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Abstract 

RegulatoN enzymes are clraracterized by their interactions with n~oleculcs which arc structurally 
mrelated to their substrates or products, leading to profound changes in their catalytic properties. A 
critical diagnostic parameter for the prcvalence of these mteractions is the loss of homotropic and 
ilelerotropic effects on desensitization. Tile loss of allosteric sites results in marked chsngcs in the 
mnformation of the protein, catalytic properties and subunit intemtions. The consequences of 
deMmitization and methods employed are reviewed citing aspartale transcwbamyla~e, phosphofructo- 
h e ,  phosphorylase, fructose hiphosphatase, citrate syntharc, nucleotide pyrophosphatase and other 
e~llymes as examples. 

Daensitization of aspartate transcarbanlyla~e by (i) dissociation using p-l~ydrox).mercuribonzoate ; 
till causing local conformational changes with low concentrations of urea : (iii) limited protfolysis ; 
(ivl X-ray irradiation ; (v) mutation ; and (vi) constructing hybrid enzyme molecules con~posed of 
h h l I y  modified catalytic and regulatory subunits, clearly showed that the lossof positive and 
&ve heterotropic effects originated at thc same location on tho cnzymnc and were transmitlcd among 
h subunits by similar mechanisms. These studies emphasized that there are no Xiscrete cooperative 
w3.s \tithin the enzyme molecule but the allostcric transitions promoted by ligands are fully 
aqmative. 

Simple manipulations such as dilution, changes irr ionic strength, pH, storage conditions : enzymatic 
nsthods like limited proteolysis, phosphorylation and dephosphorylation, adcnylation and dcadenyla- 
tion, interaction with dyes such as cibacron blue F3G.4 ; chemical modifications using general group 
%F&% reagents or specific affinity labels ; and association-dissociation, have been used lo desensitke 

regulawry enzymes cited in the review. From such studies it can be conciuded that binding per se 
Bthe allosteric site is not sufficient to  evoke cooperativity, but this binding should be foI1owcd by a 
-111 conformational change leading to an alteration in the subunit interactions. 

& : Allosteric enzymes, regulatory enzymes, catalytic properties, desensitization, metabolites. 

&reviatiom used 
: Circular dichroism ; C and R : catalytic and regulatory subunits of aspartate transcarbamylaso ; 

CB and Rm: catalytic and regulato~y subunits of aspartate-transcarbamylaso which have been nitrated : 
NPdR : Fourier transform nuclear magnetic resonance ; KO.. : substrate concentration required 

fa 50% maximal vctccity ; K, : dissociation cans!ant ; K, : Inhibihon constant : : Michaclis 
; M ,  : molecular weight ; ORD : Optical rotatory dispersion ; Szo, : Svedberg constmt 

W l i z e d  to 20' C and to viscosity of'water ; V,, : maximal velocity determined by ex(npolalion 
fkm Lineweaver-~urke plot. 

' TO whom all correspon&nce should be addressed to. 
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1. Introduction 

me ori.lerly flow of metabolites throuph anabolic and catabolic pathways is 
for the maintenauce of life processes. The requisite chemical reactions should not 
occur, but also should proceed at ratos consistent with the activities and needs of the 
orgaism, so that it is in harmony with its environ1ne;lt. With the elucidation the 
molecular structure of a plethora of metabolites, a stage was set for an unders~ndine 
of the nlodes by which enzymes regulate tbc flux of metabolites through the large comp6 
array of interconnected metabolic pzthways. The consequences of desensitizing regu. 
latory enzymes is reviewed here asing aspartate transcarbamybs: phoiphorjlase, phospho- 
fructokinase, fi-~1ctose-I,6-biphosph-lt.dse, citrate syntbase. nucleotide p y r o p h ~ s ~ h ~ ~ ~ ~  
and a few orher enzymes as exailrplcs. 

2. Models for explaining allosteric interactions 

Hoilleostasis in living organisms is maintained by subtle variations in the activities of 

a few key enzy~nes. Thcse are chssen i i  such a way that a small chanp in their 
activity will piofmndly affect the production of the end products of s metabolic path. 
way. Several of t h e s ~  enzymes are characterized by the following properties: [i) they 
catalyze essentially irreversible reactions; (ii) they are generally polymeric in nature; 
(iii) their activities are affected by ligands struct~x%Uy unrelated to either substrat= 
or products. These ligands bind to the enzymes at sites that are topologically 
different from the catalytic: sites; (iv) thcir kinetic patterns cannot be explained by the 
Michaelis-Meaten equation ; and finally (v) they can b e  selectively desensitized to 
inhibition or activation by the allosteric effectors w-ithout a signifirant 103s in their 
catalytic activities1-2. 

Several critical parameters have been suggested to experimentally evaluate the quai- 
tative properties of these regulatory protein$," Various parameters to distinguish between 
the elegant m2dels (symmetry and concerted) proposed to explain allosteric regulatioil 
as well as the derivation of the equations describing allostery havc been extensively docrr 
mentedY,8-'3. .4 wide array of methods ranging from proteolytic digestion to FT-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 01 by 
protein-protein interactions. A kinetic approach, to explah the regulatory features. 
has k e n  proposed by Frieden, Ferdinand, Rabin and others c44-m. 

Kinetic evidence, although highly suggestive of the possible presence of dosrerk 
sires, cannot be considered as a proof for their existence. On the other hand, dmsitk 
zation to the suspected allosteric ligand without loss of catalytic activity fib 
critical evidence. A study of the consequences of desensitization of allosteric sites 
a f m  selected well-characterized regulatory enzymes are germane to the understan&: 
of the structure-function relationship of these polymeric proteins. 



DESENSlTlZ ATION OF ALLOSTERIC EN7YMES 4 1 

Asparate transcarbamylasc (EC 2.1 . 3  . I )  is an allosteric enzyme responsible for the 
mulation of pyrimidine nucleatide bio~ynihesis'~J". The enzyme controls the rate 
of fie first step unique to this path\vay, namely, the condensation of L-aspartate and 
;arbsmji p h o ~ p h a ! e ~ ~ * ~ ' .  

As@ate + carbamyl phosphate - carbamyl aspartate + P, ( 1 )  

n i s  enzyrre has been extensi~ely studied to unravel the mechanisms of allosteric 
%@lation. The protein exhibits propertics th?t are hallmarks of a regulatory enzj8rr.e. 
osmely. a sigmoidel saturation curve with the substrates (homotropic cooperative inter- 
actions), inhibition by the end product of the pathway (negz,ti\e heterotropic effect) 

activated bp ATP (positive heterotropic effect), The end product of the pardlel 
This response of reguktory enzyn-es to allosteric effectors allows 

& ceu to n-aintain an optin-a1 n-.etaholic balamce hemeen synthesis and consumption 
of An important diagnostic tool to detect the prerence of allosteric inter- 
;rctions i s  the loss of these characteristic properties on desen~itization~.~. 

2 . 1 .  I .  Desensitization by &sociation 

The addition of p-hydroxymercuribenzoate to Escherichiu coli aspartate transcarbamy- 
lase results in the dissociation of the native oligomeric protein (M, 310,000 with 12 
polypeptide chains2"? into active catalytic subunits ( M ,  34,000). The catalytic sub- 
& (Ca) is a trimcr of three identical polypeptide chains. The regulatory subunit (&) 
is a dimer capable of binding to the aUosteric ligand~?~>~B. An enzyme, obtained by the 
association of the separzted subunits, had both the regulatory and catdytic properties 
exhibited by the native enzytre. Other mercurials such as Mersalyl and Kechydrin also 
bsensitized the enzyrre by a similar rr.echanismz% The methcd of de>.ensitization has 
ken extended to this enzyme from other microbial and plant 

U'bn 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 s ~ b u n i t l ~ , ' ~ ~ ~ " . ~ ? - ~ .  
The lass of the R subunit was evident from the decrease in the sedimentation coefficient 
&,.) from 11.6 to 5 .91B. In addition to  the loss of positive homotropic interactions 
md allosteric effects, the V,,, at pH 8 - 5 was considerably increased but the K,, for 
EswTate aas  markedly lou-ered. Unlike the native enzyme which exhibited a double 
pH optima (pH 8 . 5  and 10-2), the desensitized enzyre had a+ single pH optimum at 
PE 9.0. The inhibition of the desensitized enzyne by CTP was much less compared 
b that of native enzyme and was independent of aspartate concentration. 

Relatively low concentrations of urea (0-8 - i .OM) greatly decreared the inhibition 
of the activity of the native aspartate transcarhamylase by CTP1"."2.3% and abolirhed 

ssigmoidicity of the aspartate saturation cume3z. This effect was reverred on the 
Wow1 of urea. Similar reversible desensitization occurred when the enzyme was 



assayed at pH 10.2. These effects were due to local conformational changes 
than d i s s o c i a t i o ~ ~ ~ . ~ ~ .  

2.1 .2. Chemical modification 

A stable derivz-tive containing 25 carbamyl groups for every C6R, subunit was obtained 
on reacting E. coli aspartate transcarbarnylase with c ~ r m a t e ~ ~ .  The M ,  of rhe m o w  
enryme was si~uilar to that of the native enzyme wggesting that dissociation m;ay not 
have occurred. The modified enzynle failed to  exhibit both homotropic and hctero. 
tropic effects and had higher catalytic activity at low   on cent ration^ of L-aspartate, while 
the remained unaltered. 

Bromosuccinate reacted with the native asparta.te transcarbamylase from E. coii in 
at lea3 two fundamentally diEerent waysm'. In the absence of substrates or substrare 
analogs, bromosuccinate inactivated the enzyme. However, in the prcscnce of maleair 
and carbamyl phosphate (which produce a large conformational change associated with 
catalysis), bromosuccinzte incrcased the activity of native aspartate transcarbamylaie 
by approxin~ately 50%. The modified enzyme was not inhibited by CTP. Under then 
conditions of modification 0.9 molecule of succinate was incorporated per C chain& 
1.9 per R chain of the enzyme. The amino acid residues modified have not yet been 
identified. Apparently. maleate and carbamyl phosphate protect the active site fmir 
reacting with bromosuccimte. Themodification or  other reresidueson the C and R chains 
prevented the subunit interactions responsible for the cooperative effects. In this caie 

also desensirization 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 enzyme37. Rapid mixing of tlat 
suceinylated or the native regalatory wbunits with the catalytic subunits yielded a 
4-menbered hybrid set or enzyme molecules. These results suggested that the procejs 
involved the assembly of three regulatory subunits containing a pair of polypeptide 
chains each. When the modified and the nativc regulatory subunits were pre-incuba.tcd 
before mixing with the cetalytic subunits. the resulting hybrid complex could not be 
resolved into discrete species. Thc isolated regulatory dimers dissociated readily and 
reversibly into single polypeptide chains due to relatively weak intrasubunit bond& 
domains. In corrtrast, after reconstitution of the enzyme-like molecules, the incorpo- 
rated succinylated regulatory subunits did not exchange with free subunits. mYm 
Like molecules containing three extensively succinylated regulatory subunits du.Rzd 
reduced binding of the inhibitor, CTP, and lacked both homotropic and heteron* 
effects characteristic of the native aspartate transca~bamylase. Preparations c o n M ~  
only slightly succinylated regulatory subunits showed little inhibition by and 
considerable cooperativity. The decrease in homotropic effects of these reconsti@ 
1nolecules correlated with the reduction in the sedimentation coefficient values. Recap 
stituted: enzyme-like molecules containing regulatory subunits which were e~&& 
succinylated in the presence of CTP retained their binding capacity even thou@ b! 
were only slightly inhibited by CTP and exhibited reduced cooperativity. 
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budfear et alM+'demonstrated that progressive nitration of aspartate transcarba- 
,,&se of E. call with a tyrosine specific reagent tetranitromethane, abolished all thc 

properties. The cooperativity was eliminated rapidly, correlating with the 
&*tion of one tyrosine per RC unit. The transition state analogue N-(phosphon- 
~ty1)-L-aspartate protected the enzyme against the loss of activity on extensive nitra- 
tion. Hence limited nitration in the presence of this analogue produced a partially 
nitrzted 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 
end CTP-binding potential. The hybrid enzymes (C,),R, and C,(R,), exhibited a 
reduced but substantial CTP inhibition, indicating that the loss of heterotropic inter- 
actions were due to  We combined effect of modifications on both thecatalytic andrey-  
&ry subunits. The (C,),R, species exhibited no measurable homotropic interactions, 
whereas the C,(RR), 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 

that these two types of allosteric interactions are separated (i.e., occur by 
different mechanisms) in aspartate transcarbamylase. 

Extensive modification of aspartate trmscarbamylase from E. coli with pyridoxal-5'- 
phosphate followed by reduction of the SchiR's base with NaBH, caused only a partial 
inactivation of the enzyme4a. Pyridoxylation of the free catalytic subunits resulted in 
mmplete loss of activity. The pyridoxylated, intact enzyme containing more than 60% 
of the bound pyridoxamine phosphate on the regulatory subunits exhibited considerable 
cooperativity, (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 
wmpared 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- 
units 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 
WtaEning one native and one pyridoxylated catalytic subunit indicated that ligand 
binding was accompanied by a conformational change in the intact enzyme moleniles. 

Various hybrids of aspartate transcarbamylase of E. coli were constructed from native 
Peatory subunits and mixtures of active aqd inactive (pyridoxylated) catalytic c h e s  
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in specific arrangements within the two catalytic subunits. The kinetic and physiea, 
properties of these well-dehed hybrids were studied to determine the effects of 
the number of substrate hinding sites and distributing the active 2nd inactive chains in 
different ways4'. Exparimsnts on the enzyme-like inoiecules co~~la i l~ i i~g  6, 4, 3. 2 and 
active sites showed that the Hill coefficient decreased and the apparenl K, increased 
the numher of active ch?.ins in the hybrids were reduced. Thc maximum inhibition 
and activation by the nucleotide effectors. CTP and AT]', were independent ofthe 
composition or the enzyme-like mo!ecules. Two hybrids containing two active ikfi 
in one catalytic subunit ekibited identical kinetic behaviour despite the markedly 
different structural arrangements. The ligand-prcmoted conforrn:?tional &angzs of 

the hybrids monitored both by sedi~ncntation velocity m%i$uremenls and their rea&viw 
towards p-hydroxymercuribenzoate were similar to those of the native enzymc. Thlls 
there ere no discrete cooperative units within the enzyme ~nolecules hut rather the 
a~losteric transitions promoted by ligsnds is fully concerted. The various kinetic and 
physical properties can he accounted for satisfactoriiy in lerins of th: Zstate model of 
Monod et al". 

Reaction of phenylglyoxal with aspartate transcarbamylase from E. cvli and its 
isolated catalytic subunit resulted in a complete loss of enzymic activity. If N-(phosphon 
aetyl)-L-aspartate wd.s used to protect the active site, phenylglyoxal destroyed the 
enzyme's susceptibility to activation by ATP and inhibition by CTP46,4! 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 locution on the enzyme, or were 
transmitted by the same mechanism between the subunits or both4". 

The decrease in the ability of CTP to inhibit the enzymc correlates with the loss 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 rater 
of p-hydroxymercuribenzoate, with the liganded and unliganded modified enzyme SUE- 

psted that the reaction with phenylglyoxt.1 locked the enzyme into a specific conforma- 
tion. The conformational state of the regulatory subunit was implicated to be critical 
for the expression of heterotropic and homotropic properties4'.. 

Native aspartate transcarbamylase from E. coli was modified with the bifunctional 
reagent, tartaryl diazide, in the presence of the substrate, carhamyl phosphate and the 
substrate analog, succinate. The product had the same sedimentation coefficient a 
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-sdu- 
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 affinity state was 
not produced when the modikcation was conducted in the absence of substrate 
or with a monofunctional reagent such as acetyl azide. The modified enzyme Was also 
desensitized towards aUosteric effectors, ATP and CTP. It represented a stab'id 
mbmd state whose conversion to the taut state was presumably by cross-linMl$. 
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pdrtial tryptic hydrolysis of aspartate transcarbamylase from E. coli resulted in the 
complete loss of both homotropic and heterotropic interactions. Subtilisin, pronasc 
and to a smaller extent chpnotrypsin had the same action as trypsin5'. The primary 
arget for the tryptic attack was the regulatory subunit. Both CTP and ATP, when 
p ~ s n t  during the digestion with trypsin. protected the enzyme against the loss of its 
&&c properties5"-". 

Heyde el a/53 isolated two proteins with enzyme activity on tryptic digestion of the 
E. coii aspartate transcarban~ylase. The larger protein (10.6s) resembled the native 
,myme as it contained the regulatory subunits and was sensitive to allosteric effectors. 
It appeered from the time course of tryptic digestion that the larger protein was an 
intermediate in the formation of a catalytic subunit (5.5 S) which was similar to, but 
not identical with the catalytic subunit produced by the dissociation of the native enzyme 
by the addition of y-hydroxymercurib~oate. The speeiiic activity of the tryptic- 
caralytic subunit was approximately one quarter of that or 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 
.4TP but difiered in that it was not inhibited by CTP. 

Tbe feedback inhibitmn properties of the nativc aspartate transcarbamylase from 
E. coli were 3-4 tiincs more readily dcstroycd by X-rays than its catalytic 
X-rays caused dissociation of the native aspartate transcarbarnylase into subunits. Sub- 
urates, activators and inhibitors were found lo have a profound effect on the ease with 
which various properties were destroyed. L-Aspartate plvs a competitive inhibitor such 
ss pyrophospkate or inorganic phosphate fully protected the active site against destruc- 
tion by X-ray, but not the alloateric sites. The destruction of alloskric properties of 
aspartate transcarbainylase was found to be irreversible. 

2.1.5. Mutation 

An additional confirmatory evidencc for the presence of an aUosteric 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-1-equiring mutant of E. coli was derepressed for aspartate transcarba- 
mylase in the presence of 2-thionracil, the enzyme so produced had altered propertiesju. 
The rnodikd enzyme lacked homotropic intcractions but was still sensitive to inhibition 

The cnzynle contained both the types of subunits but moved with a slightly 
h t d  electrophoretic  nobility compared to that of the normal aspartate transcarba- 
kylase. The modified enzyme had many characteristics of the ccatalytic subunit includ- 
ing the hrpzrbolic saturation curve for Lasparlate. The exact nature of the modifia- 
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tion is unknown but cubstitution of the sulphydr~l groups has been ilnfiicated41, % 
same authorsu showed that homotropic interactions were not evident at high m- 
centrations of CTP suggesting that homotropic a d  heterotropic interactions may mt 
be iuterlinked. CTP and ATP altered the K ,  Tor aspartate for the enzyme, ~( in~h 
studies with hybrid molecules prepared fro111 normal and modified enzymes showed 
that alterations in the regulatory snbunits of the mutant enzyme were responsi& for 
the absence of the cooperetive interactions. The ligand-induced conformational 
in both the mutamt and the parent enzymes monitored by absorbance and CD different: 
spctroscopy were found to be qualitativol~ similar. Binding studies using a transjlion 
stdte analog revealed that certain tyrosyl phen~lalanyl residucs were exposed to the 
solvent in the native cnzymc but not in the nlatanr enzyme. Spectrophotometric 
revealed that the mutant enzyme and its catalytic subunits containcd 4 and 2 &, 
affinitv sites for the inhibitor whereas 6 and 3 ware observed fdr t l~e  native enzym 
and its catalytic subunit. 

&wlctt and RcckjS examined the effcct or  ligands on thc sedi!nentation of another 
nlupal,~ and the nor~nal aspartatc ~ranscarbarnylascs a.nd found that tile transhion 
from tile low aspartate affinity (slower sedimenting) to the high afinity form occurred 
more easily with the mutant cnzyme than with the nornlal enzyme. The mutant enzym 
reacled 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 re& 
imply a partial loss of cooperativity in the mutant enzyme. 

i\n unusual constramt 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 stud& with transition state analogs lowered the V,,, and 
the K,  for aspartale. Abssnce oF homotropic interactions and alterations in the V, 
on addition of ATP and CTP suggested that thcm was a paralysis in the catalytic sub- 
unit of the mutant enzyme which was constrained in a low affinity state5" A similar 
stud), with the mutant enzyme from Sulinoneila typlzimztriwn showed that it wzs also 
partially desensiti~ed~~. 

m enzyma The results so far discussed clearly indicate that desensitization of allost~r' 
markedly affect both their subunit interactious and kinetic proper tic:^. 

2.2. Glycogen pphosphoryhe 

Glycogen phosphorylase [1,4a-D-glucan : orthophosphate-a-glycosyl transferase, EC 
2.4 1.11, one of the key enzymes m the metabolism of glycogen, cataljzed the few 
sible r e m a n  shown below : 

where C, and G,, represent the polysac&arides or a-I,Cglu~osides, containing n and 
t l -  I glucosyl residues, respxtively. Although the reaction is a reversible 0% 
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% rabbit skeletal muscle enzyme exists in two interconvertible fornls, namly, phos- 
phorylase a, which I S  active without AMP and phosphorylase b, which requires the 
aucleotide for its activity. This interconversion occurs by phosphorylation and 
dephosphorylation6' aslshown in (3). 

Phosphorylase 
kinase 

4 ATP 

2 Phosphory- .L phosphorylase g 
lase Q 

phosphory lase 
4 pi phosphatase 

(3) 

The saturation pattern of phosphorylase a with its substrates was hyperbolic. It 
had a high affinity for the substrates and its activit)r was not modulated by the all*- 
s ~ i c  effector, glucose-6-phosphate. On the other hand, phosphorylase I, exhibited the 
typical properties of an allostedc enzyme. Thus these two forms serve as an useful 
model for examining the allostenc transitionses. 

2.2 .1 .  Desensitization by chemical mod$cations 

'h involvement of sulphydryl groups in the regulation of phosphorylase b was demon- 
strated by modifying the enzyme with 53'-dithiobis(2-nitrobenzoic acid). The sigrnoidal 
&ration curve with increasing concentrations of AMP was converted to a hyperbolic 
pattern. The release of the thionitrophenylate groups on the modified enzyme by 
reacting it with dithiothreitol resulted in the restoration of the allosteric propertiesea. 
Another study showed that the modification of a small number of sulphydryl groups 
resulted in the desensitization to homotropic cooperativity of AMP,05.  

The homotropic cooperativity of the binding of glucose-1-phosphate to phosphorylase 
6 was completely abolished on reacting the enzyme with I-fluro-2,4-dinitrohzene in 
tb presence of AMP and glucose-1-phosphate. Partial desensitization of the enzyme 
mnrred when one lysyl and one cysteinyl residues were modifieda6. 

The. cross-linking of phosphorylase b with glutaraldehyde resulted in the loss of homo- 
tropic effects. On the other hand, the heterotropic interactions of the nucleotide acti- 
vators, inhibitors, and effects of AMP, could still be &monstratede7@. 

An important =onsequence of this modification is the increased resistance to denatu- 
by heat, cold or urea. Although E-araino groups have been implicated in this 
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dese1~sjti~ation, this mechanism is not supported by the observation that the butyral. 
&hyde ~~lodified phosphorylase b (which also contains LO;/, less amino groups) efilxtd 
strong homotropic cooperativity with AhlPG7. The possibility that the two reagents 
have nlodified different amino groups thus causing different effects cannot be completelY 
ruled out. 

h o t h e r  cross-linking reagent that has been used in these studies is tar ta~o~l .6~ 
[glycyl azide]. The modified enzyme exhibited a hyperbolic saturation pahm wi& 
AMP, a marginal decrease in V,,, and an unaltered K, compared to the native enzyme 
The effect of cross-linking appeared to  restrict subunit interactionsbg. 

Chemical modification of phosphorylase b with 8-[m-(nz-fluorosulfonfi benzamjdq 
henzylthio] adenine resulted in partial loss or activity (70%), accompanied by the 
co~nplete loss of honlotropic interactions with AMP and decreascd affinity for 
substrates. Ali.hough thc modificd phosphorylase h could be interconverted to phs 
phorylase u, it Failed to demonstrate allosteric interactions. A pentapeptide containhe 
the afiity label had 2 molecules of glycine, 2 molecules of ahnine and am oh^ 
of tyrosine. The label was linked to tyro~ine-155~~-~'.  A stable hybrid dimcr, contain. 
ing only one monomer modified, was isolated by affiity chromatography using 5'-AMP. 
Sepharose. The activity in the absence of AMP was indicative of the contribution by 
the ~nodifizd 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 i n t e rSa~e~~ .  

2.2.2. Desensitization by proteoylsis 

As early as 1945, Cori and CoriV4 showed that limited tryptic digestion of phospho- 
rylase (I resulted in the formation of a modified enzyme (phosphorylase b') which 
required AMP for activity. The sedimentation of the modified enzymc was similar to 
that of phosphorylase b but its electrophoretic mobility was different'j. It was 
later shown that one phosphoseryl hexapeptide per monoil1e.r was d e a d  on triptic 
dige~tion'~. Although phnsphorylase b and b' shared many common catalytic and 
physicdl properties, thcy differed in their response to the stimulation by protarnine. 
polyamines and sodium fluoride at suboptimal concentrations of AMP or by other 
nu~leotides7~ T9. Phosphorylasc b' neither exhibited homotropic or heterotropic &I- 

actions nor did it associate into a tetrarner on the addition of AMPso. These res& 
cau be interpreted to suggest that proteolytic digestion has caosed desensitization of 
phosphorylase b. 

The observation that IMP activation in the presence of s p e r ~ e  was preferentially 
lost compared to the loss or AMP activationa1. This suggested that the two detivativ~ 
of phosphorylase b, namely b, and b', were obtained on tryptic digestions1. In tb 
absence of spermhe, the kinetic properties of phosphorylase b and one of the deri- 
vatives, phosphuryla~ b, were similar. Phosphorylase b', was not activated by AM' 
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in the presence of spermine ; this is because activation by AMP occurs by alteration 
of the affiity towards glucose-1-phosphate, whereas both IMP and AMP enhanced the 
I.',,, of the enzyme. The derivatives b and 6' had similar moaleclLlar weight but altered 
&trophoretic mobilities. S D S - 9 1  electrophoretic patterns were different for the two 
derivatives suggesting that the loss of a peptide fragment from one of the subunits of 
g~sphorylase b, to yield phosphorylase b',. The non-identity of the two derivatives 
,as ffurther established by the end group analysis. Digestion of phosphorylase a with 
ehymotrypsin yielded a phosphopeptide with ICresidues, which on addition to phospho- 

flbsc b or b' yielded an enzYlne preparation which resembled phosphOryJase &< Addi- 
tion of a synthetic p h o s ~ h o ~ e ~ t i d e  representing the first 18 N-terminal residues of phos- 
phorybse a facilitated the dinlcrization of the phosphoryhse 6' in the presence of IM1' 

AMP. The ~hosphopeptide contained a phospho~r in~  as the 14-residue which was 
important for the dimerimtion and crystallization of the phosphorylase b ' ~ 3 .  Similar 
&m, ie. ,  an enhancenxent of affinity for AMP and the desensitization to AMP and 
&1cose-6-phosphatc W c E  observed when p~lycarbox~lates were added to phosphorylase 
b. effects of .poIycarboxylate on the sedimentation velocity were caused by 
mmbined effect of AMP and these iousa4. 

~t can be seen from the above discussion that proteolytic dipstion and chemical 
modification can cause desensitization of pho~phorylase b and also that in some instance5 
desensitization could be reversed. 

2.3. Fructose 1 , 6 - b i p h o s p ~ t ~  

Pmctose 1,6-biphos~hata~ [D-fr~ct0se-1,6-biphos~hate I-phospho-hydrolase, EC 
j .1.3.11~ is a key enzyme in duconeogenesis. It catalyzes the hydrolysis of fructose-1. 
Wihosphate to yield fructose 6-phosphate and orthophosphate (4). 

Fructose 1,6-biphosphate + fructose 6-phosphate + P, (4) 

The inhibition by excess substrate and by AMP has been implicated in the rcgula- 
tion of glnconeogenesis in the liver of several animalsa~. 

2.3.1. Desemitization by chemical modification 

Pgridoxal 5'-phosphate which forms a Schiff's base with the lysyl residues has been 
used to desensitize fructose biphosphatase obtained from several sources*8'. In the 
Presence of AMP, the sensitive Iysine residues are protected against modiiication. The 
desensitization results in the loss of cooperativity between the AMP binding sites, 
increase in the K, values for AMP without affecting the catalytic activity of fructose 
biphosphatase. 

Another reagent used for chemical modification of this enzyme is acstyl irnidazole 
which specifically xylates the tyrosine hydroxyl groupsY0. The acylation of two tyro- 
sine residues affected neither the catalytic activity nor the allosteric 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 catalytic activity of the enzyme. 'When four more tjrosyi 
residues were modified the catalytic activity was also lost. The presence of AMP 
tected the enzyme against modification of the allosteric site, whereas fructose biphosphalz 
protected it against the modification of the catalytic site"l,"". Diazobenzene sulfonic 
acid has also been used to desensitize the enzyme against AMP inhibition93. ~ l t h ~ ~ ~ h  
acetic anhydride desensitized the enzyme by acetylation, the reaction appeared not to 
involve tyrosine residues as the effect could be reversed by neutral hydroxyla-%. 
~h~ ~af id lda  utilis enzyme was irreversibly desensitized by 1-fluoro-2,4-&nitrobeDZeng 
or by resction with iodine". Acetylation by aspirin also desensitized this enzyme 
AMP inhibition, decreased the affinity for the substrate and abolished the inhibition by 
excess substrate. AMP protected tho enzyme against aspirin inhibitionsF. Salic~bk 
md iodosalicylate protected the enzyme against desensitization by pyridoxal phosphate. 
~y measuring the reactivity of sulphydryl groups, they postulated that AMP inhibition 
involved a binding step followed by a conformational change. Salicylates, sou$ 
bind to the same site as AMP, did not cause the necessary conformational changes in 
the enzyme08 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 conditiops 
resulted in a two-fold increase in the rate of hydrolysis of fructose biphosphate and 
the loss of AMP inhibitions9. Subtilisin 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 regiop 
of the enzyme10u. The role of N-terminal region of the protein in the regulation of 
enzyme activity was also suggested by measuring the fluorescence changes caused by 
tow concentrations of urea100, I". Nicking of a peptide chain by subtilisin caused a 
conformational change resulting in altered propertieslO? lo%. 

The discussion on the desensitization of fructose 1,6-biphosphatase shows that tbe 
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. 

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

IFmctose-6-phosphate + ATP -+ Fructose-1,6-biphosphate + ADP (5) 

The enzyme activity is modulated by adenine nucleotides which interact at the 
cataIytic, inhibiory and activator sites which overlap each other. 
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The modification of the tyrosine residues of the enzyme with N-acetyl iluidazole 
;esulted in the loss of ATP inhibition, AMP activation end cooperative binding of frUc- 
to~e-6-~hosphatel~'. Modilkation with pyridoxal phosphate a.bolished ATP inhibition'". 
,~odification of the yeast enzyme with succinic and maleic a~hydddes result& in t h e  
partial desensitization, acconipanied by an increase in the apparent affinity for fractose-6- 
phosphateloG. 

The afljnity label, 5'-p-(fluorosulphonyl)benzoyl adenosine modified 1-sulphydryl group 
per subunit of rabbit muscle enzyme. ModiEcation occurred nt a binding site which 
was tespn~lsible for the activation of enzynle activity by adenine nucleotides. This 
modification was different from that which occurred on the interaction of sulphydryl 
groups1"'. The purlne nucleotide analog, S-p-fluoro~ulfonyl bcnzogl adenoshle modified 
the enzynle in such a w'y that it becnme insensitive to allosteric inhibition by ATP, 

by AMP, CAM' and ADP, aud failed to exhibit sigmoidal kinetics with 
f~cto~e-6-phosphate~~~.  Another adenine analog. 8-m-(in-flnorosulfonyl benzamide)- 
benzylthiol adenine modified the enzyme to yield a similarly desensitized enzymelog. 

Acylation of 3-4 residues of histidinc of the enzyme by ethoxyforrnic anhydride 
resulted in the disappearance of both allosteric kinetics and ATE' inhibition. Reversal 
of this modification by hydroxylamine restored the sigmoidal saturation pattern and 
ATP inhibition characteristic of the native enzyme1"'. 

2 4 .2 .  Dtsemitiziltion by proteolysis, photooxidation, cross-linking and intermlion with 
antibodies 

The yeast phosphofructokinase was desensitized to ATP inhibition by limited tryptic 
digestion. ATP protected the enzyme against this desensitization while ITP was 
ineffecti~el"-'~~. Photooxidation of the shecp heart phosphofructokinase, in the 
presence of mcthylene blue; destroyed the histidine residues, probably present at the 
allosteric site, resulting in cesensitizdrion of the enzyme to the allostcric inhibitors without 
the loss of its catalytic activity114. Cross-linking of rabbit skeletal muscle enzyme with 
dimethyl suberimidate yielded tetramers and octamers which exhibited heterotropic 
interactions but the homotropic interactions were lost1"". A dose dependent decrease 
in ATP inhibition of the enzyme from rat thymocytes, was observed on irradiation with 
X-rays116. Tlue Hill coefficient value for phosphofructokinase from rabbit muscle was 
decreased from 1.96 to 1.04 on interaction with its amtibody. While the KO., 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 even after the inter- 
action with the antibodyll1. 

These results suggest that antibodies raised to allosteric sites can be used to selectively 
desensitize the enzyme to allosteric interactions. A similar observation has been 
F t l y  reported for the .monkey liver serine hydroxymethyl transferase'l8. 
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2.5. Citrate synthase 

The following reaction is catalyzed by citrate synthase [citrate ~ ~ a l o a c ~ t ~ t ~ - ~ y ~ ~ ~  (ah 
acetylating), EC 4.1 . 3  .7]  : 

Oxaloacetatea- + acetyl CoA + H20 + Citrate8- + CoA + H+ (s, 
The unique properties of this enzyme are: (a) it channels the entry of acetyl c o ~  

units into the central oxidative pathway, viz., citric acid cycle; and (b) it catalym the 
carbon-carbon bond formation in this cycle which is a rate-limiting stepu8. 

The enzyme from E. coIi has been extensively studied. The lnodification of sulphydril 
groups of E. coli enzyme by 5,S-dithiobis (2-nitrobenzoic acid) resulted in the loss of 
NADH inbibition without any effect on the inhibition by a-ketoglutaratel"0'u. 
desensitization could be reversed by dithiol compounds. The inhibition by stearyl coq 
another allosteric inhibitor of the enzyme, was also lost on the modification of 
sulphydryl groups by p-hydr~x~mercuribenzoate~~~. 

Photooxidation sthdies revealed that the desensitization of the enzyme to a-ketogluw 
rate, involved the modification of a histidine, residue, while the cysteine residues were 
implicated jn the NADH binding'20. The invol~ernznt of both these residues in the 
allosteric interactions were supported by chemical modification with diethyl pyrocarbo- 
natelel and 5,5'-dithiobis(2-nitrobenzoic acid)lm3 la'. Changes in the pH valus or 
KC1 concentration desensitized the enzyme by causing a conformational change in 
protejn123-1%. The enzyme from revertant mutants of E. coli were completely 
desensitized to NADH inhibition, and were markedly insensitive to the inhibition by 
a-ketoglutaraW1. 

The enzymes that hydrolyze the pyrophosphate bonds of dinucleotides are in general 
termed as nucleotide pyrophosphatases (diiucleotide-nucleotidehydrolase EC 3.6.1.9). 
Although this enzyme has been studied extensively, there is very little information on 
its regulaEion. The only reports that pertain to this aspect of the stndy are from 
mung bean seedtingslu-ls2 and sheep liverls8. The oscillatory behaviour of the enymt 
from s$eep liver was abolished by the addition of lOpM inorganic phosphate. AMP 
was another of the regulators for the enzyme activity1=. The enzyme exhibited negative 
uwperativify in its interactions with substrate and effectors1s4. A kinetic model ms 
proposed to explain the regulation of this enzyme activity by effectors1s6. Earlier work 
from this laboratory describedthe isolation of a mung bean nucleotide pyrophosphatw 
in a dimeric form and the conversion of thisdimer to cetramer by the addition of AMP1% 
The native dimer was desensitized to AMP interactions by reversible denahuatim 
with urea and also by dissociation to a monomer by the addition of p-hydroxy- 
mercuri~enzoate. Another desensitized form of the enzyme was isolated by using blue 
sephao* affinity chromatography. The alterations in the properties of tbis slzyme 
on desensi%ization by the methods mentioqed above are briefly describe& 
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n e  native enzyme isolated earlier had a M ,  of 65,000 and was made up of two identi- 
cal s u b ~ n i t s ~ ' ~ , ~ ~ ' .  The enzyme referred to as the native dimer catalyzed the hydro- 
lysis of FAD with an initial fast rate followed by a second slo'wer linear rate. Preincu- 
bation of the enzyme with AMP converted the native dimer to a tetramer and the 
tetramer functioned with the second slower ratelZ8. The regulation of this enzyme by 
s~s~ciation-dissociation as well as the consequence of desensitizing $be enzyme have 
been explained by a model proposed by u@. 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; (ii) absence of inhibition by AMP at concentra- 
dons below 40pM; and (iii) inability to be converted to a tetramer by AMP. The 
loss of the high affinity AMP site was confirmed by K, vdlues determined by fluore- 
scence quenching techniqueslsO. 

Inspite of the loss of the regulatory site on desensitization, tbe enzyme could still be 
inhibited by adding adenine nucleotides. The K, values for AMP, ADP, and ATP for 
the native dimer and the desensitized forms were not appreciably altered130. These 
results suggest that there are two sites for interaction with adenine nucleotides; one a 
highafhity 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 desensitjzing the enzymes were its altered sensitivity to : (1) urea 
denaturation ; (ii) EDTA inhibition and Zn++ reactivation; (iii) proteolytic digestion 
by trypsin and chymotrypsin; (iv); heat inactivation and changes in its (a) electro- 
phoretic mobility, (b) temperature optimum and (c) the helical contentlS0. 

2.7. Desensitization of other enzymes 

T4e methods described above have been successllly 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 phosphoenol 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 phenomenazs7. 

Acetohydroxy acid synthetase from Salmonella tryphimurim was &sensitized to vaLine 
inbibition by the alteration in pH, temperature, urea concentration and presenct: of 
kM-las. Aspartokinase-homoserine dehydrogenase I complex from E. coii was rendered 
Wmsitive to  threonine inhibition by any one of the following trmtments: (i) remova! 
dihreonine from the growth medium; (ii) treatment with p-hydroxymercuribenzoate: 
$1 heating; and (iv) by changing the buffer c o m p o ~ i t i o n l ~ ~ ~ ~ ~ .  Glutamate dehydro- 
3Pnase lost its sensitivity to inhibition by steroids, activation by ADP or leucin on 
m n t  with p-hydroxymercuribenzoate, but retained its catalytic activity. Chemica 
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of the tyrosine residues and amino groups, and the interactions with 
affinity label 3'-p-fluorosulfonyl benzoyl adenosine resulted in loss of its :dlosfetie 
interactionsl*~-'46. Chori~mate mutase prephenate dehydrogenase from S. typ:ijmurium 
was desensitized to its allosteric interactions by bromopyruvate, p-hydroxjmerouri. 
benzoate, 2,4,-dihydroxybenzoate, pH, ionic strength and r n u t a t i ~ n l ~ ~ ~ ~ * ~ .  .4 genetic* 
desensitized glycerol kinase had the same specific activity as that of the norma1 mme 
but P~iled to exhibit allosteric interactions. Although the mutant enzyme was capable 
of binding to the allosteric effector, fructose-1, 6-biphosphate, it failed to exhibit hetaro- 
tropic effects, suggesting that binding pe? se was not sufficient tc~ produce ollostedc mnsi. 
tions in the enzyme14s. 

Feeding of a fat-deficient diet resulted in the desensitization of ATPase, p-nitrophengl 
phosphatase and acetyl choline e s t e r a ~ e ' ~ ~ - ~ ~ ~ .  3-Hydroxy-3-methyl glutaryl &A 
reductase from rat liver was desensitized t o  ATP inhibition by heating the microsom 
at 50" C for 15 mninl"'. UDP-glucose-4-epimerase from Succlmromyces frag$k was 
desensitized at high concentrations of cations153 or by heat treatmentlM. 

The above discussion forcefully highlights the statement that "the sensitivity of 
regulatory enzymes to the inhibiting metabolites is, as a rule, an extremely lab& 
property which may be lost as a result of various treatments, with little or no loss of 
activity "2. The desensitization of allosteric enzymes has been achieved by a wide array 
of methsds. These include, simple manipulations such as dilution, change in ionic 
srrength, pIl, storage conditions; enzymatic methods like proteolytic digestion, phos 
pho~yiation-dephosphorylatioi~, adenylation-deadenylatlon; chemical modification; 
association-dissociation, etc. 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 suscepti- 
bility to denaturation consequent to a change in the oonfo~mation'~~. 
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