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SUMMARY 

Pyruvate  carboxylase (pyruva te :CQ ligase (ADP), EC 6.4.I.I ) from chicken 
liver reacts with sulfhydryl-group reagents, N-ethylmaleimide and g-cystine, in two 
phases. The first phase is accompanied by modification of 4 to 32 of the 55 sulfhydryl 
groups of the enzyme, depending on the reagent used and the inorganic anion present : 
phosphate, sulfate, or chloride. There is partial or no loss of activity and no gross 
change in the quaternary structure of the enzyme. During the second phase of modifi- 
cation, from z6 to 39 additional groups react, and complete inactivation takes place. 
This phase is accompanied by dissociation to monomers and/or formation of high 
molecular weight aggregates. The inorganic anion present determines the number of 
SH groups reacting with N-ethylmaleimide or cystine in each phase and the rate of 
the reaction. This diversity of reactivities is interpreted as being a consequence of the 
different conformations assumed by pyruvate  carboxylase in the presence of either 
phosphate, sulfate, or chloride. 

Two differently modified pyruvate carboxylases were obtained, after the first 
phase of reaction but under different conditions, by reaction of 32 or i6 cysteine 
residues with N-ethylmaleimide per molecule of enzyme. Both N-ethylmaleimide 
enzymes showed a decrease in the value of the Hill coefficient for acetyl-CoA from 2. 7 
(native enzyme) to 2.2. This lower value of the Hill coefficient indicates a decrease in 
the cooperativity of the activation by acetyl-CoA, and is interpreted as a decrease in 
the degree of interaction among the subunits of the enzyme. In contrast, pyruvate  
carboxylase modified with 6 half-cystine residues per molecule has the same Hill 
coefficient, /(a and V, as the native enzyme. 

The effects of ATP, acetyl-CoA, and oxalacetate, on the rates of inactivation of 
pyruvate  carboxylase by sulfl~ydryl reagents depend upon the anion present, the 

Abbreviat ions:  PHMB, p-hydroxynaercuribenzoate;  DTNB, 5,5'-dithiobis-(z-nitrobenzo- 
ate). 
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reagent used, and the phase of inactivation considered. The dependence of the protec- 
tion on acetyl-CoA concentration showed that  the protection by acetyl-CoA is a 
cooperative phenomenon. This cooperativity was interpreted as evidence of a coopera- 
tive binding of acetyl-CoA to pyruvate  carboxylase, and of a sequential change in the 
conformation of the enzyme in response to the binding of acetyl-CoA. 

INTRODUCTION 

Chicken pyruvate  carboxylase (pyruvate:CO., ligase (ADP), EC 6.4.I.I ) is a 
tetrameric enzyme with a molecular weight of 655 ooo* and about 55 sulthydryl 
groups l& The tetramer can be dissociated in the cold I ~ and by reaction with p- 
hydroxymercuribenzoate (PHMB), cystine and some other sulfllydryl-group re- 
agents 4. The enzyme is protected against inactivation and dissociation at o 5 °C by 
o.I M potassium phosphate, or by higher concentrations of KC1, K2SO ~ or (NH4)2SO4, 
and by acetyl-CoA, ATP or oxaloacetatO. Besides the effects on the cold inactivation, 
ATP and sulfate ions protect against inactivation by avidinS, 6, and sulfate ions increase 
the Ka for acetyl-CoA 7. 

Pyruvate  earboxylase from chicken liver has an absolute requirement 8 for an 
acyl-CoA in the catalysis of Reaction I. Acetyl-CoA is the most effective activator of 
all acyl-CoA 

Mg 2+, acetyl-CoA 
Pyruva te  + Mg-ATP + HCO 3 , oxaloacetate 5 Mg ADP + t'l (i) 

compounds studie&. The enzymatic activity of pyruvate  carboxylase shows a sig- 
moidal dependence on acetyl-CoA concentration", which was interpreted as additional 
evidence for an allosteric mode of interaction for acetyl-CoA. 

In a previous paper 4, the effects of different sulfhydryl reagents on the activity 
and quaternary structure of chicken pyruvate carboxylase were studied in a buffer 
solution containing sulfate and phosphate ions. The inactivation by certain sylthydryl 
reagents was found to be accompanied by dissociation of the tetrameric enzyme to 
monomers. The present paper shows that  the rates and patterns of inactivation by N- 
ethylmaleimide and eystine, and the reactivity of the sulthydryl groups of pyruvate  
carboxylase, depend markedly on the salt composition of the buffer solution used. The 
effects of ATP, acetyl-CoA and oxaloacetate, on these inactivations are also deter- 
mined by the salt present. The interaction of partially modified pyruvate carboxylase 
preparations with acetyl-CoA are found to be different from that  of native enzyme. 
The results are discussed in relation to different conformations of the native enzyme, 
allosterie interactions and the mechanism of inactivation of pyruvate  carboxylase. 

MATERIAL AND METHODS 

Pyruvate  carboxylase from chicken liver was purified through stage 5 of the 
procedure described by Scrutton et al. 1°. When a highly purified enzyme was needed, 
stage 5 preparation was subjected to chromatography on a column of DEAE- 

* Recent work by  M. F. Ut ter  and collaborators (personal communication) indicates tha t  
the molecular weight of chicken pyruva te  carboxylase may  be considerably lower than  previously 
reported t. 
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Sephadex A-5o using an (NH4)2SOa gradient for the elution (M. C. Scrutton, personal 
communication). The enzyme was stored at 0-  5 °C (protein concentration about 20 
mg/ml) in 1.6 M sucrose, o.I M Tr i s -H~SQ (pH 6.7), and 0.06 M (NH4)2SO 4. This 
preparation was equilibrated with the required solution by passage through Sephadex 
G-25. For most of the experiments reported in this paper, one of the three following 
buffers was used. Phosphate buffer solution contained I mM EDTA, and 211 mM 
potassium phosphate (pH 7.2) ; Sulfate buffer solution contained 164 mM (NH4)2SO ~, 
I mM EDTA, and IO mM potassium phosphate (pH 7.2) ; and Chloride buffer solution 
contained 49 ° mM KC1, i mM EDTA, and IO mM potassium phosphate (pH 7.2). The 
ionic strength of all three buffers was identical (I 0.525). 

Pyruvate  carboxylase was assayed speetrophotometrically in the direction of 
C02 fixation with the coupled malate dehydrogenase system, as described previously 1°. 
Either Tris-H2SO 4 or Tris-HC1 was used as a buffer. Specific activities are expressed 
as #moles of oxaloacetate formed per rain per mg of protein at 25 °C. Protein concen- 
tration was determined by the method of Warburg and Christian 11. The incubations 
of the enzyme with the sulfllydryl reagents were carried out at room temperature. 

The reaction of N-ethylmaleimide with pyruvate  carboxylase was followed by 
measuring the decrease in absorbance at 300 nm TM. The reaction of cystine with pyru- 
vate carboxylase was followed by determining the incorporation of radioactivity into 
the protein upon incubation with uniformly labeled L-E14Clcystine. The reaction was 
stopped with 5% trichloroacetic acid, and tile precipitated protein was separated 
from the solution and washed with 5% triehloroacetic acid on a disc of filter paper 
(Whatman No. 42). The radioactivity retained by the filter paper was determined 
with a Mark I Liquid Scintillation Computer System (Nuclear Chicago Corporation). 

N-Ethylmaleimide and cystine solutions were prepared immediately prior to 
use. N-Ethylmaleimide concentration was determined from the absorbance at 300 
nm TM. Because of the low solubility of cystine at neutral pH, it was dissolved at a 
higher or lower pH and the solution readjusted to pH 7.2 prior to its addition to 
pyrnvate  carboxylase. 

Acetyl-CoA was prepared from coenzyme A (P-L Laboratories) and acetic 
anhydride as described by Stadtman 13, and its concentration was determined with 
citrate synthase (EC 4.1.3.7) according to the method of Ochoa la. L-[laC]Cystine of a 
specific activity of 271 mCi/mmole was obtained in o.I M HC1 solution from New 
England Nuclear. Ammonium sulfate was recrystallized twice from I mM EDTA 
solution. Other chemicals were reagent grade materials obtained from commercial 
sources. 

Ultracentrifugal examinations were carried out in a Beckman Spinco Analytical 
Ultracentrifuge (Model E), using the AN-E rotor, 3o-mm double sector cells and at 
temperatures near 21 °C. The preparation for study was placed in a cell with a wedge 
window, and the control enzyme in the standard cell to facilitate direct comparison. 

RESULTS 

Inactivation by N-ethylmaleimide and cystine in the presence of different inorganic salts 
N-Ethylmaleimide was shown to inactivate pyruvate  carboxylase in two steps 

in a buffer solution containing (NH4)2SO ~ and potassium phosphate a. The rate and 
pat tern of inactivation of pyruvate  carboxylase by N-ethylmaleimide depends on the 
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sa l t  compos i t i on  o f  t he  buffer  so lu t ion  used. Fig. I shows t h a t  in the  presence  of  

(NH4)~SO 4 the  loss of  a c t i v i t y  took  place  in two  steps. T h e  s u b s t i t u t i o n  of  po t a s s ium 

for a m m o n i u m  did  no t  p roduce  a n y  s ignif icant  change  in the  p a t t e r n  of  i nac t i va t i on .  

W h e n  p h o s p h a t e  was s u b s t i t u t e d  for sulfa te ,  the  p a t t e r n  of  i n a c t i v a t i o n  was essent ia l -  

ly t he  same  (@ Fig.  4). The  first phase  of  i n a c t i v a t i o n  in p h o s p h a t e  or  su l fa te  occurs  

wi th  the  f o r m a t i o n  of  a p a r t i a l l y  ac t ive  enzyme*.  In  con t r a s t ,  in the  presence  of  K( 'I  

at  a c o n c e n t r a t i o n  r equ i r ed  to g ive  the  same  ionic  s t r e n g t h  as sulfa te ,  the  i n a c t i v a t i o n  

fo l lowed pseudo- f i r s t -o rde r  k ine t ics  w i t h  t i m e  (Fig. I). Phospha t e ,  at the  concen t r a -  

t ion  used  to buffer  t he  KC1 so lu t ion  (IO mM) a p p a r e n t l y  d id  no t  h a v e  a n y  s ignif icant  
effect  on the  t y p e  of  i nac t i va t i on .  
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Fig. i. Inactivation by N-ethyhnaleilnide in buffers of different salt composition, l 'yruwtte car- 
boxylase (spec. act. lO. 4 15.8; o.29 nlg/ml) was incubated with o.2 mM N-ethyhnaleimide in dif- 
ferent buffer solutions, all of which contained o.15 M KC1, o.oi M potassium phosphate and I mM 
EDTA, and had a pH equal to 7.2. [n addition to the common components, the following salts 
were included: II, o.o6M (NH4)~SOI;A,o.o6M K2SO~;O, o.18M KCI; and ( ,  o.65 M KC1. All 
enzymatic activities were determined on aliquots of the incubation mixtures at the indicated times 
of incubation. Activities are expressed as percentages of the activity of the corresponding control 
without inhibitor. 

The  decrease  in e n z y m a t i c  a c t i v i t y  t h a t  t akes  p lace  upon  pa r t i a l  mod i f i ca t ion  of  

p y r u v a t e  c a r b o x y l a s e  by  N - e t h y l m a l e i m i d e  in Sul fa te  buffer  solut ion,  cou ld  be due  to 

e i the r  a change  in the  Km va lues  for the  subs t r a t e s  or  to an  effect on V. Therefore ,  the  

a p p a r e n t  K m  va lues  for M g - A T P ,  free Mg 2~ , b i ca rbona t e ,  and  p y r u v a t e  of  the  modi -  

fied and  the  n a t i v e  e n z y m e s  were  d e t e r m i n e d .  Tab l e  I shows t h a t  the re  are no large 

differences,  i f  any ,  be tween  the  K m  va lues  o b t a i n e d  wi th  the  modi f ied  e n z y m e  and  

those  o b t a i n e d  wi th  the  n a t i v e  enzyme .  These  a p p a r e n t  Km va lues  agree r ea sonab ly  

well  w i th  those  d e t e r m i n e d  p r ev ious ly  for the  n a t i v e  enzymeT, ~°. 

T h e  V of N - e t h y l m a l e i m i d e - 3 2 - p y r u v a t e  ca rboxy la se  (sulfate) is a b o u t  5 o %  of  
t h a t  of  the  n a t i v e  e n z y m e  (@ Tab le  V), as d e t e r m i n e d  f rom the  posi t ion of  t he  " b r e a k "  
in the  s e m i l o g a r i t h m i c  p lo t  of  e n z y m a t i c  a c t i v i t y  versus t i m e  of  i ncuba t i on  wi th  N-  

e t h y l m a l e i m i d e ,  us ing s a t u r a t i n g  c o n c e n t r a t i o n s  of  subs t ra tes  and  ace ty l  CoA in the 

a c t i v i t y  assay  m i x t u r e .  

* The fact that the break ill the curve of inactivation does not occur at tile same relative 
activity with respect to the control in all experiments is a reflection of the different dependences of 
activity on acetyl-CoA concentration in the native and the modified enzyme and the use of Tris 
H~S() 4 in the assay mixture of some experiments, changing in this way the effective acetyl-('oA 
collccntration to nonsaturating levels for thc lnodified cnzvnlc. 
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"FABLE I 

MICHAELIS CONSTANTS FOR SUBSTRATES OF PYRUVATE CARBOXYL&SE 

Km values were obtained fronl p r imary  plots of i/v versus I/[S], except for the Km for bicarbonate.  
The Km for Mg ATP was obtained in the presence of 4 mM free Mg 2+, and tha t  for free Mg 2+ in the 
presence of 2 mM Mg-ATP.  Because of the difficulty of eliminating bicarbonate  from the assay 
mixture,  the Km value was obtained by  est imating the endogenous bicarbonate.  Three enzymatic  
activities were deternlined : in the absence of added bicarbonate,  and after  addition of intermediate 
and sa tura t ing  concentrat ions  of bicarbonate.  The Km was obtained from the three values of the 
enzymatic  activity, and the two concentrat ions of bicarbonate  added to the assay mixture,  using 
the Michaelis Menten relationship. The endogenous bicarbonate  concentrat ion was est imated to 
range from 0.23 to 0.42 mM, under  the conditions of the assay. 

Substrate Apparent Km (raM) 

N-Ethylmaleimide-32- Native 
pyruvate carboxylase* pyruvate carboxylase 

Mg-ATP 0.25 0.33 
Mg 2÷ 0.30 0.30 
Bicarbonate 1.5 i. i 
Py ruva te  o. 51 o.48 

* N-Ethyhnale imide-32-pyruva te  carboxylase (sulfate), obtained as described in Table V. 

The dependence of the rate of inactivation on N-ethylmaleimide concentration 
in the Chloride buffer solution (see Material and Methods) is shown in Fig. 2. At all 
concentrations of N-ethylmaleimide, the inactivation followed pseudo-first-order 
kinetics with respect to time. However, the dependency of the rate of inactivation on 
reagent concentration was non-linear. The plot of reaction rate v e r s u s  N-ethylmalei- 
mide concentration produced downward curvature (Fig. 2), indicating that  a change 
in the rate-limiting step of the inactivation occurs as the concentration of N-ethyl- 
maleimide is varied 15. 
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Fig. 2. Dependence of the rate of inactivation by N-ethyhnaleinl ide in Chloride buffer solution on 
the reagent  concentration. Pyruva te  carboxylase (spee. act. 15.6; 0.27 ing/ml) was incubated with 
different concentrat ions of N-ethylmaleimide,  in Chloride buffer solution. At different t imes after 
the addit ion of N-ethylmaleimide,  enzymatic  activities were determined on aliquots of the incu- 
bat ion mixtures.  The reciprocal of the half-t ime of inactivation, obtained f rom linear semi-loga- 
r i thmic plots is plot ted versus N-ethylmaleimide concentration. 

Fig. 3. Dependence of the rates  of inactivation by  cystine in the presence of different salts, on the 
reagent  concentrat ion.  Py ruva t e  earboxylase (spec. act. 15.5; 0. 3 mg/ml) was incubated with 
cystine in buffers of different salt composit ion (O, Phospha te  buffer solution; &, Sulfate buffer 
solution; m, Chloride buffer solution). At  different t imes after the addition of cystine, enzymatic  
activities were determined on al iquots of the incubation mixtures.  The reciprocal of the half-time 
of inact ivat ion obtained from linear semi-logarithmic plots is plotted versus cystine concentrat ion.  
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In all three buffer solutions, cystine produced pseudo-first-order inactivation 
with time. The lines consistently extrapolated to higher than IOO~o activity at zero 
time, indicating that a lag occurs before the onset of inactivation. The existence of 
such a lag can be explained by assuming the presence of two different classes of sulf- 
hydryl groups ~G. The modification of the most reactive class might have little or no 
immediate effect on the activity, but would be necessary for the reaction of the second 
class, which is accompanied by the loss of activity. The dependence of the rate of 
inactivation on cystine concentration (Fig. 3) is consistent with this interpretation. I11 
each of the three solutions, the rate of inactivation varies linearly with cystine con- 
centration, as expected if each reaction were first order with respect to cystine con- 
centration. However, the lines extrapolate to the ordinate at values well above zero. 
These results can be interpreted if we assume that the enzyme has at least one very 
reactive sulfllydryl group which reacts to produce a modified enzyme. This modified 
enzyme is active but less stable than the native enzyme and inactivates slowly, with- 
out further binding of reagent, following first-order kinetics. It  seems likely that this 
reactive class of sulthydryls corresponds to the first of the two classes postulated to 
explain the lag before inactivation. 

Sedime~ztation patterns of the inactivated preparations 
The study of the sedimentation velocity patterns of pyruvate carboxylase 

inactivated by each of the two SH-group reagents, in all three buffer solutions chosen, 
was important in the construction of a unified scheme showing the effect of modifica- 
tion on the activity and quaternary structure of the enzyme. The first step of inactiva- 
tion by N-ethylmaleimide in both Phosphate and Sulfate buffer solutions took place 
without any significant change in the sedimentation pattern, in agreement with 
previous results using a buffer solution with both phosphate and sulfate 4. During the 
second step of inactivation there was a disappearance of tetramers and a formation of 
high molecular weight aggregates. No monomers were clearly detected, although there 
was an indication of their presence in very small amounts. In the Chloride buffer solu- 
tion, the decrease in tetramers was accompanied by the appearance of a small propor- 
tion of monomers. 

The inactivation by cystine was accompanied in all three buffer solutions by a 
decrease in the amount of tetramers and a formation of monomers. However, the rela- 
tion between the extent of dissociation and that of inactivation was not the same in all 
cases, indicating the presence in the preparations of different relative amounts of 
inactive tetramers. 

Effects of A TP, acetyl-CoA and oxaloacetate on the inactivations by N-ethylmaleimide and 
cystine 

The ratio of the rates of inactivation in the presence and in the absence of the 
compound being tested, was determined from the straight-line steps obtained in a 
plot of the logarithm of the enzymatic activity versus the time of incubation. Typical 
data are shown in Fig. 4 for acetyl-CoA and oxalacetate. In some cases, only a qualita- 
tive estimate of the effect was made. In no case did the compounds tested change the 
pattern of inactivation (two-steps versus pseudo-first-order). Nor did they have any 
apparent effect on the stability of pyruvate carboxylase in the absence of N-ethyl- 
maleimide during the time of the experiment, except for oxaloaeetate which caused a 
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Fig. 4- P ro t ec t ion  by  l igands.  (A) Effect  of acetyl -CoA on the  i nac t i va t i on  by  N - e t h y l m a l e i m i d e  
in P h o s p h a t e  buffer solution.  P y r u v a t e  ca rboxy lase  (spec. act. 21.7; o.26 mg/ml)  was  i n c u b a t e d  
wi th  N - e t h y l m a l e i m i d e  (o.2 mM), in the  presence (&) and  absence (O) of acetyl -CoA (i mM). The 
e n z y m a t i c  a c t i v i t y  was de t e rmined  on a l iquo t s  of the  incuba t ion  m i x t u r e s  a t  different  t imes  of 
incuba t ion .  (B) Effect  of oxa loace t a t e  on the  i na c t i va t i on  by  cys t ine  in Sulfa te  buffer solut ion.  
P y r u v a t e  ca rboxy lase  (spec. act.  18.o; o. 3 mg/ml)  was i ncuba t ed  wi th  cys t ine  (2 raM), in the  pre- 
sence (A) and  absence (O) of oxa loace t a t e  (3 mM). The e n z y m a t i c  a c t i v i t y  was de t e rmined  on 
a l iquo t s  of the  incuba t ion  m i x t u r e s  a t  different  t imes  of incubat ion .  

significant inactivation in the Chloride buffer solution. The rates of inactivation by N- 
ethylmaleimide in the presence of oxaloacetate were corrected for this effect. 

The data for the effects of ATP, acetyl-CoA and oxaloacetate on the rates of 
inactivation by N-ethylmaleimide under different conditions are summarized in 
Table II .  ATP had a protective effect against inactivation in the presence of chloride; 
however, it produced a very small protection against both phases of inactivation in 
sulfate, and showed no effect on the inactivation in phosphate. The latter is consistent 
if phosphate binds to the same site as ATP 5. Acetyl-CoA, at a concentration of I raM, 
protected almost completely in the Chloride buffer solution. In the other two solutions, 
it afforded protection against the first phase of inactivation but increased the rate of 
the second (Fig. 4A). Oxaloacetate caused an increase in the rate of inactivation in 
chloride, and in phosphate and sulfate it behaved qualitatively as acetyl-CoA, i.e. 

T A B L E  I[  

EFFECTS OF ATP, ACETYL-CoA AND OXALOACETATE ON THE INACTIVATION" BY N-ETHYLMALEIMIDE 

P y r u v a t e  ca rboxy lase  (spec. act. 12.9-25.2; 0. 3 mg/ml)  was  i ncuba t ed  wi th  N - e t h y h n a t e i m i d e  
in the  presence and  in the  absence of the  compound  being tes ted.  Because of the  wide range  of 
the  r a t e  of i n a c t i v a t i o n  under  the  different  condi t ions,  three  levels of N - e t h y l m a l e i m i d e  were used : 
2. lO -5 4" lO-6 M (a), i o  J- M (b), and  I .  lO-4-2 • io  4M (the rest). The e n z y m a t i c  ac t iv i t i e s  were 
de t e rmined  on a l iqno t s  of the  incuba t ion  m i x t u r e s  a t  different  t imes  of incuba t ion .  The veloci t ies  
of i n a c t i v a t i o n  were ob ta ined  from plots  of log of a c t i v i t y  versus t ime.  v represen ts  the  ra te  of 
i n a c t i v a t i o n  in the  presence of the  compound  being tes ted,  and  v 1 in i ts  absence.  

A ddition v/v 1 

Chloride Sulfate Phosphate 

Phase I Phase 2 Phase • Phase 2 
(a) (b) (a) (b) 

17 mM A T P  __ __ a 
4 mM ATP  0.26 < i .o 
I mM ace ty l -CoA 0.07 0.23 
i mM oxa loace t a t e  - -  0.29 
3 ulM oxa loace t a t e  4.8 

- -  1 . 0  a I . O  b 

o.74b 
2.4 0.67 3.5 
1.8 0.33 8. 7 
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protecting against the first phase of inactivation and increasing the rate of the second. 
The effect of oxaloacetate might be due to the formation of the carboxylated enzyme, 
rather than to the direct binding of oxaloacetate. 

The effects on the inactivation produced by cystine are shown in Table I I I .  In 
chloride, the effects of the three compounds were qualitatively the same as in the case 
of N-ethylmaleimide : ATP and acetyl-CoA protected, and oxaloacetate increased the 

T A B L E  H I  

E F F E C T S  OF A T P ,  A C E T Y L - C o A ,  A N D  O X A L O A C E T A T E  ON T H E  I N A C T I V A T I O N  B Y  C Y S T 1 N E  

P y r u v a t e  c a r b o x y l a s e  (spec.  a c t .  1 2 . 9 - 2 3 . 7 ;  0.3 m g / m l )  w a s  i n c u b a t e d  w i t h  c y s t i n e  (2 raM) ,  in 
t h e  p r e s e n c e  a n d  a b s e n c e  o f  t h e  c o m p o u n d  b e i n g  t e s t e d .  T h e  ve loc i t i e s  o f  i n a c t i v a t i o n  w e r e  o b t a i n -  
e d  as  i n d i c a t e d  in  T a b l e  I I .  

A ddition v/v 1 

Chloride Sulfate Phosphate 

17 m M  A T P  - - -  I.O 
4 h i m  A T P  0 .25  0 .73 - -  
t m M  a c e t y l - C o A  < 0 . 0 3  o .14  0 .35  
3 m M  o x a l o a c e t a t e  9 .0  2 .0  t . o  

rate of inactivation. In the other two solutions, ATP produced the same effects as in 
the N-ethylmaleimide inactivations, with protection in sulfate and no effect in phos- 
phate solution. Acetyl-CoA showed a protective effect towards cystine inactivation, as 
in the first phase of the inactivation by N-ethylmaleimide. In the Sulfate buffer solu- 
tion, oxaloacetate increased the rate of cystine inactivation, as in the second phase of 
the N-ethylmaleimide inactivation ; however, after the addition of cystine there was a 
period of time in which no increase in the rate of inactivation took place (Fig. 4B). 
The same behavior with oxaloacetate was observed in Chloride buffer solution. The 
shape of the curve of inactivation in the presence of oxaloacetate suggests that  this 
compound protected the enzyme against the modification that  takes place during the 
lag preceding inactivation. Oxaloacetate did not have any effect in phosphate. 

Pyruvate  was tested under a variety of conditions, but it showed no effect in 
any case. 

Concentration dependence of the protection by acetyl-CoA and A TP  against inactivation 
Acetyl-CoA protects pyruvate carboxylase completely against inactivation by 

N-ethylmaleimide or cystine in Chloride buffer solution. The plot of relative protection 
(rate of inactivation in the absence of ligand, vl, minus the rate of inactivation in the 
presence of ligand, v) versus acetyl-CoA concentration produces a sigmoidal curve, in 
both cases (Fig. 5), indicating that  the protection by acetyl-CoA is a cooperative 
phenomenon. However, the degree of cooperativity is not the same in the two cases. 
The interaction coefficient for protection, n, is 2.2 in the inactivation by N-ethyl- 
maleimide, and 2.8 in the inactivation by cystine (Table IV). N-Ethylmaleimide and 
cystine cause an initial and rapid partial modification of pyruvate carboxylase, pro- 
ducing N-ethylmaleimide-I6-pyruvate carboxylase (chloride), and cystine-6-pyruvate 
carboxylase (chloride), with full enzymatic activity. Therefore, acetyl-CoA is most 
likely protecting against the inactivation of the partially modified enzymes instead of 

Bh,chim. Biophy~. Acta, 276  ( t972)  2 9 7 - 3 1 2  



SULFHYI)RYL GROUPS OF PYRUVATE CARBOXYLASE 305 

z 100 / , . . . . _ _ _ _ _ _  - 

~- o / . - - - I " I - "  ,.o ~ .~,~ 
"-'i" 5~ / 

~-&i "/" 
0 0 '2  0'4 

[ACCTYL- CoA] CmM~ 

Fig. 5. Dependence of the protect ion by  acetyl-CoA against  inactivation by N-ethylmaleimide 
and cystine on acetyl-CoA concentrat ion.  Pyruva te  carboxylase (spec. act. 14.6 units/nlg;  0.28 
mg/ml) was incubated with o.I mM N-ethylmaleimide (A), and 2 mM L-cystine (O), in the pre- 
sence of different concentrat ions of acetyl-CoA, in the Chloride buffer solution. For  other  experi- 
mental  conditions, see Material and Methods. 

the native enzyme. Acetyl-CoA also affords complete protection against the inactiva- 
tion by cystine in Sulfate buffer solution. In this case, a value of 1.8 was obtained for 
the interaction coefficient (Table IV). The value of the protection constant, Kp, is also 
given in this table. The Kp for acetyl-CoA in sulfate is about 5 times higher than in 
chloride, as is expected from the competitive effect of sulfate on the Ks for acetyl- 
CoAE 

"CABLE IV 

P R O T E C T I O N  B Y  A C E T Y L - C o A  A N D  ATP A G A I N S T  T H E  I N A C T I V A T I O N  B Y  / ~ - E T H Y L M A L E I M I D E  A N D  

C Y S T I N E  

The exper iments  were conducted as those described in Fig. 5. 

Reagent Buffer  solution Acetyl-CoA A T P  

iCp* ( / tM)  n** Kp* ( p M )  n** 

N-Ethyhnale inl ide  Chloride 18o 2.2 460 i . i  
Cystine Chloride 1 7  ° 2 . 8  5 2 0  I .O 

Cystine Sulfate 84o 1.8 Not deternIined 

* Kp, protect ion constant  is the concentrat ion of ligand tha t  produces half-niaxinlal pro- 
tection, v -- (v z v~)/2. Where  v, v z and v 2 are the rates of inactivation in the presence of ligand, 
in the absence of ligand, and at  sa tura t ing  ligand, respectively. 

** n is the interaction coefficient obtained from the slope of a plot  of log (vz--v)/(v--v2) 
versus log [ligand!. 

ATP gives only partial protection against the inactivation of pyruvate  carboxy- 
lase by N-ethylmaleimide or cystine in Chloride buffer solution. The dependence of 
(v 1 --  v) on ATP concentration is of a hyperbolic type, for the inactivation by N-ethyl- 
maleimide. Using the value obtained by  extrapolation of the data to infinite concen- 
tration of ATP in a reciprocal plot, I / (V  z - -  v) v e r s u s  I/LATP], for v 2 (Table IV), the 
value obtained for n was I . I ,  close to I.O expected from a Michaelis-Menten relation- 
ship. The same results were obtained in the inactivation by cystine (Table IV). The 
value of the protection constant for ATP is high, when compared with the value for 
the Kp previously obtained by Scrutton and Utter  t from the study of the protection 
by ATP against the inactivation by avidin. 
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Correlation of the binding of N-ethylmaleimide and cystine with the loss of enzymatic 
activity 

Fig. 6A shows the binding of N-ethylmaleimide and the increased inactivation 
with time for a preparation of pyruvate carboxylase in Sulfate buffer solution. The N- 
ethylmaleimide concentration was low enough so that  the rate of the second step of 
inactivation was negligibly small. The formation of a partially active enzyme, that  
takes place during the first step of inactivation, is correlated with the binding of 
about 30 sulthydryl groups per tetramer*. During the second step of inactivation, 
there is a precipitation of the high molecular weight aggregates that  interferes with 
the spectrophotometric determination of the binding of N-ethylmaleimide. The re- 
sults obtained in the Phosphate buffer solution are similar to those obtained in the 
Sulfate buffer solution. 

Because of the high reactivity of the sulfhydryls that  bind to N-ethylmaleimide 
during the first step of inactivation in the presence of sulfate or phosphate ions, it is 
possible to ti trate the enzymatic activity with N-ethylmaleimide. The enzyme was 
incubated with N-ethylmaleimide, at different low molar ratios (0-50) of N-ethyl- 
maleimide to tetramer, and the specific activities were determined after I8 h of incu- 
bation. A break in the curve of activity versus molar ratio of N-ethylmaleimide takes 
place at a molar ratio of N-ethylmaleimide to enzyme equal to 32 and corresponds to 
the end of the first phase of inactivation. This number is close to the number of SH 
groups that  were directly determined spectrophotometrically to have reacted at this 
point (Fig. 6A). The fact that  the relative activity at the breaking point is close to that  
obtained in inactivation-rate experiments at short times indicates that  the modified 
enzyme is fairly stable, under the conditions of the experiment. This was used as a 
method to prepare N-ethylmaleimide-32-pyruvate carboxylase (cf. Table V). The rela- 
tive activities of the preparations incubated with N-ethyhnaleimide at a molar ratio 
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Fig. 6. Spec t ropho ton le t r i c  t i t r a t i o n  wi th  N-e thy lmale in l ide .  The reac t ion  was followed by mea-  
sur ing the  decrease in absorbance  a t  3oo nm wi th  t ime.  I m m e d i a t e l y  af ter  the t i t r a t i o n  was conl- 
pleted,  ano the r  i ncuba t ion  m i x t u r e  was p repa red  e xa c t l y  as the  one t h a t  had  been used for the 
t i t r a t ion ,  and  the  e n z y m a t i c  a c t i v i t y  was  measured  a t  different  t imes  of incubat ion .  (A) Sulfate  
buffer solut ion (py ruva t e  ca rboxy lase :  spec. act.  34.6, 1.2 mg /ml  ; N - e t h y h n a l e i m i d e  : o. 125 mM). 
(B) Chloride buffer solut ion.  ( py ruva t e  ca rboxy lase :  spec. act. 29.2, 1.41 mg /ml ;  N - e t h y h n a l e i m i d e  
o.3 nlM). After  a b o u t  25 min the  d A 300 n m increased due to  a p rec ip i t a t i on  of h igh  molecular  weight  
aggrega tes  t h a t  in ter fered  wi th  the  de te rmina t ion .  

* A l though  N - e t h y l m a l e i m i d e  m a y  reac t  wi th  groups  o the r  t h a n  sulfl~ydryl (ref. 17), i t  
seems safe to conclude tha t ,  under  the  condi t ions  of these  exper iments ,  reac t ion  wi th  sulflaydryl 
groups  predomina tes .  
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higher than 32 continued to decrease after the first 18 h of incubation, indicating that  
at this time the reaction with N-ethylmaleimide had not yet reached completion. 

The spectrophotometric titration with N-ethylmaleimide in the Chloride buffer 
solution (Fig. 6B) showed an initial modification of about I6 SH groups per tetramer 
without loss of activity, after which inactivation parallels the binding of all the re- 
maining sulfl~ydryl groups. 

The extent of inactivation of pyruvate carboxylase by L-cystine, and the num- 
ber of SH groups modified at different times in the Sulfate buffer solution are shown 
in Fig. 7A. The lag before inactivation is accompanied by the reaction with cystine of 
4-6 very reactive sulfl~ydryls, while the inactivation of the enzyme corresponds to the 
modification of about 16 additional groups. Since the inactivation is first order with 
time (Fig. 3) during the latter stage, it is most likely that  these 16 sulfhydryl groups 
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Fig. 7. T i t r a t ion  wi th  L-[laC]cystine in sul fa te  buffer  solut ion in the  presence (B) and  absence  (A) 
of  acetyl-CoA. The  reac t ion  m i x t u r e s  conta ined ,  in add i t ion  to Sulfa te  buffer  solut ion : p y r u v a t e  
ca rboxylase  (o.61 m g / m l ;  spec. act.  24 uni ts /nlg) ,  and  L-[t~C]cystine (o.825 raM; 2. 4 mCi/mmole)  ; 
o.8 nlM acetyl -CoA was included in B. At  the  t imes  ind ica ted  in the  figure, 5°,,o t r ichloroacet ic  acid 
was  added  to a l iquots  of  the  reac t ion  mix tu res ,  and  t he  r ad ioac t iv i ty  of the  prec ip i ta ted  pro te in  
was de t e rmined  as ind ica ted  unde r  Mater ia l  and  Methods .  The  enzyma t i c  ac t iv i ty  was de te rmined  
on a l iquots  of  t he  reac t ion  m i x t u r e s  a t  different  t imes  of  incubat ion .  

are reacting in an "all or none" manner. Similar numbers of groups react in the pres- 
ence of 0.8 mM acetyl-CoA (Fig. 7B), but at a slower rate. Thus, acetyl-CoA protects 
the enzyme against inactivation by cystine by lowering the reactivity of the sulf- 
hydryl groups, and not by preventing a conformational change of the already modified 
enzyme. A similar relationship between the reaction of the SH groups of pyruvate 
carboxylase and its inactivation by eystine was obtained in the Chloride buffer solu- 
tion. 

Dependence of the enzymatic activity of different modified pyruvate carboxylases on acetyl- 
CoA concentration 

The forms of pyruvate carboxylase obtained by partial modification with N- 
ethylmaleimide, in the three standard buffer solutions, present kinetics of activation 
by acetyl-CoA different from that of the native enzyme. Fig. 8 is a plot of enzymatic 
activity versus acetyl-CoA concentration for N-ethylmaleimide-32-pyruvate carboxy- 
lase (sulfate) and the native enzyme. In both cases, the shape of the curve is sigmoidal, 
but  the degree of sigmoidicity and the activation constant for acetyl-CoA are not the 
same. When these data are plotted in a Hill representation 18, a Hill coefficient equal 
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Fig. 8. l)ependence of enzymatic activity on acetyl-CoA concentration. The enzymatic  activities, 
v, were determined in the presence of 8o mM K2SO4, in order to minimize the relative affect on 
the K,~ of the low amounts  of sulfate, 1.6 mM or less, added in some cases with tbe enzyme to the 
assay mixture.  O---O, native pyruva te  carboxylase;  • - • ,  N-ethyhnaleinIide-32-pyruw~te 
carboxylase (sulfate). 

to 2.2 is obtained for N-ethylmaleimide-32-pyruvate carboxylase (sulfate), in contrast 
with the value 2. 7 for the native enzyme. This change in the Hill coefficient was ac- 
companied by an increase in the Ka from 47/zM for the native enzyme to z4o/~M for 
N-ethylmaleimide-32-pyruvate carboxylase (sulfate). The values for Ka,  n and V, ob- 
tained with the enzyme modified by N-ethylmaleimide in Phosphate buffer solution, 
N-ethylmaleimide-32-pyruvate carboxylase (phosphate), were similar to those of N- 
ethylmaleimide-32-pyruvate carboxylase (sulfate) (Table V) and are, therefore, prob- 
ably the same molecular species. The enzyme modified by N-ethylnmleimide in 
Chloride buffer solution, N-ethylmaleimide-i6-pyruvate carboxylase (chloride), pre- 

T A B L E  V 

D E P E N D E N C E  O F  E N Z Y M A T I C  A C T I V I T Y  O N  A C E T Y L - C o I ~  C O N C E N T R A T I O N  F O R  D I F F E R E N T  M O D I -  

F I E D  P Y R U V A T E  C A R B O X Y L A S E S  

The exper iments  were conducted as described in lqg. 8. The lnodified enzymes NI';M-32-PC 
(phosphate) and NEM-32-PC (sulfate) were prepared by incubat ing native pyruva te  carboxylase 
for 6-16 hours  with NEM, at  a molar ratio of NEM to enzyme equal to 3 ~, in "Phosphate" and 
"Sulfate  Buffer Solution", respectively. NEM-I6-PC (chloride) was obtained after incubation in 
"Chloride Buffer Solution" for 6-8 hours,  with a molar  ratio of NEM to enzyme equal to ~6. 
The three pyruva te  carboxylases modified by cystine were obtained by incubation with 6o tLM 
cystine for 6 8 hours  in: "Phospha t e  Buffer Solution",  Cystine-PC (phosphate);  "Snlfate Buffer 
Solution", Cystine-6-PC (sulfate); and "Chloride Buffer Solution", Cystine-6-PC (chloride). In 
all cases, the concentrat ion of  pyruvat¢  carboxylase in the incubation mixture  was o. 3 o.6 mg/ml.  

Enzyme 1,2,,* n** 1 ..... 
(H 3I) (relative 

vahtc) 

Native pyruva te  carboxylase 
N-Ethylmale imide-32-pyruvate  carboxylase (phosphate) 
N-Ethylmale imide-32-pyruvate  carboxylase (sulfate) 
N-EthyImale imide- i6 -pyruva te  carboxylase (chloride) 
Cyst ine-pyruvate  carboxylase (phosphate) 
Cyst ine-6-pyruvate carboxylase (sulfate) 
Cyst ine-6-pyruvate carboxylase (chloride) 

47 2.7 too 
r3o 2.3 5 ° 
I 4 0  2 . 2  5 ° 

58 2.2 ~oo 
47 2-7 leo 
t9 2-7 ~oo 
44 2.9 roe 

* Ka, activation constant,  is the concentrat ion of acetyl-CoA tha t  produces half-maxinaal 
activity. 

** n is the Hill coefficient .8. 
*** V was obtained from the kinetics of inactivation. 
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sented a low value for the Hill coefficient similar to those of N-ethylmaleimide-32- 
pyruvate  carboxylase (phosphate, or sulfate), but no change in V, and only a small 
increase in Ka were observed when compared with the native enzyme (Table V). In 
contrast with the forms of pyruvate  earboxylase obtained by modification with N- 
ethylmaleimide, those modified by cystine, i.e. cystine-pyruvate carboxylase (phos- 
phate), cystine-6-pyruvate carboxylase (sulfate), and cystine-6-pyruvate carboxylase 
(chloride), appeared to have identical properties and showed the same values for Ka, n 
and V, as the native enzyme. The protection constants for acetyl-CoA (Table IV) 
were much higher than the corresponding activation constants (Table V). However, 
the different ligands present, enzyme concentration, or ionic strength could produce 
the differences observed in the two constants. 

DISCUSSION 

The different reactivities of the SH groups of pyruvate  carboxylase and the 
different patterns and rates of inactivation in the presence of phosphate, sulfate, or 
chloride, indicate that  the conformation of the enzyme is affected by the three anions 
in different ways. Phosphate is a product of the CQ-fixation reaction and is known to 
bind to the free enzyme at the active site. Sulfate is a competitive inhibitor with re- 
spect to acetyl-CoA 7, and thus presumably can bind at the allosteric-modifier site. 
Chloride, in all previous studies, has not been implicated in any way as binding to the 
enzyme at any specific site. I t  has been shown that  phosphate protects the enzyme 
against cold inactivation 3, and sulfate against the inactivation by avidin 6. These facts 
support our interpretation of the effects of these anions on the conformation of the 
native enzyme. 

The process that  accompanies modification of pyruvate carboxylase by  sulf- 
hydryl-group reagents is summarized in the tentat ive scheme of Fig. 9. Under all the 

MODIFICATON 
A B 

, ~ ~  R? , ({IF---,, AGGREGATEI 
[88 R INACTIVE 

]1 
PHASE I PHASE ]~ 

REACTIVATION BY THIOLS 
(For R=PHMB,DTNB, or CYSTINE) 

THIOL . 

Vig. 9. Scheme showing  the  processes  t h a t  a c c o m p a n y  modif icat ion of p y r u v a t e  ca rboxylase  by 
SH-group  reagents ,  and  i ts  r eac t iva t ion  by  s imple  thiols.  O represen t s  an  ac t ive  form of the  en- 
zyme;  • r ep resen t s  an  inac t ive  form;  and  R represen t s  an  SH-group  reagent .  The  lines coming  ou t  
of  the  r ep resen ta t ions  of  the  e n z y m e  signify the  b ind ing  of  reagent .  

conditions studied in this paper, two phases in the modification of the enzyme can be 
distinguished. The number of sulfhydryls that  react during each phase varies with the 
buffer solution and the reagent used, as is summarized in Table VI. During the first 
phase of modification, between 4 and 32 sulfhydryls react, and this reaction takes place 
with either partial (N-ethylmaleimide in Phosphate or Sulfate buffer solutions) or no 
inactivation, and with no gross change in the sedimentation properties of the enzyme 
(species designated as 13 in Fig. 9). In some cases there is an alteration in the kinetic 
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TAI3LE V I 

N U M B E R  O F  S U L F H Y D R Y L  G R O U P S  R E A C T E D  P E R  M O L E C U L E  O F  P Y R U V A T E  C A R B O X Y L A S E  D U R I N G  

T H E  T \ V O  P H A S E S  O F  M O D I F I C A T I O N  

A value for the molecular weight lower than 655 ooo would affect the calculated nmnber (If Stf- 
groups per tetramer that react under each of the considered conditions. However, the relationship 
among these numbers wouht remain unchanged (cf. footnote to introduction). 

Reagent Buffer solution Phase I Phase I1 

N-Ethylmaleimide Phosphate 3 ° 32 Not determined 
Sulfate 3 ° 3-' Not determined 
Chloride 16 39 

L-Cystine Sulfate 4 6 16 
Chloride -t 6 16 

behavior with respect to acetyl-CoA (Table V). The second phase of modification pro- 
ceeds with reaction of an additional 16 or 39 sulfhydryls of the enzyme under the con- 
ditions in which they were measured, and is accompanied by complete inactivation 
and loss of the tetrameric structure. There is some evidence, al though not conclusive 
in all cases, indicating the initial formation of an inactive te t ramer during this phase. 
The inactive te t ramer probably breaks down to its consti tuent monomers  before ir- 
regular aggregation takes place, al though the direct formation of aggregates from the 
modified tetramers can not  be excluded. 

In the presence of phosphate or sulfate, about  32 of the 55 SH groups of the 
enzyme react with N-ethylmaleimide without  a complete loss of activity,  indicating 
tha t  the structure required for catalysis is not  affected critically by the modification 
of such a large number  of groups. In  contrast,  the total number  of groups tha t  react 
with cystine during inactivation is only about  2o, less than half  of the total sulthydryls. 
The greater stabili ty of the modified monomers  obtained with cystine, as compared to 
those obtained with N-ethyhnaleimide,  might  be due to the lower degree of modifica- 
t ion at tained with cystine. 

Although cyst ine-6-pyruvate  carboxylase did not show any  changes in ttle 
kinetic response to acetyl-CoA, as compared with the native enzyme, N-ethyl-  
maleimide-32-pyruvate carboxylase and N-e thylmale imide- I6-pyruvate  carboxylase 
both presented a significant decrease (from 2. 7 to 2.2) in the value of the Hill coefficient 
for acetyl-CoA (Table V). This partial decrease in the Hill coefficient upon modifica- 
tion is unusual, and indicates tha t  the interactions among the subunits of the enzyme 
have been only slightly affected. In  most  experiments reported in the literature, the 
loss of cooperat ivi ty upon modification is complete, with a Hill coefficient equal to 
unity.  Moreover, detailed studies of the activation of  chicken pyruva te  carboxylase 7,'%1'~ 
have shown that,  under a wide range of  conditions, the Hill coefficient is a rather  
constant  parameter,  being only affected by  pH (ref. 9) and by  the inhibitor aceto- 
acetyl-CoAL These considerations make the partial decrease in cooperat ivi ty upon 
modification by  N-ethylmaleimide of special interest. 

An increase in Ka concomitant  with a decrease in cooperativity,  as observed 
with N-ethylmaleimide-32-pyruvate  carboxylase, is a change in the opposite direction 
to tha t  which is usually found and which would be predicted by most  theories ~° 22. 
The fact tha t  acetyl-CoA protects pyruva te  carboxylase against a var iety of  agents 
tha t  cause dissociation 3, i.e. cold, urea and high pH, indicates tha t  the active species 
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obtained in the presence of acetyl-CoA is a more tightly associated tetramer than the 
inactive tetramer prior to activation. I t  has been concluded from kinetic data that  the 
active site of pyruvate  carboxylase is formed by two subsites, one for nucleotides and 
bicarbonate, and the other for a-ketoacids 7. I f  two subsites from two different sub- 
units had to interact in a heterologous association, as has already been suggested 2a, 
catalytic activity would require a very precise arrangement of the subunits. This 
would be produced by the tightening effect on the structure of the enzyme brought 
about by acetyl-CoA. An enzyme constructed in such a way would be well suited for 
the very strict control of enzymatic activity that  is required for chicken pyruvate  
carboxylase 24. In the case of N-ethylmaleimide-32-pyruvate carboxylase, the chemical 
modification would prevent the precise arrangement of subunits needed for optimal 
catalytical activity, and as a consequence, would produce a decrease in V. Thus, the 
decrease in cooperativity, the decrease in affinity, and the decrease in V could all be 
related to a loosening of the quaternary structure of the enzyme. 

The effects of ATP, acetyl-CoA, and oxaloacetate on the rates of inactivation by 
N-ethylmaleimide and cystine, under different conditions, are so diverse that  it is 
difficult to include them in a simple scheme. However, such diversity shows how 
sensitive the enzyme conformation is to the presence of other solutes, organic and in- 
organic. Acetyl-CoA, and probably ATP, oxaloacetate, and the ionic strength, affect 
the rates of inactivation by altering the rates of modification of A and B (Fig. 9). 
Inorganic anions would determine tile number of sulfhydryls that  react in the two 
phases of the modification, and also the enzymatic activity of B. 

The effect of substrates on the rates of inactivation in different buffer solutions, 
seems to indicate that  the sulfhydryl(s) responsible for the inactivation is (are) not 
located in the active site. Even at relatively high concentrations of ATP, the protec- 
tion by this compound was far from complete. I f  free ATP binds to the active site 5, 
these results are evidence in favor of the location of the critical sulfhydryl(s) away 
from the active site. When oxaloacetate showed an effect on the second phase of 
modification, the phase giving complete inactivation, it was an increase in the rate of 
inactivation instead of protection. Pyruvate  did not have any observable effect. 

The protection by acetyl-CoA against the inactivation produced by N-ethyl- 
maleimide or cystine allows some deductions to be made about the binding of acetyl- 
CoA and its effects on the structure of the enzyme. The cooperativity involved in the 
protection by acetyl-CoA, as opposed to the noncooperative protection by ATP, can 
b~ interpreted either as a change in the general conformation of the enzyme that  takes 
place upon binding of acetyl-CoA, or as related directly to the binding of acetyl-CoA. 
The fact that  acetyl-CoA, in Phosphate or Sulfate buffer solution, increases the rate of 
inactivation by N-ethylmaleimide, instead of decreasing it, seems to exclude the pos- 
sibility of a critical sulfhydryl being located at the binding site for acetyl-CoA. When 
cystine substitutes for N-ethylmaleimide, in the two mentioned buffer solutions, 
acetyl-CoA protects completely against inactivation. I f  the mechanism of inactiva- 
tion is the same with both reagents, as seems to be the case, the evidence favors the 
critical sulfllydryl group(s) being away from the binding site for acetyl-CoA. The 
change in tile rate of inactivation by sulfhydryl reagents upon binding of acetyl-CoA 
would best be interpreted as a reflection of the decrease in the reactivity of the 
sulfhydryl group(s) critical for inactivation, that  are located elsewhere than at the 
binding site for acetyl-CoA. This decrease in reactivity would be produced by a change 
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in  t h e  e n v i r o n m e n t  of  t h e  s u l t h y d r y l  g r o u p s  c a u s e d  b y  a c o n f o r m a t i o n a l  c h a n g e .  

T h e  c o o p e r a t i v i t y  of  t h e  p r o t e c t i o n  b y  a c e t y l - C o A  s t r o n g l y  sugges t s  t h a t  

a c e t y l - C o A  b i n d s  to  p y r u v a t e  c a r b o x y l a s e  in a c o o p e r a t i v e  way.  H o w e v e r ,  o t h e r  less 

l ike ly  m e c h a n i s m s  i n v o l v i n g  c h a n g e s  in r e a c t i v i t i e s  can  n o t  be  e x c l u d e d ,  T h e  coope ra -  

t i v i t y  of  t h e  p r o t e c t i o n  w o u l d  i nd i ca t e ,  in  t h i s  case,  a s e q u e n t i a l  c h a n g e  in t h e  confor -  

m a t i o n  of  t h e  e n z y m e  u p o n  b i n d i n g  of  success ive  mo lecu l e s  of  ace ty l -CoA.  Such  a 

s e q u e n t i a l  c h a n g e  in c o n f o r m a t i o n  is in  conf l ic t  w i t h  a mode l ,  l ike  t h e  one  p r o p o s e d  b y  

M o n o d  el al. 22, in w h i c h  a c e t y l - C o A  w o u l d  b i n d  to  one  of  two  poss ib le  c o n f o r m a t i o n s  

of  t h e  t e t r a m e r ,  t h u s ,  d i s p l a c i n g  t h e  e q u i l i b r i u m  t o w a r d s  t h e  fo rm w i t h  h i g h e r  a f f in i ty  

for  ace ty l -CoA.  T h e  s e q u e n t i a l  c h a n g e  in c o n f o r m a t i o n  m i g h t  i n v o l v e  e i t h e r  s y m -  

m e t r i c  or  a s y m m e t r i c  i n t e r m e d i a t e  fo rms ,  a l t h o u g h  t h e  l a t t e r  seem to  be  m o r e  p l a u -  

sible.  S e q u e n t i a l ,  a s y m m e t r i c  c h a n g e s  in  c o n f o r m a t i o n  w o u l d  be  c o n s i s t e n t  w i t h  

t h e  m o d e l  of  K o s h l a n d  et al. s's in  w h i c h  e a c h  s u b u n i t  c h a n g e s  c o n f o r m a t i o n  u p o n  

b i n d i n g  of  l igand .  
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