is very effective,
It is suggested taat n=)>ropanol mimicks an essential hydroxyl
interaction with the active site and probably satisfies the

necessary or minimal structural requirements in this regard.

The immuﬁochemical studies also suggest that the enzyme
is large [Mr = 800,000]. It is multivalent with about 20
antigenic determinants which are conformationale. The active
site is not an antigenic determinant in the rat, since the

enzyme is fully active in the presence of the antibody.

We have also attempted a speculative exercise to
correlate the supra-quaternary structure with the function
of the enzyme which is the hydrolysis of glucose polymers,
but we have considered it more from the point of view of
branched polymers. The proposed structure of the enzyme
and the intricate design of the active site would call for

an equally complicated mode of biosynthesis with extensive



post translational events.

The postulated p-amylase activity of the enzyme has
not been experimentally demonstrated and there are also
technical difficulties in this regard. Nevertheless, it
is hoped that the work presented in this thesis would
stimulate further research which would close the gaps in
our understanding of the mechanism of action of this enzyme,

by kinetic and physico-chemical studies.
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