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Summary 

Deviations from Michaelis-Menten kinetics in the pig-heart citrate synthase 
(citrate-oxaloacetate-lyase(pro-3S-CH2 COO- -~ acetyl-CoA), EC 4.1.3.7) 
system have been characterized and analyzed in view of the kinetic theory 
described in the preceding paper. The enzymic condensation reaction between 
acetyl-CoA and oxaloacetate is subject to substrate-inhibition by acetyl-CoA. 
This can be at tr ibuted to the formation of  a productive enzyme-acetyl-CoA 
complex with a dissociation constant  of  110 pM. The binding of acetyl-CoA to 
the enzyme decreases the on-velocity constant  for oxaloacetate-binding from 
4000 min -1 • pM-'  to 1700 min -~ • pM -~. The affinity of  citrate synthase for 
oxaloacetate increases at least 20-fold on the binding of acetyl-CoA. The latter 
cooperativity effect  can be at tr ibuted to a more than 45-fold decrease of the 
off-velocity constant  for oxaloacetate-binding. 

Introduct ion 

Citrate synthase (citrate-oxaloacetate-lyase(pro-3S-CH2 C O 0 -  -~ acetyl- 
CoA), EC 4.1.3.7) which catalyzes the initiating condensation reaction between 
acetyl-CoA and oxaloacetate in the citric acid cycle, operates by a ternary-com- 
plex mechanism [1--6].  Conversion of  the ternary enzyme-substrate complex 
into a ternary enzyme-product  complex has been suggested to be rate-limiting 
during catalysis [7,8]. Binary enzyme-substrate complexes are known to be 
formed with both oxaloacetate [6,9] a~d acetyl-CoA [10,11],  indicating that 
the catalytic reaction proceeds basically by a random-order mechanism 
(Scheme 1). Under conditions where Michaelis-Menten kinetics prevail with 
respect to both  substrates, however, the enzyme operates by an effectively 
ordered mechanism with oxaloacetate adding first to the enzyme [11,12] .  
Examination of the Michaelis-Menten behaviour of  the system has, therefore, 
provided information mainly about  the pathway for ternary-complex forma- 
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tion involving the binary enzyme-oxaloacetate complex [ 11]. 
According to the kinetic theory presented in the preceding paper, informa- 

tion about the alternative pathway (Scheme 1) to the productive ternary-com- 
plex might be obtained by examination of deviations from Michaelis-Menten 
kinetics possibly exhibited by the system. 

ES1 

E J ~--~ESIS2 ~ E + products 

\ /  
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Scheme I. The random-order ternary-complex  mechani sm in view of which the present kinet ic  data sxe 
interpreted.  E, S 1 and $2 denote  pig-heart citrate synthase,  acetyl-CoA and oxaloaeetate ,  respectively.  

Such information would by valuable from a mechanistic point of view, as it 
might contribute to the understanding of cooperativity effects observed in the 
process of substrate-binding to the enzyme [10--12]. For this reason, and in 
order to test the applicability and validity of the relationships derived in the 
preceding paper, the second-degree rate-behaviour of citrate synthase from pig 
heart has now been characterized and analyzed. 

Materials and Methods 

Citrate synthase from pig heart was obtained from Boehringer Mannheim 
GmbH (Mannheim, G.F.R.) as a crystalline suspension in 2.2 M ammonium 
sulphate, and was used without further purification. The specific activity of the 
enzyme preparation used agreed within 5% with that of pure enzyme [13]. 
Acetyl-CoA was prepared by the method of Simon and Shemin [14], reaction 
products being separated by gel chromatography on Sephadex G-15. Other 
reagents used were of analytical grade. 

Steady-state reaction velocities of the enzyme-catalyzed reaction between 
acetyl-CoA (5--2500 pM) and oxaloacetate (5--2500 pM) were determined at 
27°C with a Zeiss PM QII spectrophotometer, using the colorimetric assay 
described by Srere et al. [1]. Reaction solutions contained about 0.2 nM 
enzyme, 250 pM 5,5'-dithiobis-(2-nitrobenzoic acid), and varied amounts of 
substrates in 0.1 M Tris/acetate buffer, pH 8.2. 

Statistical procedures were routinely applied for evaluation of the kinetic 
data. Regression curves and parameter estimates were computed by iterative 
non-linear regression techniques described previously [ 15]. 
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Results 

The steady-state velocity of the condensation reaction between acetyl-CoA 
and oxaloacetate, catalyzed by citrate synthase from pig heart, was determined 
by standard spectrophotometric techniques over a wide range of substrate con- 
centrations (5--2500 pM). Fig. 1 shows typical results in the form of Line- 
weaver-Burk plots with respect to acetyl-CoA at different fixed concentrations 
of oxaloacetate. As has been reported previously [6], approximately linear 
plots are obtained for acetyl-CoA concentrations below 60 pM. At higher con- 
centrations of acetyl-CoA deviations from linearity typical of substrate-inhibi- 
tion are observed, inhibition being most pronounced at low concentrations of 
oxaloacetate. When reactions were carried out in the presence of 500 pM oxalo- 
acetate, no significant deviations from linearity could be detected even at the 
highest (2.5 mM) acetyl-CoA concentration tested. 

Lineweaver-Burk plots with respect to oxaloacetate were found to be linear 
over the entire range of substrate concentrations used (Fig. 2). 

The mechanistic information inherent in the asymptotically linear part of 
the Lineweaver-Burk plots in Fig. 1 has been considered previously [6,11,12], 
and the present kinetic analysis was directed towards the observed deviations 
from linearity. For each fixed concentration of oxaloacetate, linear asymptotes 
in Fig. 1 were defined by weighted least-squares fitting of a straight line to the 
data obtained for acetyl-CoA ($1) concentrations between 5 and 60 pM. Differ- 
ences (DI) between the experimentally observed reciprocal reaction velocity 
and the value predicted by the linear asymptote were then calculated for 
acetyl-CoA concentrations above 200 pM. Fig. 3 shows that experimental 
points in plots of 1/D~ vs. 1/[S~] fall well along straight lines at fixed concen- 
trations of oxaloacetate. Fig. 4 indicates that slopes and intercepts of the 
regression lines in Fig. 3 are proportional to the concentration of oxaloacetate. 
Intercepts and curvature of the graphs in Fig. 4 were found to be of statistically 
insignificant magnitude. 
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1/[Acetyl- CoA] (mM -1 ) 
Fig, 1. Lineweaver-Burk p lots  w i th  respect  to  aee ty l -CoA for the citrate synthase-cata lyzed react ion 
b e t w e e n  acety l -CoA and o x s l o a c e t a t e .  React ions  were per formed  at 27°C in 0.1 M Tris/acetate buffer, pH 
8.2. containing about  0.2 nM e n z y m e  and varied concentrat ions  o f  substrates.  Each exper imenta l  point  
represents  the mean  of  3--5  i n d e p e n d e n t  determinat ions  o f  the molar e n z y m i c  react ion  volocity (V/CE). 
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Fig. 2. Lineweaver-Burk plots  wi th  respect  to  oxa loace ta te  for  the citrate synthase-cata lyzed react ion 
b e t w e e n  acety l -CoA and oxa loace ta te .  Condi t ions  as in Fig. 1. 

These results establish that deviations from linearity in Lineweaver-Burk 
plots with respect to acetyl-CoA ($1) at fixed concentrations of oxaloacetate 
($2) conform to the relationship 

1 IS2] [1 
_ _  -- + g a p p  I (1) 
D1 el ~ [$1] l 

Further, they show that Kapp exhibits no significant variation with [$2] for 
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Fig. 3.  Double-rec iprocal  p lo ts  o f  dev iat ions  (D 1 ) f rom l inearity in Lineweaver-Burk plots  wi th  respect  to  
ace ty l -CoA at f ixed l o w  concentrat ions  o f  oxa loace ta te .  Condi t ions  as in Fig. 1.  

Fig.  4. Replots  of  intercepts  (o)  and s lopes  (e )  o f  the  straight l ines in Fig. S vs.  the  concentrat ion  of  
oxa loaee ta te .  
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oxaloacetate concentrations between 5 and 25 pM. Preliminary estimates of the 
inhibition parameters e, and Kapp were calculated from the slopes of the linear 
replots in Fig. 4. Final estimates were computed statistically by fitting Eqn. 1 
to the total number  of experimental observations, which gave e, = 0.33 (+0.03) 
min •nM and Kapp = 260 ( !40)  pM. 

Fig. 4 shows that deviations from Michaelis-Menten kinetics with respect to 
acetyl-CoA decrease towards zero with increasing concentrations of oxalo- 
acetate. This observation provides direct evidence that deviations are caused by 
complex-formation between acetyl-CoA and free enzyme, which is the enzyme 
species to which oxaloacetate binds when Michaelis-Menten kinetics prevail. 
The data in Fig. 3, further, establish that  the enzyme retains a definite activity 
at infinite concentration of  acetyl-CoA. This means that  the complex formed 
between free enzyme and acetyl-CoA is a productive one, i.e. it may combine 
with S2 to form the productive complex ES1S2 in Scheme 1. It may be con- 
cluded that substrate-inhibition by  acetyl-CoA is attributable to the utilization 
of  alternative pathways for formation of  the productive ternary-complex. 

Consequently,  the relationships derived in the preceding paper can be 
applied for  evaluation of  e~ and gap p in terms of  rate constants in Scheme 1. 
For  the ordered case considered here, these inhibition parameters were shown 
to be given by 

1 1 
el . . . . .  (2) 

k3 k2 

k - l k 2  k2[$2] 
Kap p - + - -  (3) 

kl k3 kl 

Assuming that k2 = 4000 min -1 • pM -~ [11],  the present estimate of el yields 
k3 = 1700 (+150) min- '  • pM -~. The concentration-independent estimate of 
Kapp then corresponds to k _ , / k ,  = 110 (+15)/zM. Further, it follows from the 
concentration-independence of  Kapp that k-x > >  k3 [$2] over the range of 
oxaloacetate concentrations considered in the determinations of  Kapp ([$2] < 
30 ~uM). This means that  k-1 > >  50000 min -1 and kl > >  500 min -1 • pM -~. 

Discussion 

The second~legree rate-behaviour of  citrate synthase from pig heart  is, in all 
respects tested, consistent with that  described in the preceding paper for an 
effectively ordered case of  the random-order ternary-complex mechanism in 
Scheme 1. No realistic alternative mechanism of substrate-inhibition can be 
envisaged. The kinetic estimate of  k - 1 / k ,  obtained from the substrate-inhibi- 
tion data (110 pM) agrees excellently with previous equilibrium determinations 
of  the dissociation constant  for  the binary enzyme-acetyl-CoA complex (about  
100 pM [10];  130 pM [11]).  This result provides a final confirmation of  the 
reliability of  the present interpretation of  the kinetic data, and establishes the 
validity of  the kinetic theory on which the interpretation is based. 

The present investigation confirms the previous conclusion that  citrate syn- 
thase from pig heart operates by an effectively ordered mechanism when 
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Michaelis-Menten kinetics prevail, oxaloacetate adding first to the enzyme 
under such conditions [ 11,12]• High concentrations of acetyl-CoA cause a shift 
of reaction flow from the pathway involving the enzyme-oxaloacetate complex 
to the pathway involving the enzyme-acetyl~oA complex. This results in sub- 
strate-inhibition, since the rate of binding of oxaloacetate is higher in the 
former route (k2 = 4000 min- '  •/~M -1 ) than in the latter one (k3 = 1700 min -1 
• pM-l). According to Eqn. 2, substrate-activation would be obtained by the 
same basic mechanism if the presence of acetyl~oA at the active center of the 
enzyme increases the on-velocity constant for oxaloacetate-binding (k3 > k2) 
instead of decreasing it. This provides a reasonable explanation for the mecha- 
nistic origin of the substrate-activation pattern observed at high concentrations 
of acetyl-CoA with citrate synthase from rat kidney and rat brain [16]• The 
present results thus suggest that citrate synthases from various animal sources 
(which yield closely similar parameter values for the Michaelis-Menten rate- 
behaviour [16]) operate by the same basic ternary-complex mechanism, with 
oxaloacetate binding first to the enzyme under Michaelis-Menten conditions• 

Examination of the Michaelis-Menten behaviour of pig-heart citrate synthase 
has provided estimates of rate constants (k, k2, k-2, and the term (k + k-4) /  
k • k4) in the pathway involving the binary enzyme-oxaloacetate complex [11]. 
The present investigation provides estimates of rate and equilibrium constants 
in the alternative pathway to the ternary-complex, which makes it meaningful 
to discuss cooperativity effects in the process of substrate-binding to the 
enzyme• Introducing the magnitude of k_4 in relation to k as a variable a by 
putting k_4 = ak, magnitudes of rate constants in Scheme 1 can be expressed as 
summarized in Table I. The cooperativity factor is then given by (Ki = k - i / k i )  

K 1  - K 2  ~ 2 0  +~ (4) 
K4 K3 
Eqn. 4 shows that acetyl-CoA and oxaloacetate are bound at least 20 times 
more firmly in the ternary enzyme-substrate complex than in the respective 

T A B L E  i 

K I N E T I C  E S T I M A T E S  O F  R A T E  C O N S T A N T S  I N  S C H E M E  1 F O R  T H E  C O N D E N S A T I O N  R E A C -  
T I O N  C A T A L Y Z E D  BY C I T R A T E  S Y N T H A S E  

D a t a  refer  t o  the  r e a c t i o n  a t  2 7 ° C  in  0 .1  M T r i s / a c e t a t e  b u f f e r ,  p H  8 .2 .  E s t i m a t e s  have b e e n  c a l c u l a t e d  
f r o m  Dalzie l  r a t e  c o e f f i c i e n t s  (~i) ,  r e p o r t e d  and in terpre ted  p r e v i o u s l y  [ 6 , 1 1 ] ,  a n d  f r o m  the  substrate-  
inh ib i t ion  p a r a m e t e r s  e I a n d  K a p  p d e t e r m i n e d  in  the  p r e sen t  w o r k .  The  p a r a m e t e r  a is de f ined  b y  k -  4 = 
a k .  

Rate  c o n s t a n t  E s t i m a t e  D e t e r m i n e d  f r o m  

k I ~500 min -I • #M -I Kap p 

h2 4 000 min -I . ~M -I qb 2 

k3 1 700 min -I • #M -I e 1 

k4  3 4 5 0 ( 1  + ~)  m i n  -1 • ~M -1 ~1 

k 2 0  4 0 0  m i n  -1 ~0 
k _  1 1 1 0  "h I m i n  -1 K a p  p 
k -2 20 000 min -I ~bl 2 

h -  3 4 6 0 a / ( 1  + a )  m i n  -1 K I K  3 .~- K 2 K  4 
h - 4  2 0  4 0 0 ~  r a in  -1 U n d e t e r m i n e d  
,J.,, 
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binary complexes. The cooperatlvity factor becomes 20 when ~ > >  1,  but  may 
be considerably larger if ~ is less than unity.  

There axe, in fact, some arguments favouring the possibility that  a is less 
than unity (k-4 < k). Citrate synthase has the metabolic function of catalyzing 
the condensation reaction between acetyl-CoA and oxaloacetate unidirection- 
ally. The potential catalytic capacity of  the enzyme for the forward reaction is 
best utilized when k > ~  k-3, k-4, i.e. when the rate of  breakdown of the 
ternary~complex into free enzyme and products  greatly exceeds the rates of dis- 
sociation of  substrates from the complex. Such conditions, according to the 

d a t a  in Table I, certainly prevail for oxaloacetate (k_ 3 ~ 460 min- '  < <  k), and 
would also be catalytically favourable as concerns the rate of  dissociation of  
acetyl-CoA. 

It  may, further, be noted that  on-velocity constants determined for the 
binding of  substrates to enzymes of  a size comparable to that of citrate synthase 
frequently have been found to be of  a magnitude between 1000 and 6000 
min -1 • pM -1, consistent with that  expected for a diffusion-controlled reaction 
[17--19].  The previous estimate k2 = 4000 min -1.  #M-'  [11] may thus be 
typical for a diffusion-controlled specific binding of small ligands to the active 
center of  citrate synthase. The possibility that  a > >  1 then seems rather un- 
likely, as it would imply that  k4 > >  4000 min -1 • #M -~ (see Table I). A value of  

less than unity,  on the other hand, would give a k4 value closely similar to 
that  of  k2. The idea that  binding rates for both substrates are mainly controlled 
by diffusion factors, i.e. that  k~, k2, k3, and k4 are all of  similar orders of  magni- 
tude, is attractive and consistent with the present results. The fact  that  k3 for 
closely related citrate synthases may be either larger or smaller than k2, yielding 
a kinetic pattern of  either substrate-activation or substrate-inhibition, can then 
be unders tood in terms of  minor changes of  the effective surface for enzyme- 
oxaloacetate encounter,  caused by the presence of acetyl-CoA at the active 
center of the enzyme. 

Curves in Fig. 1, which fit  well to the experimental data, have been calcu- 
lated from the full rate-equation corresponding to Scheme 1 [20] using rate 
constants according to Table I with the assumption that k~ = k4 and ~ = 1. 
Closely similar curves are obtained over a fairly wide range of ~ values larger or 
smaller than unity.  Similarly, the magnitude of  k, can be varied considerably 
without  any significant effect  on the fit of  the curves. No firm conclusion as to 
the magnitude of  kl and k-4 can, therefore, be drawn from the experimental 
data available at  present. 

The precise magnitude of  the cooperativity factor (Eqn. 4) for substrate 
binding to the enzyme thus remains uncertain. It can be concluded from 
Eqn. 4, however, that  the affinity of  citrate synthase for either substrate 
increases at least 20-fold on binding of  the second substrate. In the case of 
oxaloacetate,  the present determination of  k3 makes it possible to draw the 
additional conclusion that  this cooperativity effect  cannot be attr ibuted to an 
increased magnitude of  the on-velocity constant  (which actually decreases from 
4000 to 1700 min -I • pM- ' ) ,  bu t  derives from an at least 45-fold decrease in 
magnitude of  the off-velocity constant  (from 20000  to less than 460 min- ' ) .  A 
similar situation is likely to be at hand as concerns the cooperative effect of  
oxaloacetate on the binding of  ace ty l~oA.  
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Kinetic and equilibrium studies of the binding of substrate analogues to 
citrate synthase might be expected to provide more detailed information about 
the mechanistic background for the cooperativity effects observed. Such work 
is in progress. 
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