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Abstract

Regulatory enzymes are characterized by their interactions with molecules which are structurally
unrelated to their substrates or products, leading to profound changes in their catalytic properties. A
critical diagnostic parameter for the prevalence of these interactions is the loss of homotropic and
heterotropic effects on desensitization. The loss of allosteric sites results in marked changes in the
waformation of the protein, catalytic properties and subunit interactions. The consequences of
desensitization and methods employed are reviewed citing aspartate transcarbamylase, phosphofructo~
kinase, phosphorylase, fruciose biphosphatase, citrate synthase, nucleotide pyrophosphatase and other
enzymles as examples.

Desensitization of aspartate transcarbamylase by (i) dissociation using p-hydroxymercuribenzoate ;
#i) causing local conformational changes with low concentrations of urea ; (i) limited proteolysis ;
(v X-ray irradiation ; (v) mutation ; and (vi) constructing hybrid enzyme molecules composed of
shemically modified catalytic and regulatory subunits, clearly showed that the loss of positive and
negative heterotropic effects originated at the same location on the cnzyme and were transmitied among
the subunits by similar mechanisms. These studies emphasized that there are no discrete cooperative
wils within the enzyme molecule but the allosteric transitions promoted by ligands are fully
cooperative.

Simple manipulations such as dilution, changes in ionic strength, pH, storage conditions ; enzymatic
methods like limited proteolysis, phosphorylation and dephosphorylation, adenylation and deadenyla-
tion, interaction with dyes such as cibacron blue F3GA ; chemical modifications using general group
specific reagents or specific affinity labels ; and association-dissociation, have been used to desensitize
te regulatory enzymes cited in the review. From such studies it can be conciuded that binding per se
1o the allosteric site is not sufficient to evoke cooperativity, but this binding should be followed by a
meaningful conformational change leading to an alteration in the subunit interactions.
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Abbreviations used

€D : Circular dickroism ; Cand R : catalytic and regulatory subunits of aspartate transcarbamylase ;
Cy aod Ryt catalytic and regulatory subunits of aspartate-transcarbamylase which have been nitrated :
FT NMR : Fourier transform nuclear magnetic resonance ; Ko @ substrate concentration required
for 50% maximal velocity ; Ky : dissociation constant ; K, : Inhibiton constant:; K, : Michaelis
fomtant ; M, : molecular weight; ORD : Optical rotatory dispersion; Sz, : Svedberg oconstant
?’J\'malized to 20° C and to viscosity of ‘water ; Voes - Maximal velocity determined by extrapolation
tom Lineweaver~Burke plot.
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1. Introduction

The orderly flow of metabolites through anabolic and catabolic pathways is essential
for the maintenance of life processes. The tequisite chemical reactions should ot onfy
oceur, but also should proceed at rates consistent with the activities and needs of the
organism, so that it is in harmony with its environment. With the elucidation of the
molecular structure of a plethora of metabolites, a stage was set for an understanding
of the modes by which enzymes regulate the flux of metabolites through the large complex
array of interconnected metabolic pathways. The consequences of desensitizing Tegn-
latory enzymes is reviewed here using aspariate transcarbamylas: phosphorylase, phospho-
fructokinase, fructose-1,6-biphosphatase, citrate synthase, nucleotide pyrophosphatase
and a few other enzymes as examples.

2. Models for explaining allosteric interactions

Homeostasis in living organisms is maintained by subtle variations in the activities of
a few key enzymes. These are chosen in such a way that a small change in theic
activity will pcofoundly affect the production of the end producis of a metabolic path-
way. Several of thess enzymes are characterized by the following properties: (i) they
catalyze essentially irreversible reactions; (ii) they are geumerally polymeric in nature;
(iii) their activities are affected by ligands stracturally unrelated to either substrates
or products. These ligands bind to the enzymes at sites that are topologically
different from the catalytic sites; (iv) their kinetic patterns cannot be explained by the
Michaelis-Meaten equation; and finally (v) they can be selectively desensitized to
inhibition or activation by the allosteric effectors without a significant loss in their
catalytic activities*—2.

Several critical parameters have been suggested to experimentally evaluate the quanti-
tative properties of these regulatory proteing®®, Various parameters to distinguish betwees
the elegant models (symmetry and concerted) proposed to explain allosteric regulation
as well as the derivation of the equations describing allostery have been extensively doos-
mented®*12. A wide array of methods ranging from proteolytic digestion to FI-NMR
have been used for the evaluation of the molecular parameters of allosteric enzymes.

Another method of regulation is by the association and dissociation of subunits or by
protein-protein interactions. A kinetic approach, to explain the regulatory features,
has been proposed by Frieden, Ferdinand, Rabin and others 63417,

Kinetic evidence, although highly suggestive of the possible presence of allosteric
sites, cannot be considered as a proof for their existence. On the other hand, deseasiti-
zation to the suspected alosteric ligand without loss of catalytic activity provides faks
critical evidence. A study of the consequences of desensitization of allosteric sifes of
a few selected well-characterized regulatory enzymes are germane to the understanding
of the structure-function relationship of these polymeric proteins.
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7.1. Aspartate transcarbamylase

Aspartaie transcarbamylase (EC 2.1.3.2) is an allosteric enzyme responsible for the
requlation of pyrimidine nucleotide biosynthesis's'®. The enzyme controls the rate
of the first step unique to this pathway, namely, the condensation of L-aspartate and
arbamyl phosphate®e.

Aspartate + carbamyl phosphate — carbamyl aspartate + P, (N

This enzyre has been extemsively studied to unravel the mechanisms of ailosteric
wgilation. The protein exhibiis propertics that are hallmarks of a tegulatory enzyme.
asmely. a sigmoidal saturation curve with ihe substrates (homotropic cooperative inter-
actions), inhibition by the end product of the pathway (negative heterotropic effect)
and activated by ATP (positive heterotropic effect), the end product of the parallel
purine pathway®-**23. This response of regulatory enzymes to allosteric effectors 2llows
ihe cell to maintain an optirral metabolic balance between synthesis and consumption
of pyrimidines. An important diagnostic tool to detect the precence of allosteric inter-
ations is the loss of these characteristic properties on desensitization?3.

2.1.1. Desensitization by dissociation

The addition of p-hydroxymercuribenzoate to Escherichia coli aspartate transcarbamy-
Iase results in the dissociation of the native oligomeric protein (M, 310,000 with 12
polypeptide chains®-2%) into active catalytic subunits (M, 34,000). The catalytic sub-
it (C,) is a trireer of three identical polypeptide chains. The regulatory subunit (R,)
isa dimer capable of binding to the allosteric ligands®’:?. An enzyme, obtained by the
sssociation of the separated subunits, had both the regulatory and catalytic properties
exhibited by the native enzyme. Other mercurials such as Mersalyl and Nechydrin also
desensitized the enzyme by a similar mechanism?®. The methcd of desensitization has
wen extended to this enzyme from other microbial and plant sources?-%1,

When the enzyme from E. coli was heated at 60° C for 4 min at pH 7, irreversible
desensitization occurred due to the selective precipitation of the R subunit!®:?7.29,32-3
The loss of the R subunit was evident from the decrease in the sedimentation coefficient
{5200 ) from 11-6 to 5-9%%. In addition to the loss of positive homotropic interactions
and allosteric effects, the ¥V, at pH 8-5 was considerably increased but the K, for
aspartate was markedly lowered. Unlike the native enzyme which exhibited a double
oH optima (pH 8-5 and 10-2), the desensitized enzyme had a single pH optimum at
pH 9-0. The inhibition of the desensitized enzyme by CTP was much less compared
‘o that of native enzyme and was independent of aspartate concentration.

Relatively low concentrations of urea (0-8-1-0M) greatly decreased the inhibition
of the activity of the native aspartate transcarbamylase by CTP'%2%, and aboliched
te sigmoidicity of the aspartate saturation curve3:. This effect was reversed on the
wmoval of urea. Similar reversible desensitization occurred when the enzyme was
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assayed at pH 10-2. These effects were due to local conformational changes rathe
than dissociation®:36,

2.1.2.  Chemical modification

A stable derivative containing 25 carbamyl groups for every C;R, subunit was obtajned
on reacting E. coli aspartate transcarbamylase with cyanate®s, The M, of the modifieg
enzyme was similar to that of the native enzyme suggesting that dissociation may mt
have occurred. The modified enzyme failed to exhibit both homotropic and heter.
tropic effects and had higher catalytic activity at low concentrations of L-aspartate, while
the ¥, ,. remained unaltered. l

Bromosuccinate reacted with the native aspartate transcarbamylase from E, coli in
at least two fundamentally different ways?. In the absence of substrates or substrag
analogs, bromosuccinate inactivated the enzyme. However, in the presence of maleas
and carbamyl phosphate (which produce 2 large conformational change associated with
catalysis), bromosuccinaie increased the activity of native aspartate transcarbamylas
by approximately 50%. The modified enzyme was not inhibited by CTP. Under thew
conditions of modification 0-9 molecule of succinate was incorporated per C chain and
[-9 per R chain of the enzyme. The amino acid residues modified have not yet bee
identified. Apparently, maleate and carbamyl phosphate protect the active site from
reacting with bromosuccinate. The modification of other residues on the C and R chains
prevented the subunit interactions responsible for the cooperative effects. In this ca
also desensitization occurred without dissociating the enzyme.

Hybrid enzyme molecules obtained by mixing succinylated and native subunits were
used to study the subunit organization in the native enzyme®. Rapid mixing of th
succinylated or the native regalatory subunits with the catalytic subunits yielded a
4-membered hybrid set of enzyme molecules. These resulis suggested that the proces
involved the assembly of three regulatory subumits containing a pair of polypeptide
chains each. When the modified and the native regulatory subunits were pre-incubated
before mixing with the catalytic subunits, the resulting hybrid compiex could not be
resolved into discrete species. The isolated regulatory dimers dissociated readily and
reversibly into single polypeptide chains due to relatively weak intrasubunit bonding
domains. In contrast, after reconstitution of the enzyme-like molecules, the incorpo-
rated succinylated regulatory subunmits did not exchange with free subunits. Enzyme
like molecules containing three extensively succinylated regulatory subunits showed
reduced binding of the inhibitor, CTP, and lacked both homotropic and heterotropic
effects characteristic of the native aspartate transcarbamylase. Preparations containitg
only slightly succinylated regulatory subunits showed little inhibition by CIP and
considerable cooperativity. The decrease in homotropic effects of these reconstifuted
molecules correlated with the reduction in the sedimentation coefficient values. Recon-
stituted enzyme-like molecules containing regulatory subunits which were extensively
succinylated in the presence of CTP retained their binding capacity even though they
were only slightly inhibited by CTP and exhibited reduced cooperativity.
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Landfear et al®:3 demonstrated that progressive nitration of aspartate transcarba-
mylase of £. coli with a tyrosine specific reagent tetranitromethane, abolished all the
regufatory properties. The cooperativity was eliminated rapidly, correlating with the
siration of ome tyrosine per RC unit. The transition state analogue N-(phosphon-
wcatyl)-L-aspartate protected the enzyme against the loss of activity on extensive nitra-
tion. Hence limited nitration in the presence of this analogue produced 2 partially
nitrated species (1-2 to 1-6 nitrotyrosines per catalytic chain) that was completely devoid
of homotropic and heterotropic interactions but retained most of the catalytic activity
and CTP-binding potential. The hybrid enzymes (C)R; and Cy(R,)s exhibited 2
reduced but substantial CTP inhibition, indicating that the loss of heterotropic inter-
actions were due to the combined effect of modifications on both the catalytic and regu-
latory subunits. The (C)sR, species exhibited no measurable homotropic interactions,
whereas the Cg(Ry), hybrid retained substantial cooperativity. It was concluded that
the modification responsible for elimination of cooperativity resided on the catalytic
subunit. The position of the relevant tyrosine in the primary sequence of the catalytic
chain was determined by the isolation and the identification of a single nitrotyrosine-
containing tryptic peptide.

The existence of a hybrid species, (C,)¢R¢ devoid of homotropic interactions but retain-
ing substantial heterotropic function is consistent with the conclusions of several other
workers?*~%, that these two types of allosteric interactions are separated (i.e., ocour by
different mechanisms) in aspartate transcarbamylase.

Extensive modification of aspartate transcarbamylase from E. coli with pyridoxal-5-
phosphate followed by reduction of the Schifl’s base with NaBH, caused only a partial
imactivation of the enzyme®. Pyridoxylation of the free catalytic subunits resulted in
complete loss of activity. The pyridoxylated, intact enzyme containing more than 609/
of the bound pyridoxamine phosphate on the regulatory subunits exhibited considerable
spoperativity, (inhibition by CTP and activation by ATP). When the modification was
performed in the presence of the ligands, which bind to the catalytic sites, the resulting
product had the same activity as the native enzyme, but it exhibited a significantly reduced
cooperativity and virtually no inhibition by CTP. The pyridoxylation of the regulatory
subunits within the intact enzyme was enhanced markedly in the presence of ligands as
sompared with the reactivity of these subunits when the modification was performed
in.the absence of the ligands binding to the active site. Both the types of pyridoxylated
derivatives exhibited the ligand promoted conformational changes characteristic of the
native enzyme. Spectrophotometric studies of the inactive pyridoxylated catalytic sub-
mits and intact enzyme showed that the substrate (carbamyl phosphate) was bound
strongly but the substrate analog (succinate) could not bind. Both the pyridoxylation
experiments in the presence and absence of ligands and the spectral behaviour of hybrid
sonfaining one mative and one pyridoxylated catalytic subumit indicated that ligand
binding was accompanied by a conformational change in the intact erzyme molecules.

Various hybrids of aspartate transcarbamylase of E. coli were constructed from native
regulatory subunits and mixtures of active and inactive (pyridoxylated) catalytic chains
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in specific arrangements within the two catalytic subuaits. The Kinetic ang physicat
properties of these well-defined hybrids were studied to determine the effects of reducing
the number of substrate binding sites and distributing the active and inactive chajgs n
different ways®’. Experiments on the enzyme-like molecules containing 6, 4, 3, 2 anq 1
active sites showed that the Hill coefficient decreased and the apparent K, increased a5
the number of active chains in the hybrids were reduced. The maximum inhibition
and activation by the nucleotide effectors, CTP and ATP, were independent of the
composition of the enzyme-like molecules. Two hybrids containing two active sites
in one catalytic subunit exhibited identical kinetic behaviour despitc the markedly
different stractural arrangements. The ligand-promoted conformational changes of
the hybrids monitored both by sedimentation velocity measurements and their reactivity
towards p-hydroxymercuribenzoate were similar to those of the native enzyme. Thu;
there are no discrete cooperative umits within the enzyme molecules but rather the
allosteric transitions promoted by ligends is fully coneerted. The various kinetic and
physical properties can be accountad for satisfactorily in terms of th: 2-state model of
Monod et al®.

Reaction of phenylglyoxal with aspartate transcarbamylase from E. coli and its
jsolated catalytic subunit resulted in a complete loss of enzymic activity. If N-(phosphon
acetyl)-L-aspartate was used to protect the active site, phenylglyoxal destroyed the
enzyme’s susceptibility to activation by ATP and inhibition by CTP#$.4.  The rate of
loss of heterotropic effects was exactly the same for both nucleotides indicating that the
two opposite regulatory effects originated at the same location on the enzyme, or Were
{ransmitted by the same mechanism between the subunits or both?.

The decrease in the ability of CTP to inhibit the enzyme correlates with the Yoss of
two arginine residues per regulatory chain (M, 17,000). Under these reaction conditions,
one arginine residue was modified on each catalytic chain (M, 33,000). Reaction rates
of p-hydroxymercuribenzoate, with the liganded and unliganded modified enzyme sug-
gested that the reaction with phenylglyoxal locked the enzyme inio a spesific conforma-
tion. The conformational state of the regulatory subunit was implicated to be critical
for the expression of heterotropic and homotropic properties?.

Native aspartate transcarbamylase from E. coli was modified with the bifunctionat
reagent, tartaryl diazide, in the presence of the substrate, carbamyl phosphate and the
substrate analog, succinate. The product had the same sedimentation coefficient ss
the native enzyme but showed a marked increase in the affinity for the substrate, aspar-
tate, with a hyperbolic saturation curve with a 9-fold increase in activity at non-satu-
rating concentrations. The Michaelis constant for aspartate (7-4 mM) is similar to
that estimated for the relaxed state of the enzyme. The high substrate aflinity state Was
not produced when the modification was conducted in the absence of substrate analog
or- with a monofunctional reagent such as acetyl azide. The modified enzyme was also
desensitized towards allosteric effectors, ATP and CTP. It represented a stabilized
relaxed state whose conversion to the taut state was presumably by cross-linking"~
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1.1.3. Proteolysis

partial tryptic Rydrolysis of aspartate transcarbamylase from E. coli resulted in the
complete loss of both homotsopic and heterotropic interactions. Subtilisin, proftase
and to a smaller extent chymotrypsin had the same action as trypsin®. The primary
nrget for the teyptic attack was the regulatory subunit. Both CTP and ATP, when
present during the digestion with trypsin, protected the enzyme against the loss of its

allosteric properties® 2.

Heyde et al5? isolated two proteins with enzyme activity on tryptic digestion of the
E coli aspartate transcarbamylase. The larger protein (10-6 S) resembled the native
eizyme as it contained the regulatory subunits and was sensitive to allosteric effectors.
It appeared from the time course of tryptic digestion that the larger protein was an
mtermediate in the formation of a catalytic subunit (5-5S) which was similar to, but
ot identical with the catalytic subunit produced by the dissociation of the native enzyme
by the addition of p-hydroxymercuribenzoate. The specific activity of the tryptic-
catalytic subunit was approximately one quarter of that of the mercurial catalytic sub-
mit. The tryptic-catalytic subunit could be used for recombination with the regulatory
subunits  to form an enzyme which resembled the native enzyme in being activated by
ATP but differed in that it was not inhibited by CTP.

2.1.4. X-rays

The feedback inhibition properties of the mative aspartate transcarbamylase {rom
E coli were 3—4 times more readily destroyed by X-rays than its catalytic activity®5%.
Xerays caused dissociation of the native aspartate transcarbamylase into subunits. Sub.
sirates, activators and inhibitors were found to have a profound effect on the case with
which various properties were destroyed. L-Aspariate plus a competitive inhibitor such
u5 pyrophosphate or inorganic phosphate fully protected the active site against destruc.
tion by X-ray, but not the allosteric sites. The destruction of allosteric properties of
aspartate transcarbamylase was found to be irreversible.

L1.5. Mutation

An additional confirmatory evidence for the presence of an allosteric site separate from
the active site could be obtained by studying the effect of mutation on the allosteric

properties of the enzyme.

When an uracil-requiring mutant of E. coli was derepressed for aspariate transcarba-
mylase in the presence of 2-thiouracil, the enzyme so produced had altered properties™.
The modified enzyme lacked homotropic intcractions but was still sensitive to inhibition
by CTPj’“- The enzyme contained both the types of subunits but moved with a slightly
altered elestrophoretic mobility compared to that of the normal aspartate transcarba-
nylase. The modified enzyme had many characteristics of the catalytic subunit includ-
ing the hyperbolic saturation curve for L-aspartate. The exact nature of the modifica-
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tion is unknown but substitution of the sulphydryl groups has been implicatedts, The
same authors® showed that homotropic interactions were not evident gt high con.
centrations of CTP suggesting that homotropic and heterotropic interactions 14y 1ot
be interlinked. CTP and ATP altered the K, for aspartate for the enzyme. Kineg
studies with hybrid molecules prepared from mnormal and modified enzymes showeq
that alterations in the regulatory subunits of the mutant enzyme were responsible for
the absence of the cooperative interactions. The ligand-induced conformational changss
in both the mutant and the parent enzymes monitored by absorbance and CD differenes
spectroscopy were found to be qualitatively similar. Binding studies using a transition
state analog revealed that certain tyrosyl and phenylalanyl residucs were exposed to the
solvent in the native enzyme but not in the mutant enzyme. Spectrophotometric analyss
revealed that the mutant enzyme and its catalytic subunits contained 4 and 2 h'igh
affinity sites for the inhibitor whereas 6 and 3 were observed for the native enzyme
and its catalytic subumit.

Howlett and Beck’® examined the effect of ligands on the sedimentation of auother
mutant and the normal aspartate transcarbamylascs and found that the transition
from the low aspartate affinity (slower sedimenting) to the high affinity form occureed
more easily with the mutant enzyme than with the normal enzyme. The mutant enzyme
reacted faster and in multiple steps with p-hydroxymercuribenzoate. The V.. of the
mutant enzyme was approximately half that of the native enzyme and the reason for
this decrease in velocity was the modifications of the catalytic subunits. These results
imply a partial loss of cooperativity in the mutant enzyme.

An unusual constraint in the quaternary structure was demonstrated with a hybrid
composed of one inactive catalytic subunit as well as 3 regulatory subunits from the
wild type enzyme. Binding studies with iransition state analogs lowered the V,,, and
the K, for aspartate. Absence of homotropic interactions and alterations in the Vg
on addition of ATP and CTP suggested that there was a paralysis in the catalytic sub-
unit of the mutant enzyme which was constrained in a low affinity state®. A similar
study with the mutant enzyme from Safmonella typhimurivm showed that it was also
partially desensitizedse.

The results so far discussed clearly indicate that desensitization of allosteric enzymes
markedly affect both their subumit interactions and kinetic properties.

2.2. Glycogen phosphorylase

Glycogen phosphorylase [1,4-a-D-glucan : orthophosphate-a-glycosyl transferase, EC
2.4.1.1], one of the key enzymes in the metabolism of glycogen, catalyzed the rever
sible reaction shown below :

G, + P = G,.; + glucose-1-phosphate ‘ A

where G, and G, represent the polysaccharides or o-1,4-glucosides, containing # and
n—1 glucosyl residues, respsctively. Although the reaction is a reversible one the
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main fonction of the enzyme in vivo appears to be to degrade the polysaccharides (the
forward reaction in (2)).

The rabbit skeletal muscle enzyme exists in two interconvertible forms, namely, phos-
phorylase <. which s active without AMP and phosphorylase b, which requir'es the
mclotide for its activity. This intercomversion ogours by phosphorylation and
dephosphorylation® as_shown i (3).

Phosphorylase
kinase
4ATP 4ADP
Cattmgtt
P e

2 Phosphory-
lase b
phosphoryigse

: hosph
4p;  phosphatase 3

phosphorylase g

The saturation pattern of phosphorylase a with its substrates was hyperbolic. It
bad a high affinity for the substrates and its activity was not modulated by the alle-
steric effector, glucose-6-phosphate. On the other hand, phosphorylase » exhibited the
typical properties of an allosteric enzyme. Thus these two forms serve as an useful
model for examining the allosteric transitions®.

2.2.1. Desensitization by chemical modifications

The jnvolvement of sulphydryl groups in the regulation of phosphorylase b was demon-
strated by modifying the enzyme with 5,5'-dithiobis(2-nitrobenzoic acid). The sigmoidal
saturation curve with increasing concentrations of AMP was converted to a hyperbolic
patiern. The release of the thionitrophenylate groups on the modified enzyme by
reacting it with dithiothreitol resulted in the restoration of the allosteric propertieses,
Another study showed that the modification of a small number of sulphydryl groups
msulted in the desensitization to homotropic cooperativity of AMP.,

The homotropic cooperativity of the binding of glucose-1-phosphate to phosphorylase
b was completely abolished on reacting the enzyme with 1-fluro-2,4-dinitrobenzene in
the presence of AMP and glucose-1-phosphate. Partial desensitization of the enzyme
occurred when one lysyl and ome cysteinyl residues were modified®®.

The cross-linking of phosphorylase b with glutaraldehyde resuited in the loss of homo-
tropic effects. On the other hand, the heterotropic interactions of the nucleotide acti-
vators, imhibitors, and effects of AMP, could still be demonstrated®”.

An important consequence of this modification is the increased resistance to denatu-
mation by heat, cold or urea. Although e-amino groups have been implicated in this

L L Se—3
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desensitization, this mechanism is not supported by the observation that the butyral.
dehyde modified phosphorylase b (which also contains 109 less amino groups) exhibited
strong homotropic cooperativity with AMP®. The possibility that the two Teagenis
have modified different amino groups thus causing different effects cannct be completely
ruled out.

Another cross-linking reagent that has been used in these studies is tartaroyl-bis
[glycyl azide]. The modified enzyme exhibited a hyperbolic saturation paitern with
AMP, a marginal decrease in V,, and an unaltered K, compared to the native enzyme
The effect of cross-linking appeared to restrict subunit interactions®®. )

Chemical modification of phosphorylase & with 8-{m-(m-fluorosulfonyl benzamide
benzylthio] adenine resulted in partial loss of astivity (70%), accompanied by the
complete loss of homotropic interactions with AMP and decreased affinity for the
substrates.  Although the modified phosphorylase » could be interconverted to phos-
phorylase «, it failed to demonstrate allosteric interactions. A pentapeptide containizg
the affinity label had 2 molecules of glycine, 2 molecules of alanine and amolecus
of tyrosine. The label was linked to tyrosine-1557~72. A stable hybrid dimer, contain-
ing only one monomer modified, was isolated by affinity chromatography using 5-AMP.
Sepharose. The activity in the absence of AMP was indicative of the contribution by
the modified subunit while in the presence of AMP, the unmodified subunit expressed
its activity. Binding of glucose-6-phosphate to the unmodified monomer inhibited the
activity in the absence of AMP suggesting that heterotropic interactions can span the
subunit interface?.

2.2.2. Desensitization by proteoylsis

As early as 1945, Cori and Cori™ showed that limited tryptic digestion of phospho-
rylase a resulted in the formation of a modified enzyme (phosphorylase 5') which
required AMP for activity. The scdimentation of the modified enzyme was similar to
that of phosphorylase b but its elecirophoretic mobility was different®™. It was
later shown that one phosphoseryl hexapeptide per monomer was tcleased on tryptic
digestion™. Although phosphorylase b and b’ shared many common catalytic and
physical properties, they differed in their response to the stimulation by protamine.
polyamines and sodium fluoride at suboptimal concentrations of AMP or by other
nucleotides™ ™. Phosphorylase b’ neither exhibited homotropic or heterotropic inter-
actions nor did it associate into a tetramer on the addition of AMPS®. These results
can be interpreted to suggest that proteolytic digestion has caused desensitization of
phosphorylgse b.

The observation that IMP activation in the presence of spermine was preferentially
lost compared to the loss of AMP activations!. This suggested that the two derivatives
of phosphorylase &, namely b, and b’, were obtained on tryptic digestion®t. In the
absence of spermine, the kinetic properties of phosphorylase b and one of the deri-
vatives, phosphurylasc b, were similar. Phosphorylase ', was not activated by AMP
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in the presence of spermine ; this is because activation by AMP occurs by alteration
of the affinity towards glucose-1-phosphate, whereas both IMP and AMP enhanced the
Fu Of the enzyme. The derivatives b and b’ had similar moalecular weight but aliered
dlectrophoretic mobilities. SDS-gel electrophoretic patterns were different for the two
derivatives suggesting that the loss of a peptide fragment from one of the subunits of
phosphorylase b, to yield phosphorylase 5', The non-identity of the two derivatives
was further established by the end group analysis. Digestion of phosphorylase @ with
chymotrypsin vielded a phosphopeptide with 14-residues, which on addition to phospho-
rilase & or &' yielded an enzyme preparation which resembled phosphorylase a8*  Addi-
tion of a synthetic phosphopeptide representing the first 18 N-terminal residues of phos-
phorylase a facilitated the dimerization of the phosphorylase &’ in the presence of IMP
or AMP. The phosphopeptide contained a phosphoserine as the 14-residue which was
important for the dimerization and crystallization of the phosphorylase b'%. Similar
effects, i.e., an enhancement of affinity for AMP and the desensitization to AMP and
gucose-6-phosphate were observed when polycarboxylates were added to phosphorylase
b The effects of polycarboxylate on the sedimentation velocity were caused by
combined effect of AMP and these ions®.

Ji can be scen from the above disoussion  that proteolytic digestion and chemical
modification can cause desensitization of phosphorylase b and also that in soms instances
desensitization could be reversed.

2.3, Fructose 1,6-biphosphatase

Fructose l_.6-biphosphatas§ [D-fructose-1,6-biphosphate  1-phospho-hydrolase, ~EC
3.1.3.11]1 is a key enzyme in gluconeogenesis. It catalyzes the hydrolysis of fructose-1,
¢biphosphate to yield fructose 6-phosphate and orthophosphate (4).

Fructose 1,6-biphosphate — fructose 6-phosphate + P, “

The inhibition by excess substrate and by AMP has been implicated in the regula-
tion of gluconeogenesis it the liver of several animals®,

2.3.1. Desensitization by chemical modification

Pyridoxal 5-phosphate which forms a Schiff’s base with the lysyl residues has been
used to desensitize fructose biphosphatase obtained from several sourcest®-#. In the
presence of AMP, the sensitive Iysine residues are protected against modification. The
descusitization results in the loss of cooperativity between the AMP binding sites,
icrease in the K, values for AMP without affecting. the catalytic activity of fructose
biphosphatase.

Another reagent used for chemical modification of this enzyme is acetyl imidazole
which specifically acylates the tyrosine hydroxyl groups*®. The acylation of two tyro-
sine residues affected neither the catalytic activity nor the aflosteric properties, whereas
further acylation of four tyrosine residues was accompanied by a complete loss of AMP
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inhibition without the loss of catalyiic activity of the enzyme. "When four more fyrosyl
residues were modified the catalytic activity was also lost. The presence of AMP pro-
tected the enzyme against modification of the allosteric site, whereas fructose biphosphate
protected it against the modification of the catalytic site”™*2%. Diazobenzene sulfopic
acid has also been used to desensitize the enzyme against AMP inhibition, Although
acetic anhydride desensitized the enzyme by acetylation, the reaction appeared not to
involve tyrosine residues as the effect could be reversed by neutral hydroxylamipe®,
The Candida utilis enzyme was irreversibly desensitized by 1-fluoro-2,4-dinitrobenzenes
or by reaction with iodine®. Acetylation by aspirin also desensitized this enzyme against
AMP inhibition, decreased the affinity for the substrate and abolished the inhibition by
excess substrate. AMP protected the enzyme against aspirin inhibition®. Salicylats
and iodosalicylete protected the enzyme against desensitization by pyridoxal phosphate.
By measuring the reactivity of sulphydryl groups, they postulated that AMP inhibition
involved & binding step followed by a conformational change. Salicylates, althougs
bind to the same site as AMP, did not cause the necessary conformational changes in
the enzyme® thereby explaining the protection against desensitization of the enzyme by
pyridoxal phosphate.

2.3.2. Desensitization by limited proteolysis

Mild digestion of fructose biphosphatase with papain under controlled conditions
resulted in a two-fold increase in the rate of hydrolysis of fructose biphosphate and
the loss of AMP inhibition®. Subiilisin was more effective in probing the changes in
the allosteric properties of rabbit liver fructose biphosphatase. The desensitization
was directly proportional to the fraction of subunits lost from the amino terminal region
of the enzyme'®. The role of N-terminal regjon of the protein in the regulation of
enzyme activity was also suggested by measuring the fluorescence changes caused by
low concentrations of ureal®® 1®. Nijcking of a peptide chain by subtilisin caused 2
conformational change resulting in altered propertiesto?, 193,

The discussion on the desensitization of fructose 1,6-biphosphatase shows that the
modification of tyrosine and lysine residues resulted in the loss of inhibition by AMP
and the N-terminal fragment was essential for the enzyme to be a regulatory protein.

2.4. Phosphofructokinase

Phosphofructokinase [ATP : D-fructose  6-phosphate I-phosphotransferase EC
2.7.1.11] is involved in the regulation of the glycolytic pathway and catalyzes the
following reaction (5):

Fructose-6-phosphate + ATP — Fractose-1,6-biphosphate + ADP G

The enzyme activity is modulated by adenine nuoleotides which interact at the
catalytic, inhibitory and activator sites which overlap each other.
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1.4.1. Desensitization by chemical modification

The modification of the tyrosine residues of the enzyme with N-acetyl imidazole
sesulted in the loss of ATP inhibition, AMP activation and cooperative binding of fruc-
tose-6-phosphate'®®.  Modification with pyridoxal phosphate abolished ATP inhibitioni®.
Modification of the yeast enzyme with succinic and maleic anhydrides resulted in the
partial desensitization, accompanied by an increase in the apparent affinity for fructose-6-

phosphatel®®.

The affinity label, 5"-p-(fluorosulphonyljbenzoyl adenosine modified 1-sulphydryl group
per subunit of rabbit muscle enzyme. Modification ocourred at 2 binding site which
was responsible for the activation of enzyme activity by adenine nucleotides. This
modification was different from that which occurred on the interaction of sulphydryl
groups’®. The purine nucleotide analog, 5'-p-fluorosulfonyl benzoyl adenosine modified
the enzyme in such a way that it became insensitive to allosteric inhibition by ATP,
activation by AMP, cAMP and ADP, and failed to exhibit sigmoidal kinetics with
fructose-6-phosphate'®®.  Another adenine analog, &-m-(m-fluorosulfonyl benzamide)-
benzylthiol adenine modified the enzyme to yield a similarly desensitized enzyme®®.

Acylation, of 3-4 residues of histidine of the enzyme by ethoxyformic anhydride
resulted in the disappearance of both allosteric kinetics and ATP inhibition. Reversal
of this modification by hydroxylamine restored the sigmoidal saturation pattern and
ATP inhibition characteristic of the native enzymeo.

2.4.2. Desensitization by proteolysis, photooxidation, cross-linking and interaction with
antibodies

The veast phosphofructokinase was deseusitized to ATP inhibition by limited tryptic
digestion. ATP protected the enzyme against this desensitization while ITP was
ineffective’*’—118.  Photooxidation of the sheep heart phosphofructokinase, in the
presence of methylene blue; destroyed the histidine residues, probably present at the
allosteric site, resulting in wesensitizaiion of the enzyme to the allosteric mhibitors without
the loss of its catalytic activity*®. Cross-linking of rabbit skeletal muscle enzyme with
dimethy]l suberimidate yielded tetramers and octamers which exhibited heterotropic
interactions but the homotropic interactions were lost''s. A dose dependent decrease
in ATP inhibition of the enzyme from rat thymocytes, was observed on irradiation with
Xrays's. The Hill coefficient value for phosphofructokinase from rabbit muscle was
decreased from 1:96 to 1-04 on interaction with its antibody. While the X,.; for
fructose-6-phosphate was reduced, the V,,, increased by about three fold, the sensitivity
to allosteric activation by glucose-1,6-biphosphate was retained cven after the inter-

action with the antibody?.

These tesults suggest that antibodies raised to allosteric sites can be used to selectively
desensitize the enzyme to allosteric interactions. A similar observation has been
recently reported for the -monkey liver serine hydroxymethyl transferase!s.
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2.5. Citrate synthase

The following reaction is catalyzed by citrate synthase [citrate oxaloacetate-lyase (CoA
acetylating), EC 4.1.3.7]:

Oxaloacetate®™ + acetyl CoA + H,O = Citrate®~ + CoA + H+ ©

The unique properties of this enzyme are: (@) it channels the entry of acetyl Cop
units into the central oxidative pathway, viz., citric ac_id oycle; and (b) it catalyzes the
carbon-carbon bond formation in this cycle which is a rate-limiting stepis,

The enzyme from E. coli has been extensively studied. The modification of sulphydry
groups of E. coli enzyme by 5,5'-dithiobis (2-nitrobenzoic acid) resulted in the logs of
NADH inhibition without any effect on the imhibition by a-ketoglutarate!®:121 T
desensitization could be reversed by dithiol compounds. The inhibition by stearyl Co,
another allosteric inhibitor of the enzyme, was also lost on the modification of th
sulphydryl groups by p-hydroxymercuribenzoate'*®.

Photooxidation stbdies revealed that the desensitization of the enzyme to a-ketogluta-
rate, involved the modification of a histidine, residue, while the cysteine residues wer
implicated in the NADH binding'*®. The involvement of both these residues in the
allosteric interactions were supported by chemical modification with diethyl pyrocarbo-
nate'® and 5,5-dithiobis(2-nitrobenzoic acid)'*-2'.  Changes in the pH values or
KCl concentration desensitized the enzyme by causing a conformational change in the
protein'?*-1%, The enzyme from revertant mutants of E. coli were completely
desensitized to NADH inhibition, and were markedly insensitive to the inhibition by
a-ketoglutarate'?'.

2.6. Nucleotide pyrophosph

The enzymes that hydrolyze the pyrophosphate bonds of dinucleotides are in general
termed as nucleotide pyrophosphatases (dinucleotide-nucleotidehydrolase EC 3.6.1.9).
Although this enzyme has been studied extensively, there is very little information on
its regulation. The only reports that pertain to this aspect of the study are from
mung bean seedlings?®-252 and sheep liver'®s. The oscillatory behaviour of the enzyme
from sheep liver was abolished by the addition of 10 uM inorganic phosphate. AMP
was another of the regulators for the enzyme activity'®. The enzyme exhibited negative
cooperativity in its interactions with substrate and effectors*®. A Kkinetic model was
proposed to explain the regulation of this enzyme activity by effectors'ss. Eartier work
from this laboratory described the isolation of a mung bean nucleotide pyrophosphatase
in a dimeric form and the conversion of this dimer to tetramer by the addition of AMP™®.
The pative dimer was desensitized to AMP interactions by reversible denaturation
with urea and also by dissociation to a momomer by the addition of p-hydroxy-
mercuribenzoate. Another desensitized form of the enzyme was isolated by using bluc
sepharose affinity chromatography. The alterations in the properties of this enzyme
on desensitization by the methods mentioned above are briefly described,
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The native enzyme isolated earlier had a M, of 65,000 and was made up of two identi-
cal subunits*®: 2. The enzyme referred to as the native dimer catalyzed the hydro-
Jysis of FAD with an initjal fast rate followed by a second slower linear rate. Preincu-
bation of the enzyme with AMP converted the native dimer to a tetramer and the
tetramer functioned with the second slower rate!®s. The regulation of this enzyme by
association-dissociation as well as the consequence of desensitizing the enzyme have
been explained by a model proposed by us®. The conclusion that these treatments
result in the desensitization of the enzyme is supported by the following observations :
(i) absence of a biphasic time course; (i) absence of inhibition by AMP at concentra-
tions below 40 #M; and (jii) inability to be converted to a tetramer by AMP. The
loss of the high affinity AMP site was confirmed by K, values determined by fluore-

seence quenching techniques'®C.

Inspite of the loss of the regulatory site on desensitization, the enzyme could still be
inhibited by adding adenine nucleotides. The X values for AMP, ADP, and ATP for
the native dimer and the desensitized forms were not appreciably altered?3?. These
results suggest that there are two sites for jnteraction with adenine nucleotides; one a
high affinity regulatory site for AMP and the second a lower affinity site for inhibition
having a broader specificity for interaction with ADP and ATP as well.

The consequences of desensitizing the enzymes were its altered sensitivity to : (1) urea
denaturation ; (i) EDTA inhibition and Zn++ reactivation; (iii) proteolytic digestion
by trypsin and chymotrypsin; (iv)] heat inactivation and changes in its () electro-
phoretic mobility, (§) temperature optimum and (¢) the helical content!®e.

2.7. Desensitization of other enzymes

The methods described above have been successfully employed to desensitize several
enzymes to their interactions with the allosteric effectors. This information is briefly

summarized below :

Pyruvate kinase exists in two interconvertible forms; one of them exhibits allosteric
kinetics with phosphoeno! pyruvate and is activated by fructose 1,6-biphosphate. The
other form is insensitive to fructose 1,6-biphosphate and showed a normal hyperbolic
saturation pattern with phosphoenol pyruvate. Temperature, pH, dilution, conditions
of isolation and freezing and thawing abolished the allosteric phenomena's’.

Acetohydroxy acid synthetase from Salmonella tryphimurium was desensitized to valine
inhibition by the alteration in pH, temperature, urea concentration and presence of
Hg* 1% Aspartokinase-homoserine dehydrogenase I complex from E. coli was rendered
msensitive to threonine inhibition by any one of the following treatments: (i) removal
of threonine from the growth medium; (ii) treatment with p-hydroxymercuribenzoate :
{li) heating; and (iv) by changing the buffer composition!?*4, Glutamate dehydro-
pnase lost its sensitivity to inhibition by steroids, activation by ADP or leucin on
zeatment with p-hydroxymercuribenzoate, but retained its catalytic activity. Chemica
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modification of the tyrosine residues and amino groups, and the interactions wity the
affinity Iabel 3'-p-fluorosulfonyl benzoyl adenosine resulted in loss of jtg allosteric
interactions™®~45,  Chorismate mutase prephenate dehydrogenase from §, tophimurigy
was desensitized to its allosteric interactions by bromopyruvate, p-hydroxymerays;.
benzoate, 24.-dihydroxybenzoate, pH, ionic strength and mutation¥®247. A geperi, ally
desensitized glycerol kinase had the same specific activity as that of the normaj enizyme
but failsd to exhibit allosteric interactions. Although the mutant enzyme was capable
of binding to the allosteric effector, fructose-1, 6-biphosphate, it failed to exhibit heterg.
tropic effects, suggesting that binding per se was not sufficient o produce allosteric trangi.
tions in the enzyme™®.

Feeding of a fat-deficient diet resulted in the desensitization of ATPase, p-nitrophenyl
phosphatase and acetyl choline esterase™® %1 3-Hydroxy-3-methyl glutaryl Cog
reductase from rat liver was desensitized to ATP inhibjtion by heating the microsome
at 50° C for 15 min®: UDP-glucose-4-epimerase from Succharomyces fragilis was
desensitized at high concentrations of cations’®® or by heat treatment®,

The above discussion forcefully highlights the statement that “the sensitivity of
regulatory enzymes to the inhibiting metabolites is, as a rule, an extremely labile
property which may be lost as a result of various treatments, with Little or no loss of
activity "%, The desensitization of allosteric enzymes has been achieved by a wide array
of methods. These include, simple manipulations such as dilution, change in ionic
strength, pH, storage conditions; enzymatic methods like proteolytic digestion, phos-
phorylation-dephosphorylation,  adenylation-deadenylation chemical modification;
association-dissociation, ete. This loss of the ability of these enzymes to be modulated
by the allosteric effectors, is often accompanied by significant changes in the saturation
kinetics of the enzyme, increased or unaltered velocity and alteration in the suscept
bility to denaturation consequent to a change in the conformation®®.
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