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SUMMARY 

I. Sulfhydryl reagents cause a profound effect on both the enzymatic activity 
and quaternary structure of pyruvate carboxylase (EC 6.4.1.1 ) from chicken liver 
(molecular weight of the tetramer 655 ooo, and about 55 sulihydryl groups per mole- 
cule). At a molar ratio of inhibitor to enzyme (tetramer) equal to 36, p-hydroxymer- 
curibenzoate (PHMB) or 5,5'-dithiobis-(2-nitrobenzoate) (DTNB) causes a complete 
inactivation of the enzyme within I h. Iodoacetate and cystine inactivate the enzyme 
more slowly, and at relatively high concentrations give pseudo-first-order kinetics 
of inactivation. In contrast, iodoacetamide and N-ethylmaleimide inactivate the 
enzyme in two stages. The first phase is accompanied by a loss of activity of 35 ~o 
with iodoacetamide and 75 ~o with N-ethylmateimide; the second phase results in 
complete inactivation in both cases. 

2. The inactivation by PHMB, DTNB or iodoacetate is accompanied by a 
partial dissociation of the tetramers to monomers, and an aggregation to high-mole- 
cular-weight species. The enzyme inactivated by cystine shows only a conversion of 
tetramers to monomers. During the first stage of inactivation by N-ethylmaleimide, 
the enzyme retains its original sedimentation pattern, while during the second there 
is a formation of high-molecular-weight aggregates. These diverse effects are tentative- 
ly correlated with the nature of the different sulfllydryl reagents. 

3. The inactivation by PHMB, DTNB or cystine can be partially reversed by 
thiols. With PHMB this reactivation was shown to be accompanied by a recovery of 
the original sedimentation pattern. 

I NTRODUCTION 

The quaternary structure of pyruvate carboxylase (EC 6.4.1.1 ) from chicken 

Abbreviat ions:  PHMB, p-hydroxymercur ibenzoate ;  DTNB, 5,5'-dithiobis-(2-nitroben- 
zoate); DTE, 2,3-dihydroxy-i ,4-dithiolbutane.  

* This paper  is the I3 th  report  in a series of studies on this enzyme. 
** On leave of absence from the Ins t i tu to  de Biologia Celular, C.S.I.C., Universidad de 

Sevilla, Spain. 
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liver has been studied in detail in recent papersl, 2. The enzyme has a molecular weight 
of about 655 ooo and appears, in the electron microscope, as a tetramer formed by  
spherical monomers located in the corners of a square. Purified preparations of the 
enzyme contain a main tetrameric component (s°2o,w = 14.8 S) that  seems to include 
the active species and a minor monomeric component (S°2o,w = 6.75 S) 1. The enzyme 
is inactivated at 0-5 ° and shows dissociation from the I5-S to the 7-S component in 
the ultracentrifuge 1-3. Electron microscopic examinations have shown that  this shift 
is accompanied by  a loss of tetrameric structure 2. Both processes, inactivation and 
dissociation, are partially reversed upon rewarming 1-3. 

Earlier work indicated the presence of about 55 sulthydryl groups per tetrameric 
molecule and inactivation by certain thiol reagents1, ~. The present paper reports a 
comparative s tudy of the effects of different thiol reagents on the activity and quater- 
nary structure of pyruvate  carboxylase and describes the reversal by thiols of the 
effects produced by some of the sulfhydryl reagents. An abstract of some of the content 
of this paper has appeared previously 5. 

MATERIALS AND METHODS 

Chicken liver pyruvate  carboxylase was prepared as described by SCRUTTON 
et aLL Preparations purified through state 5 or 6 were used. In a few cases, preparations 
purified through state 5 were subjected to chromatography on a column of DEAE- 
Sephadex A5o using an (NH4)2SO 4 gradient for the elntion (M. C. SCRUrTON, personal 
communication). The enzyme was stored in the cold at high protein concentrations 
(about 20 mg/ml) in 1.6 M sucrose, o.I M Tris-H2SO a (pH 6.7), and 0.06 M (NH4)2SO 4. 
The experiments reported here were carried out with preparations of pyruvate  car- 
boxylase that  had been equilibrated with o.1 M potassium phosphate (pH 7.2), con- 
taining 60 mM (NH4)eSO4, and IO mM EDTA, by passage through a Sephadex G-25 
column. 

Pyruvate  carboxylase was assayed spectrophotometrically in the direction of 
CO2 fixation with the coupled malate dehydrogenase system. The conditions of the 
assay were as those described previously 6, except tha t  the buffer used was Tris-H2SO 4 
instead of Tris-HC1. Specific activities are expressed as micromoles of oxalacetate 
formed per rain per mg of protein at 25°. Protein was estimated spectrophotometrically 
by  the method of WARBURG AND CHRISTIAN 7. All incubations were carried out at 
room temperature.  

Acetyl-CoA was prepared from coenzyme A (P-L Laboratories) and acetic 
anhydride as described by  STADTMAN s. After exhaustive extraction with ether at 
pH 2.0, the acetyl-CoA solution was neutralized to pH 5.0. Acetyl-CoA concentrations 
were determined using citrate synthase as described by OCHOA 9. Sigma Trizma base 
(Tris) was recrystallized from I mM EDTA in 85 % ethanol, as described by SUTHER- 
LAND AND WOSlLAIT 1°. (NH4)2SO 4 was recrystallized twice from i mM EDTA, and 
4,4'-dithiodipyridine was a gift from Dr. W. W. Cleland. Malate dehydrogenase was 
obtained from C. F. Boehringer. Other chemicals were reagent grade materials ob- 
tained 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 °. Usually, the preparation for study was placed in a cell with 

Biochim. Biophys. Acta, 212 (i97 o) 158-169 



16o E. PALACI2~N, K. E. NEET 

I00  

>- 50 

L_ 
> 

' "  2.5 ~ ~ - - ¢ 

d, 
m: 

°6 . . . .  . . . .  - - ' - ,  . . . . . . . . . .  

T I M E  ( h )  

Fig. I. Inact ivat ion of pyruvate carboxy]ase by PHMB and by DTNB. Pyruvate carboxylase 
(specific activity lO.9) was incubated with PHMB (O) and DTNB (A). The molar  ratio of inhibitor 
to enzyme was 12 ( - - ,  O. 3 mg of enzyme/ml) or 36 ( . . . .  , o.1 mg of enzyme/ml).  In  all cases, 
the final inhibitor concentrat ion was 5 pM. Enzymat ic  activities were determined on aliquots of 
the incubation mixtures  at the indicated times of incubation.  Activities are expressed as percen- 
tages of the act ivi ty at the different incubation t imes of a control wi thout  inhibitor. The activity 
of the control decreased about  25% in 18 h. 

a wedge window and the control enzyme in the standard cell to facilitate direct com- 
parison. Areas of peaks were drawn on paper using a photographic enlarger, measured 
with a planimeter and corrected for radial dilution. 

RESULTS 

Inactivation of pyruvate carboxylase by sulfhydryl-group reagents 
The SH-group reagents PHMB and DTNB are powerful inhibitors of pyruvate 

carboxylase (Fig. I). After a 5-rain incubation, at a molar ratio of inhibitor to enzyme 
(tetramer) equal to 12, PHMB caused 80% inactivation, while DTNB produced 
only 48%. Under these conditions, however, the extent of the PHMB inactivation 
remained nearly constant with time, while that of DTNB increased to about 95% 
after 2 h of incubation. When the molar ratio of PHMB or DTNB to enzyme was 
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Fig. 2. Inact ivat ion of  pyruva te  carboxylase by  iodoacetate (A) and by  cystine (13). Enzymat ic  
activities were determined on aliquots of the incubation mixtures  at  the indicated t imes of in- 
cubation. Activities are expressed as percentages of the activity of the corresponding control 
wi thout  inhibitor. (A). Pyruva te  carboxylase (specific act ivi ty 26.8; 0.25 mg/ml) was incubated 
with iodoacetate (io raM). (I3). Pyruva te  carboxylase (specific activity 27.0; 0.25 mg/ml) was 
incubated with cystine (0.83 raM). 
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Fig. 3. Inactivation of pyruvate carboxylase by N-ethylmaleimide (A) and by iodoacetamide 
(B). 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. (A). Pyruvate carboxylase (specific activity I1.3; 0.27 mg/ml) was in- 
cubated with N-ethylmaleimide (O---O, 0.4 raM; , - - . ,  2 mM; A- -A,  IO mM). (B). Pyruvate 
carboxylase (specific activity 26.6; 0.25 mg/ml) was incubated with iodoacetamide (O---O, 
5 mM; R--B,  20 mM). 

increased to 36, by decreasing the enzyme concentration, complete inactivation 
occurred in both cases within I h. 

Iodoacetamide, iodoacetate, cystine and N-ethylmaleimide are effective inhi- 
bitors when their concentration is much higher than that  of PHMB and DTNB in 
Fig. i .  The inactivation produced by iodoacetate and cystine followed pseudo-first- 
order kinetics with time to less than lO% activity (Fig. 2). In contrast, inactivation 
by N-ethylmaleimide and iodoacetamide proceeded in two steps (Fig. 3). The first 
phase accounted for about 75% inactivation in the case of N-ethylmaleimide and 
about 35 % in that  of iodoacetamide, regardless of inhibitor concentration, while the 
second step produced complete inactivation in both cases. The first step of inactivation 
seems to correspond to the formation of a partially inactivated enzyme, which is 
completely inactivated by a further binding of reagent. Thus, it appears that  there 
are two (or more) kinds of sulfllydryl groups on pyruvate carboxylase which differ in 
their rate of reaction with N-ethylmaleimide or iodoacetamide and in their effect upon 
enzymatic activity. I f  pyruvate carboxylase possessed different kinds of subunits, 
the possibility exists of a correlation of this pattern of inactivation with reaction of 
N-ethylmaleimide or iodoacetamide on one subunit before another. 

Since the rate of inactivation during the second phase depends upon the concen- 
tration of inhibitor, additional sulfhydryl groups must react to cause complete inac- 
tivation. The concentration of N-ethylmaleimide could be adjusted so that  practically 
no further inactivation occurred after the first 75 %, at least in 2 h. This excludes a 
conformational change after the first phase of inactivation as the only cause of the 
second phase of inactivation. 

Effect of sul/hydryl reagents on the sedimentation properties of pyruvate carboxylase 
The inactivation of pyruvate carboxylase by PHMB, under certain conditions, 

is accompanied by a dissociation of the tetramers to monomers. The changes in the 
ultracentrifugal pattern of pyruvate carboxylase, upon incubation with different 
amounts of PHMB, are shown in Fig. 4. When the molar ratio of PHMB to enzyme 
was equal to 16 (Fig. 4A), there was a change of material from the fast-moving (15 S) 
to the slow-moving component (7 S). The activity of the enzyme dropped to 25 % of 
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that of  a control without PHMB. As the molar ratio was increased from 16 (Fig. 4A) to 
24 (Fig. 4 B) and IOO (Fig. 4C), there was a progressive decrease in the amount of the 
fast-moving component (15 S) and a formation of the slow-moving one (7 S). At each 
PHMB level there was a concomitant increase in the extent of  the inhibition. At the 
highest level of PHMB (Fig. 4C), there was also a considerable formation of aggregates 
(not shown). 

In the experiments of Fig. 4, the centrifuge reached full speed about 30 min 
after the addition of PHMB to the enzyme. When the enzyme was incubated for 3 h 
before centrifugation at the lowest molar ratio (16) of  inhibitor to enzyme, no further 
change took place in the sedimentation pattern or in the extent of inactivation. On 
the contrary, at a molar ratio of  IOO and incubation for 5 h prior to centrifugation, 
both the I5-S and the 7-S peaks disappeared and heterogeneous aggregates were 
observed during the run.  The most conspicuous aggregate had a sedimentation co- 
efficient of about 40 S. Whether the formation of 7-S~monomers is required before 
aggregation can occur, as it would appear, is uncertain. 

DTNB also caused dissociation of pyruvate carboxylase to its monomers. The 
incubation'of the enzyme with DTNB (at a molar ratio of DTNB to enzyme equal to 
12) produced a decrease of the I5-S peak and an increase of 7-S material (Fig. 5A). 

Fig. 4. Effects of different molar  ratios of  PHMB to enzyme on the sedimentat ion pa t te rn  of 
pyruva te  carboxylase. The preparat ions  numbered  I were those incubated wi th  PHMB, and  
those numbered  2 were controls wi thout  PHMB. Pyruva te  carboxylase (specific activity 18.o in 
A, 14.1 in B, and 15. 4 in C; 1. 3 mg/ml) was incubated wi th  different amounts  of PHMB (molar 
ratio of PHMB to enzyme equal to 16 in AI,  24 in BI,  and ioo in CI) with different degrees of in- 
activation (75% in AI,  87% in BI,  and lOO% in CI). The preparat ions  reached full speed in the 
ultracentrifuge soon after the addition of PHMB (32 rain for A, 47 rain for B, and 28 min for C). 
Pictures were taken at the following bar  angles: 55 ° (16 rain) and 5 °° (32 min) for A, 60 ° for B, 
and 65 ° for C. The direction of sedimentat ion and the times after reaching full speed (52 ooo rev./  
min for A, and 5 ° 74 ° for B and C) are shown in the figure. 

Fig. 5. Effect of D T N B  and cystine on the sedimentat ion pa t te rn  of pyruva te  carboxylase. (A). 
Pyruva te  carboxylase (specific activity 26.8; i . i  mg/ml) was incubated with D T N B  (molar ratio 
of DTNB to enzyme equal to 12) with 72 ~o inactivation. This preparat ion (AI) and the control 
wi thout  DTNB (A2) reached full speed in the ultracentrifuge 32 rain after the addition of DTNB. 
(B). Pyruva te  carboxylase (specific activity 14.1 ; 1.3 mg/ml) was incubated with cystine at a 
concentrat ion 2.1 mM (molar rat io of cystine to enzyme equal to lO6O) with 79% inactivation. 
This prepara t ion (BI) and the control wi thout  cystine (132) reached full speed in the ultracen- 
trifuge 3.5 h after  the addition of cystine. Pictures were taken at  the following bar  angles: 65 ° 
(16 min) and 60 ° (32 rain) for A, and 60 ° for B. The direction of sedimentat ion and the t imes 
after  reaching full speed (52 ooo rev. /min for A and 5 ° 74 ° for B) are shown in the figure. 
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Fig. 6. Effect of N-ethylmaleimide (NEM) on the sedimentation pattern of pyruvate carboxylase. 
Pyruvate carboxylase (A: specific activity i 1.2, 1.2 mg/ml; B: specific activity 13.7, 1.15 mg/ml) 
was incubated with N-ethylmaleimide at two different concentrations (0. 4 mM in AI, and IO mM 
in BI). The preparations reached full speed in the ultracentrifuge about 3 h after the corresponding 
addition of N-ethylmaleimide. At this time, the activity of preparation AI was 27 %, and that of 
BI 2% of the activities of the corresponding controls (preparations A2 and B2). Pictures were 
taken at the following bar angles: 55 ° for A, 5 o~ for BI, and 60 ° (16 min) and 55 ° (32 min) for B2. 
The direction of the sedimentation and the times after reaching full speed (5 ° 74o rev./min) are 
shown in the figure. 

When  the  mo la r  r a t io  of  D T N B  to enzyme was increased to  200, bo th  the  I5-S and 
the  7-S peaks  d i sappeared  and r ap id ly  moving  aggregates  were observed dur ing  
cent r i fugat ion .  Incuba t ion  of  p y r u v a t e  ca rboxylase  wi th  cys t ine  produced  a conversion 
of  t e t r amer s  to monomers  p ropor t iona l  to  the  ex ten t  .of inac t iva t ion  (Fig. 5B). No 
aggregat ion  was appa ren t .  

When  s tudy ing  the  effect of  N - e t h y l m a l e i m i d e  on  the  sed imen ta t ion  p a t t e r n  
of  the  enzyme,  i ts  two-s tep  inac t iva t ion  p a t t e r n  (Fig. 3A) was t aken  into  account .  
Dur ing  the  first s tep  of  inac t iva t ion ,  no significant change in the  sed imen ta t ion  p a t t e r n  
took place (Fig. 6A), ind ica t ing  t h a t  the  pa r t i a l l y  i nac t i va t ed  enzyme,  l ike the  na t ive  
one, has a t e t r amer i c  s t ruc ture .  The  second s tep  of i nac t iva t ion  was accompanied  b y  
a fo rmat ion  of  fas t -moving  aggregates  (Fig. 6B). No increase was observed in the  
amoun t  of  monomers ,  wi th  respect  to the  control  wi thou t  N-e thy lmale imide ,  indi-  
ca t ing  t h a t  e i ther  the  aggregates  were formed b y  direct  aggregat ion  of the  t e t r amers  
or t h a t  the  i n t e rmed ia t e  monomers  were too uns tab le  to be detec ted .  

Interrelation of the effects of different sul/hydryl-group reagents on pyruvate carboxylase 
The pa r t i a l  i nac t iva t ion  of  p y r u v a t e  carboxylase  b y  iodoace tamide  pro tec t s  

the  enzyme agains t  the  grea te r  i nac t iva t ion  p roduced  b y  D T N B  or N-e thy lmale imide .  
The  enzyme was p re incuba ted  wi th  iodoace tamide  pr ior  to  the  add i t ion  of N-e thy l -  
male imide  or DTNB.  Af te r  the  add i t i on  of  these las t  reagents ,  the  samples  p re incuba ted  
wi th  iodoace tamide  showed higher  enzymat i c  a c t i v i t y  than  the  controls  wi thou t  
iodoace tamide  (Table I). The  resul ts  show t h a t  the  effects of SH-group  reagents  on 
the  enzymat i c  a c t i v i t y  are no t  independen t  of  each other.  The  resis tance t oward  
fur ther  inac t iva t ion  b y  N - e t h y l m a l e i m i d e  or D T N B  of the  enzyme pa r t i a l l y  inact i -  
v a t e d  b y  iodoace tamide  is consis tent  wi th  the  reac t ion  of  the  l a t t e r  reagent  wi th  the  
same su l thydry l  groups  t h a t  could reac t  wi th  N - e t h y l m a l e i m i d e  or D T N B  and  cause 
inac t iva t ion .  Other  i n t e rp re t a t i ons  are also possible.  

In  a s imi lar  exper imen t  p ro tec t ion  aga ins t  changes in q u a t e r n a r y  s t ruc ture  was 
observed.  The  pa r t i a l  i nac t iva t ion  of  the  enzyme b y  N-e thy lma le imide  p reven ted  the  
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T A B L E  I 

P R O T E C T I O N  BY" I O D O A C E T A M I D E  A G A I N S T  I N A C T I V A T I O N  BY" D T N B  OR N-ETHYLMALEIMIDt~ 

P y r u v a t e  ca rboxylase  (specific ac t iv i ty  13.6, 0.25 mg/ml)  was  p r e incuba t ed  wi th  iodoace tamide  
for 12 min,  pr ior  to t he  addi t ion  of  N-e t hy l ma l e i mi de  or DTNB.  The  act iv i t ies  were de t e rmined  
3 ° min  (A) and  20 min  (B) af ter  the  addi t ion  of  iodoace tamide  to the  enzyme.  

Additions Relative 
activity 
(%) 

A.  I .  None I 0 O  

2. 15 mM iodoace tamide  57 
3. 0.4 m M  N - e t h y l m a l e i m i d e  22 
4. 15 m M  iodoace tamide  + 0. 4 mM  N-e t hy l ma l e i mide  55 

B. I. None  ioo  
2. 9 m M  iodoace tamide  64 
3- 6 FtM D T N B  20 
4. 9 m M  iodoace tamide  + 6 #M D T N B  64 

changes in the sedimentation pat tern brought about by DTNB (Fig. 7). This stabili- 
zation of the quaternary structure of the enzyme shows the interrelation of the effects 
of different sulfllydryl-group reagents. 

Reversibility of the effects of PHM B, cystine and DTN B on pyruvate carboxylase 
The addition of different thiols to a preparation of pyruvate  carboxylase 

inactivated by PHMB was followed by an almost complete reactivation of the enzyme 
(Table II). The maximal reactivation was nearly attained after one hour of incubation 
with thiol. The thiol most effective for reactivation was DTE. 

When cysteine was added to the PHMB-inactivated enzyme, after an initial 
reactivation, the activity decreased considerably (Table II). Because of this apparent  
anomalous result, the effects of cysteine and cystine on an uninhibited enzyme prepa- 
ration were studied. The addition of cysteine or cystine to a preparation of pyruvate  
carboxylase caused an inactivation that  increased with time and was partially reversed 
by  addition of DTE (Fig. 8). The extent of the reactivation by  DTE decreased with 

Fig. 7- P ro tec t ion  b y  N - e t h y l m a l e i m i d e  aga ins t  t he  change  in the  s e d i m e n t a t i o n  p a t t e r n  p roduced  
by  D T N B .  P y r u v a t e  ca rboxylase  (specific ac t iv i ty  11.2; 1.2 mg/ml)  was i ncuba t ed  wi th  N-e thy l -  
male imide  (NEM) (io raM) for 12 mi n  (prepara t ions  AI  a n d  AII) ,  wi th  a loss of  ac t iv i ty  of  7 8 %. 
A t  th i s  t ime,  D T N B  (molar ra t io  of  D T N B  to enzyme  equal  to 7) was added  to p repa ra t i on  A I I  
and  to a control  w i t hou t  N - e t h y l m a l e i m i d e  (BII).  The  p repa ra t ions  reached  full speed in the  
u l t racen t r i fuge  I h (AII  and  BII )  and  3 h (AI and  BI) af ter  t he  addi t ion  of N-e thy lma le imide .  
P ic tu res  were t aken  a t  a ba r  angle  of  60 °, 32 rain af ter  reaching  full speed (5 ° 740 rev . /min) .  The  
di rect ion of  t he  s ed imen ta t i on  is shown  in t he  figure. 
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T A B L E  II  

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

P y r u v a t e  ca rboxy lase  (specific a c t i v i t y  lO. 5, 0.23 mg/ml)  was p r e incuba t ed  wi th  P H M B  (molar  
rat io  of  P H M B  to  e n z y m e  equal  to ioo) for 5 rain wi th  c o n s e q u e n t  inac t iva t ion ,  prior  to t he  
addi t ion  of  t he  thiols .  Af t e r  i ncuba t ion  wi th  a g iven  thiol  for t he  ind ica ted  t ime,  t he  e n z y m a t i c  
ac t iv i ty  was  de te rmined .  Act ivi t ies  are expressed  as pe rcen tages  of  t he  ac t iv i ty  of  a control  w i th  
ne i ther  P H M B  nor  thiol.  

Addition Relative activity (%) 
(2 raM) 

Time of 
incubation 
with the 
thiol: S rain s h z8 h 

N o n e  o o o 
Di th ioe ry th r i to l  76 92 97 
a -Mercap toe thano l  74 85 9 I 
Thioglycoll ic  acid 76 87 81 
G l u t a t h i o n e  74 88 79 
Cys te ine  77 82 8 

t ime in both cases. I t  seems likely that  cysteine is oxidized to cystine in the incubation 
mixture, and that  the lat ter  compound is the one responsible for the observed inacti- 
vation. 

The proportion of reversible and irreversible inactivation by thiol reagents was 
studied by  measuring the act ivi ty after incubating the inhibited enzyme with DTE. 
Irreversible inactivation is defined as the inactivation that  remains after incubation 
with 2 mM DTE for i h. The irreversible inactivation caused by  PHMB increased 
with the time of incubation prior to the addition of DTE and with the molar ratio of 
inhibitor to enzyme (Fig. 9). The irreversible inactivation produced by DTNB (Fig. 9) 
proceeded more slowly than that  caused by  PHMB under similar conditions. Thus, 
the addition to the enzyme of PHMB, DTNB or cystine (Fig. 8, right) produces both 
a DTE-reversible and a DTE-irreversible inhibition. 

A,00L °TE~-_~, °__ 

0 b ~ ~ ~ 'l 210 22 
TIME (h) 
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:>- 
p- 
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Fig. 8. I n a c t i v a t i o n  o f  p y r u v a t e  ca rboxylase  b y  add i t ion  of  cys te ine  (left), a n d  cys t ine  (right),  
a n d  reac t iva t ion  b y  DT E .  P y r u v a t e  ca rboxylase  (specific ac t iv i ty  9-7, A - - A ,  and  16.1, O - - O  ; 
0.25 mg/ml )  was  i n c u b a t e d  wi th  i.  7 m M  cys te ine  (left), and  wi th  0.85 mM cys t ine  (right).  A t  t he  
t i m e s  ind ica ted  b y  t he  arrows,  D T E  (17 mM) was  added  to t he  i ncuba t ion  mix tu res .  E n z y m a t i c  
ac t iv i t ies  were de t e rmi ned  on a l iquots  of  t he  i ncuba t ion  m i x t u r e s  a t  t h e  ind ica ted  t imes  of  incu-  
bat ion.  T h e y  are  expressed  as pe rcen tages  of  t he  ac t iv i ty  of  a control  w i thou t  cys te ine  or cys t ine .  
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Fig. 9. Irreversible inactivation of pyruvate earboxylase by PHMB and DTNB. Pyruvate ear- 
boxylase (specific activity 17, 15.9 and 16.5; o.23 mg/ml) was incubated with PHMB, and with 
DTNB, for the times indicated in the figure after which DTE (2 mM) was added. After incubation 
with DTE for I h, aliquots were withdrawn for determination of enzymatic activity. Activities 
are expressed as percentages of the activity of a control without inhibitor. MR indicates molar 
ratio of inhibitor to enzyme. @--(2), PHMB; 0 - - 0 ,  DTNB. 

Fig. IO. Effect of reactivation by DTE of PHMB-inactivated pyruvate carboxylase on the sedi- 
mentation pattern. (A) Pyruvate carboxylase (specific activity 21.6; 1. 3 mg/ml) was incubated 
with PHMB (molar ratio of PHMB to enzyme equal to 20) with 74 % inactivation. This prepara- 
tion (AI), and a control without PHMB (A2) reached full speed in the ultracentrifuge 4 ° min after 
the addition of PHMB. (B) I h after the addition of PHMB to the enzyme, DTE (o.9 mM) was 
added to preparations identical to AI and A2.2. 5 h after the addition of DTE, these preparations 
reached full speed in the ultracentrifuge. The upper schlieren pattern corresponds to the prepara- 
tion that  had been incubated with PHMB (BI), and the lower one to the control without PHMB 
(B2). Preparation BI had 95% of the activity of the control (B2). Pictures were taken at a bar 
angle equal to 6o ° . The direction of sedimentation and the times, after reaching full speed (5 ° 74 ° 
rev./min) are shown in the figure. 

The  r e a c t i v a t i o n  of  t he  P H M B - i n a c t i v a t e d  p y r u v a t e  ca rboxy la se  b y  D T E  is 
a c c o m p a n i e d  b y  a r e c o v e r y  of  t he  or ig ina l  s e d i m e n t a t i o n  p a t t e r n .  T h e  e n z y m e  was  

i n c u b a t e d  w i t h  P H M B ,  m o l a r  r a t i o  of  P H M B  to e n z y m e  equa l  to  20, w i t h  pa r t i a l  

i n a c t i v a t i o n  a n d  a decrease  in t he  a m o u n t  o f  t he  I5 -S  c o m p o n e n t  (Fig. IoA) .  A d d i t i o n  

o f  D T E  (0. 9 mM) to t he  P H M B - i n a c t i v a t e d  p r e p a r a t i o n  caused  r e a c t i v a t i o n  and  

r e c o v e r y  o f  t he  or ig inal  s e d i m e n t a t i o n  p a t t e r n  (Fig. IoB) .  

DISCUSSION 

The  i n v e s t i g a t i o n  o f  t he  su l ihydry l  g roups  of  an  e n z y m e  w i t h  a large  n u m b e r  
of  such  groups  leads  to  severa l  difficulties.  S ince  the re  appea r s  to  be a r ange  of  chemica l  

r eac t iv i t i e s  wh ich  change  w i t h  d i f fe ren t  reagen ts ,  i t  becomes  diff icult  to  define wh ich  

sul f f iydryls  or  even  h o w  m a n y  of  t h e m  inf luence  a ce r t a in  p rope r ty .  T h e  i n v e s t i g a t i o n  
o f  t h e  chemica l  r e a c t i v i t y  of  o t h e r  f unc t i ona l  g roups  is also compl i ca t ed ,  s ince sulf-  
h y d r y l  g roups  will  r eac t  w i t h  m a n y  d i f ferent  reagents .  To  f u r t h e r  c o m p l i c a t e  m a t t e r s ,  
i t  is v e r y  l ike ly  t h a t  ind i rec t ,  c o n f o r m a t i o n a l  effects  d o m i n a t e  a n y  possible  d i rec t  

effect  o f  su l f f iydry l -g roup  r eagen t s  on such  a la rge  u n s t a b l e  e n z y m e  as p y r u v a t e  
ca rboxy lase .  H o w e v e r ,  t he  s t u d y  of  t h e  s t r u c t u r a l  changes  t h a t  a c c o m p a n y  inac t i -  
va t i on ,  and  t h e  d e p e n d e n c e  of  these  changes  on t h e  n a t u r e  o f  t he  r e a g e n t  used,  m i g h t  

shed  some l igh t  on t h e  w a y  in wh ich  the  s t r u c t u r e  depends  on t h e  p a r t i c u l a r  chemica l  

mo ie t i e s  o f  t h e  e n z y m e .  
P H M B  p r o m o t e s  d i s soc ia t ion  of  p y r u v a t e  c a r b o x y l a s e ;  u n d e r  t h e  cond i t i ons  
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used, about 5o% dissociation occurs when 16 moles of PHMB have been added per 
mole of pyruvate  carboxylase. The monomers of pyruvate  carboxylase resulting from 
the reaction of PHMB with the te t ramer can form high-molecular-weight aggregates. 
However, further addition of inhibitor is necessary to bring about significant aggre- 
gation, since there was no additional formation of aggregates with a molar ratio of 
PHMB to enzyme equal to 16 in 3 h. With a high PHMB concentration, molar ratio 
of PHMB to enzyme equal to IOO, aggregates appear early during incubation. DTNB 
produces similar effects. However, the formation of disulfide bridges between sulf- 
hydryls of the enzyme n introduces complications at low molar ratios of DTNB to 
enzyme. 

In a subsequent publication n it will be shown that  at the end of the first phase 
of inactivation by  N-ethylmaleimide, about 4 ° of the 55 sulthydryls of the enzyme 
have reacted, as determined by  spectrophotometric t i tration with N-ethylmaleimide. 
That  this occurs without a complete loss of activity or a significant change in the 
quaternary structure indicates that  most of the sulfnydryls of pyruvate  carboxylase 
are on the surface of the enzyme and do not play an essential role in the maintenance 
of the structure of the active site. The protection by N-ethylmaleimide against the 
change in the quaternary structure effected by  DTNB is reasonable, because most of 
the sulthydryls of the enzyme are already bound to N-ethylmaleimide and the rest 
might be inaccessible to DTNB or react very slowly. 

There is, then, a striking difference in the effects of different sulthydryl reagents 
on the quaternary structure of the enzyme. Reaction of about 4 ° sulihydryls of the 
enzyme with N-ethylmaleimide produces partially active tetramers, while the reaction 

T A B L E  I I I  

S U M M A R Y  OF T H E  E F F E C T S  O F  D I F F E R E N T  S U L F H Y D R Y L  R E A G E N T S  ON T H E  Q U A T E R N A R Y  S T R U C T U R E  

Monomer  and  t e t r a m e r  concen t r a t i ons  were ca lcu la ted  f rom area  m e a s u r e m e n t s  of the  u l t r a -  
cen t r i fuga l  schl ieren pa t t e rns .  I n  al l  cases, the  p ro te in  concen t ra t ion  was  be tween  i .o  and  1.3 mg/  
ml. Column 3, the  r e l a t ive  a m o u n t  of t e t ramers ,  was  ob ta ined  b y  d iv id ing  the  a m o u n t  of t e t ra -  
mers  in  the  i n a c t i v a t e d  p r e p a r a t i o n  by  the  a m o u n t  of t e t r a m e r s  in the  control .  Column 4, ra t io  
of Column 3 to  Column 2. Column 5, ra t io  of the  increase in monomers  to  the  decrease in t e t r a -  
mers.  The increase  in  m o n o m e r s  is equa l  to  the  a m o u n t  of  monomers  in the  i n a c t i v a t e d  p repara -  
t ion  minus t h e  a m o u n t  of monomers  in the  control .  The decrease in t e t r a m e r s  is equa l  to  the  
a m o u n t  of t e t r a m e r s  in t he  control  minus the  a m o u n t  of t e t r a m e r s  in the  t r e a t ed  p repa ra t ion .  

Reagent (z) Specific (2) Relative (3) Relative (4) Relative (5) lncrease 
activity activity amount of amount of in 
of the of the tetramers tetramers monomers 
untreated treated relative decrease in 
preparation preparation activity tetramers 

Cyst ine  (2.1 mM) 14.1 o.21 o.21 I.O I.O 
P H M B  (MR* = 16) 18.o 0.27 0.40 1.5 0.9 
D T N B  (MR" = 12) 26.8 0.28 0.52 1.9 0.9 
I o d o a c e t a t e  ( io  mM) 14.o o.16 o.61 3.8 o.5 
I o d o a c e t a m i d e  (IO mM) 13. 7 0.39 0.53 1.4 0. 3 
4 ,4 ' -Di th iod ipyr id ine  

(MR* = io) 14.o o.15 0.57 3.8 0.2 
N - e t h y l m a l e i m i d e  (IO mM) 13. 7 0.02 o.18 9.0 o.o 4 

* MR, mola r  ra t io  of i nh ib i to r  to  enzyme.  
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of approximately the same number of sulfllydryl groups with PHMB is accompanied 
by formation of inactive monomers. 

The data illustrating these points are summarized in Table I I I .  Column 4 relates 
the amount of te tramer to the activity in the inhibited preparation and would remain 
at a value of I.O if the inactivation caused by the sullhydryl reagents were strictly 
due to the breakdown of the tetrameric structure of the enzyme. However, the experi- 
mental values obtained were greater than one, although in the case of cystine the value 
was close to I.O. These values higher than one indicate the existence of partially or 
completely inactive tetramers originated by the binding of the reagent to the enzyme. 
That  is, the activity decreased to a greater extent than did the tetramer fraction. 
However, a complication arises from the presence of inactive tetramers in the native 
preparation s. I f  we take into account this fact and the estimation of a maximal activity 
of the enzyme of about 35 units per mg (ref. i), the values of Column 4 greater than 
I.O could be obtained without the formation of inactive tetramers from active ones. 
This could occur if the inactive tetramers present in the native preparation disappeared, 
by effect of the reagent, at a lower rate than the active ones. Hovcever, during the first 
phase of inactivation by N-ethylmaleimide (not shown in Table III), the formation 
of partially inactivated tetramers is quite clear (Fig. 6A). 

Column 5 of Table I I I  shows what has happened to the tetramers that  have 
disappeared. I f  the decrease in tetramers is exactly equal to the amount of monomers 
formed the ratio will be I.O, but if aggregation has occurred, the ratio will be less than 
one, i .e. the amount of monomers formed is less than the amount of tetramers tha t  
has disappeared. There is a certain degree of correlation between the nature of the 
reagent used and the effect on this ratio (Column 5). Reagents that  at tach a charged 
group to the enzyme (PHMB, DTNB, cystine and iodoacetate) give a value closer to 
one for the index of Column 5 than those that  introduce an uncharged group (N-ethyl- 
maleimide, iodoacetamide, and 4,4'-dithiodipyridine). Therefore, it can be said that  
the charged-group reagents tend to produce more stable monomers than the uncharged- 
group reagents, or that  the change in the sedimentation pat tern caused by  uncharged- 
group reagents is mainly due to a direct aggregation of te t ramers  without a monomeric 
intermediate. 

I t  is interesting that  four different factors--low temperature l-s, low concen- 
tration of urea s, certain sulfhydryl reagents and possibly a pH equal to 8 (ref. 3 ) - -  
promote dissociation of chicken pyruvate  carboxylase, suggesting that  the forces that  
maintain the tetrameric structure are critically balanced. The cold dissociation 1-a 
seems to indicate that  the contact regions among the four subunits of the enzyme 
have a partially hydrophobic nature12, is. The at tachment  of charged groups to sulf- 
hydryls in the contact regions could effect a weakening of the forces that  keep the 
subunits together and consequently a separation of subunits. This model would 
explain the differences in the inactivation and the change of the quaternary structure 
brought about by the different reagents used, and the protection obtained with N- 
ethylmaleimide or iodoacetamide. 

The reversibility of the inactivation caused by some reagents suggests a struc- 
tural stability of the inactivated enzyme. No gross changes have probably occurred 
in the fraction of the enzyme molecules that  is capable of being reactivated; the slow 
increase of the irreversibly inactivated enzyme may  indicate that  other, more drastic, 
changes in the secondary and tert iary structures are occurring. No correlation was 
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found between the amount of irreversibly inactivated enzyme and the amount of 
aggregated material observed with the ultracentrifuge. 
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