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Effect of x-ketoglutarate and 1ts structural analogues on hysteretic
properties of z-ketoglutarate dehydrogenase
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The burst of product aeeuiniulation dufing the RGD ruaction was imsestigated 1t has boan thown not to be the obhigatory feature of o atalysis
but appe us when inereasing the engymie saturation by KG - Steactural anatogues of KGeand the SH group modilivation suppress the tnitial burst
without presenting cataly sis The tesulis obtated e in Fivous of the existenee ol the regulatory site for binding KCand sts structue b an dogues

essential for hysteretie propertics of Kol

z Retoplutatate dehivdragenase Hysterchie property 1 Retoglutar e imalogue SH group, Regulitory site

I INTRODUCTION 2 MATERIALS AND MLTHODS

RGD, a component of the multienzyime KGD com-
pley, catalyses the tust and rate-determinimg step ot KG
ovtdative decarbosylation  Individual KGD catalyses
the 1eaction in the presence of artificial election aceep-
tors Both m the model system and when the KGD com-
ples functions as awhole there s adecrease in KGD ac-
tivaty, caused neither by the substiate depletion and the
praduct accumulation nor by changing the ohgometic
structure of KGD [1] Two independent mechanisims of
enzyme mactivation have been  established corre-
sponding to two stages of the process [1] The slow one
i1s more expiessed i the model system, wheie urevet-
sible inactivation due to hesacvanoterrate 1s observed
On the contrary, the tast stage manifests 1eselt 1o the
same degree both 1 the model reaction and i the
natural one; 1t may be reversed and pioweceds only dur-
ing catalysis This inactivation leads to the burst in the
product accumulation during KG oxidative decarbox-
ylation, suggesung the hinetically slow tiansiion of
KGD during catalysis. Such enzymes are 1eferred to as
hysteretic ones and the slow changes in theut properties
are supposed to be important for regulanng the com-
plex processes 1n vivo [2]. In the present investigation
the hysteretic properties ot KGD were shown to be 1n-
duced by increasing KG concentrauion and suppressed
in the presence of structural analogues of KG This
regulation appears to be reahized through the binding of
KG or its structural analogues to the site, different from
the catalytic one.
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Ihe dhenneals used were ubtmned from the followig sources R
fram Serva, potassium hesacsanoferrate from Merch, the structiral
analogues of the subsirate from Sigma Fhe compounds were of the
finest grade availible

AGD wasnolated from pigeon breast musele asin {3 KRGD activ
1y was deternungd with the artifiviil election aveeptor hevaovanofer
rate {0 7 mM) i 0 05 M potassium phosphate buffer, pH 63 The
cunves ol product acciimulation were ialsvzed by the madificaton of
Huggenhenn's method (4] According tod they were divided inn time
mtervals af ¢ 208 When the inwhivation dunmg RGD reaction was
notdescribied by the hineties of the first order tedacnon, the method of
Rav and hashland {§) was used  The computations were performed
onan BN compatible persandl comipuater with the *MathCAD' pro
gram  Themnals e of product accumulation wis determined by ex-
trapolatng the vurve obtaied with the caleutated constnt values 1o
the zeto time SH-groups of RGD were modified by a 3-nun incuba
tuon with an equunolar quantiy ot 4 hyvdrosymercuribenzoe acid in
0 1 M potasswum phosphate, pH 60

3. RESULTS

The semuloganthmiuc plots of hexacyanoferrate
reduction duning KGD reaction with different KG con-
centrations are shown in Fig 1. According to the
method of Huggenheim (see section 2), changes mn op-
tical density at 420 nm during the fixed consecutive time
intervals aie plotted versus reaction time, It can be scen
from Fig. 1 that the quantity of the product synthesized
1n the same time (¢ = 20 ) 1s decreased 1n the course of
the teaction (with increasing #). Two stages of the
process are evident at high concentrations of KG (Fig.
1, lines 3-5), which 1s 1n accordance with earlier ex-
periments [1]. But decreasing the KG concentration
leads to the disappearance of the fast stage of mactiva-
tion in such a manner that at small substrate concentra-
tion practically only the slow stage 1s displayed (Fig 1,
lIine 1). This stage appears to be induced by hexa-
cyanoferrate, as was shown earlier [1].
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big T Huggenhems plot o1 product aveumulaton during KRG
redetton at RG concentrations ot 0 005 (1), 0 01 (2), 0 05 (), 0 1 ()
and 1 (%) mM

The fast inactivation step was estabhished to depend
neither on the rate of product formation nor to be
defined by the depletion of a KG foim [1]. The rate ot
this stage does not allow one to consider 1t as corre-
sponding to the steady-state achievement So, more and
more pronounced with increasing KG concentration,
the first stage of the inactivation must correspond to the
inactivation of the KGD form, induced by KG. This
form interconverts slowly, 1f at all, with another one,
inactivated with a lower rate and existing predominant-
ly at low KG concentration (Fig. 1, lines 1,2) The slow
(compared to the inactivation) rate of the interconver-
sion 15 the necessary condition for observing the
biphasicity of the nactivation cuive In the case of the
rapicd interconversion of the two forms, inactivated
with different rates, only the change 1n the 1inactivation
rate would occur [6]. Therefore, increasing the quantty
of the catalytic complex of KGD with KG cannot ac-
count for the mcreased contribution of the fast 1nac-
tivation step when KG concentration grows, since the
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Gabalyss rate and consegquently, the 1ate ol the inter-
cvomersion betweet, the catalsliv - ensvine subsirate
vomples and the free enzvme s mch greater than the
rate ob the fast inacns abion

Recenthy we have shown two Torms of KRG (o evst
[3.7.5] One has the ipteractinge active sies at substreate
binding [7). while subumts of another Tunction in-
dependenty [(B]. KRG changes the binetivs of inactivation
duning the KGD reaction, catalysed by both the forms,
NMoaoteovet, the mnal burst s inherent i the immobyhiz-
e monomer of KGH oo [ 1], Henee, its appearance 1s
ol caused by the subunit cooperation,

Al this provades eviddence, that fast-mactivated KG1D
v the enzsme form with the monomers havimg bound
the second KG molecule, i addition 1o the malecule
partcpating i the watalbvsis,

Sinee the Last-mactiy ation step proceeds onls duning
the enzvine 1eacthion (1], i must be imtmately 1elated to
the mechanism of catalysis So, ts appedtanee medns
new catalvtic properues of KGD 1o arise T anis the sec
ond KRG molecule which mduces the enszsme torm
catalysing the teaction m o ditferent way, the plot of
RGD activity versus KRG o concentiation may be non-
hypetbobie, In tact, KCGID 1s shown to be chatactenzed
by the complen hinetic behavior [3] Analysis ot the
curves from Fig, 1 allows one to corielate a deviation
from the Michaelian hinetics with the appearance of the
burst in the product accumulation, As seen from g |
(hines 1 and 2) when the burst 1s not essential, a 2-fold
change ot KG concentration trom 0.005 10 0 01 mM, in-
duces an 1 5-fold 1merease 1 the 1eaction 1ate In ac-
cordance with a hyperbohe dependence of the ensyme
saturation with KG one may expect a lesser 1ate of ac-
tivity growth due to the subsequent augmentation of
KG concentration But 1t 1s not so indeed: the subse-
quent S-fold increase in KG concentration (to 0.05 mM)
produces more than a 6-fold change in the imuial rate of
the reaction as seen fiom hines 2 and 3 of Fig 1 Simul-
taneously the burst in product accumulation appears,
Thus, the change 1n the catalytic properties of KGD at
KG saturation 1s accompanied by the additional activa-
tion of the enzyme conmpated 10 the one expected from
the saturation of active sites. The analysis above sug-
gests, that this is a result of binding the second KG
molecule to the KGD monomer Therefore not having
decided beforehand on the question of separating this
site from the active one, 1t may be regarded as a
regulatory center for KG activating KGD In the course
of catalysis the activated enzyme 1s turming com-
paratively slowly (during several minutes, Fig. 1, lines
3-5) into the lower activity state. This s displayed as an
init1al burst of KGD activity during the reaction So, the
burst magnitude may characterize the quanuity of KGD
activated by KG and measure the regulatory site filling
with NG

The suggestion about the activatory site for substrate
binding 15 supported by experiments with KG structural
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L 2 The product acaumulation vurves of KRG reaction at 0 02 ¢ and 0 2 (b m S KRG without islybitors (1, S and m the preseiice of § mM
malonaie (4 1 mM sucanate (3 03 mM ketomalonate (3 3N glutarate (6) and 2 mM ovaloacetate (D

analogues  As can be seen from g 2, these com-
pounds mtubit KGD activity Two teatures ot the
process must be emphasized First, any of the analogues
tested tnhibuts the imtial rate of reaction more than the
delayed ones (0 ¢, reached after fimishing the burst),
This 1y evidence for the different catalytic propeities ot
KGD at the untnal moment of reaction and atter the
fist inactivation stage 1s completed Secondly, the com-
patison of the ettects of the compounds used shows that
inhubition of the delayed activity does not correlate with
suppression of the burst. In fact, malonate ehminates
completely the fast inactivation step without afteciing
the delayed activity (Fig, 2a, lines 1 and 2). On the con-
trary, succinate (Fig 2a, line 3) and glutarate (Fig, 20,
Iine 6) affect the burst to a lesser extent, but decrease
the delayed actuivity. As for oxaloacetate and
ketomalonate (Fig. 2b, hine 7 and Fig. 2a, hne 4), they
strongly influence both the burst and the delayed activi-
1. The absence of correlation between the effects of the
analogues on the imitial burst of acuivity and on the ac-
tivity level reached after the fast inactivation allows one
to consider these eftects as conditioned by two types of
independent interactions of KGD with the compounds
used. So, substrate analogues like KG appear to bind
with KGD intwo ways. The vompetition with KG at the
regulatory site decreases reaction rate through
eliminating the acuivatory effect of the substrate and 1s
displayed 1n suppressing the imtial burst of activity As
for the interaction with the active center, 1t does not

change the hineties of mactivation during the reaction,
sinee it affects to the same degree both the mitial activi-
1y and the delayed one Then we may consider the in-
hibitory etfect ot malonate as the elinunation of KG ace-
tuvation through the analogue binding to the regulatory
site. The absence of the influence on the delayed activity
i this case suggests that malonate does not interact
with the catalytic site This 18 1 accordance with the
absence 1 malonate of the «-heto group essential for
the formation ot the catalytic comples [9]. Therctore,
malonate binding should not prevent the catalysis
because 1t may proceed only 1n the regulatory site In-
deed, the inhibition by malonate 1s not complete, which
manifesis itself in the convex curves when analyzing 1its
effect 1n Divon's plot (Fig 3a) However, having more
structural sumilarity to KG, oxaloacetate can compete
with the substrate in two centers. Binding at the
regulatory one eliminates the activatory effect of KG
which 1s displayed 1n the complete suppression of the in-
it1al burst (Fig 2b, line 7) The active site binding causes
an addiuonal inhibition revealed in the decrease in the
delayed activity, Interaction of more than one ox-
aloacetate molecule with KGD 1s supported by a
parabolic inhibition pattern in Dixon’s plot (Fig 3b).

Besides KG analogues the modification of SH-groups
can suppress the activation by KG. Fig. 4 shows the
results of the KGD treatment by equimolar quaniity of
4-hydroxymercurybenzoic acid It 1s seen that such a
limited modification (no more than one thiol 1n the
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monomer) by reagent, not so dangerous tor the dis-
turbance of protemnn structure, leads to the essential
decrease i the quantity of KGD with catalytic proper-
ues changed, which s manfested in the substantal
reduction of the imual burst ot KGD activity (Fig. 4,
Iine 2) This suggests KGD cystene residue involvement
in the enzyme activatton by KG The modification of
this residue desensitized KGD to the activatory ettect off
the substrate

4. DISCUSSION

The results obtained show the possibility of a short-
time activation of KGD when KG concentration in-
crcases The activation appears to be induced by
binding the sccond KG molecule to the KGD monomer,
This allows one to regulate the enzyme activity by dicar-
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Fig 4 The product accumulation curves of KGD reaction before (1)
and after (2) KGD treatment with 4 hydroxymercuribenzoic acid

150

bonic actds, whiel cannot effectively imhubat the reac-
uon comipeting with KG in the catalytic site, since KG
mteraction with the holoensyme 1s highly speatie [9].
Besides, the revealed renulation of hysteietic properties
of KGD functioning at the intercept of sugar and pro-
tain nietabolic pathways 1s 1 good agreement with
I'rieden’s suggestion [2] that hysteretic eftects may be
unpoitant tor regulating metabohe pathways, where
several enzymes compete for the common intermediate
Noteworthy 1s that the studied propertics of KGD allow
one to distingwmsh a short-time increase in KG concen-
tratton and a prolonged onc. Indeed, the momentary
reaction of KGD to the augmentation of KG i a
medium 1s the acuvation leading to moie effective
utthzation of KG n the Krebs cycle. The prolonged in-
crease 1in KG concentration, however, should have
another eftect In this case KGD nactivation, observed
during the reaction, may contribute to the involvement
of more KG 1n transamunation, leading to glutamic
acid. All this a1 gues tor the regulatory role of the effects
revealed.
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