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SUMMARY 

Zn 2+ catalysis of pyruvate aldolization is approx, lO 5 times more effective than 
water at pH 6. 4. The reaction is first order in pyruvate and general base catalyzed, 
suggesting that enolization of pyruvate is rate limiting. As a result of the high ef- 
ficiency of Zn 2+ catalysis, the half life of a I.O M pyruvate solution containing 24 mM 
Zn 2+, pH 6. 4, is only 37 min. Mg 2+ and Ca 2+ are much less effective than Cu z+, Zn 2+, 
Co 2+ or Ni 2+. 

The great enhancement of pyruvate aldolization by Zn 2+ lends support to a 
previously suggested model of Class II  (metallo) aldolase reactions in which co- 
ordination of metal ions to the carbonyl oxygen of the substrate tabilizes the a- 
carbon-hydrogen bond. 

Metal ions present in stock solutions of pyruvate at concentrations high enough 
to catalyze significant amounts of aldolization may lead to complications when 
pyruvate-containing assay mixtures are used in enzyme studies, since the aldol dimer 
of pyruvate is a potent inhibitor of the citric acid cycle. 

INTRODUCTION 

Many enzymes which catalyze reactions of pyruvate require a divalent metal 
ion for activity 1-9. The role of the metal ion in these enzymes may be to form an 
enzyme-metal ion-substrate bridge 1°. Pyruvate resembles 2-pyridine aldehyde n, 
p-nitrophenyl picolinate 12 and oxalocacetate 13 in the proximity and juxtaposition of 
a carbonyl group and a strong metal ion-binding site. In each case, a metal ion has 
been proposed to catalyze the appropriate reaction by binding to the substrate and 
then either polarizing the carbonyl group or participating in the direct transfer of 
water or OH-  to the carbonyl group. 

Pyruvate aldolase, an enzyme catalyzing the aldol dimerization of pyruvate~ 

Abbreviat ion:  DSS, sodium 2,2-dimethyl-2-silapentane-5-$ulfonate. 
* Author  to whom correspondence and requests  for repr ints  should be addressed. 
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is a Class I I  metalloaldolase 15. Enzymatic  aldolizations fall into two classes, those 
involving tightly bound metal  ions (Class II) and those in which a Schiff base func- 
tions as the electrophile (Class I). Pyruvate  aldolase is a relatively poorly charac- 
terized enzyme isolated from germinating peanut  cotyledons. The enzyme shows a 
strong requirement for a thiol reagent and an absolute requirement for metal ions 15. 
The fundamental  mechanistic features of the Class I I  aldolase reaction have been 
based mainly on the well characterized zinc metalloenzyme, yeast Fru-I ,6-P 2 
aldolase 14. The tightly bound Zn 2+ in yeast aldolase may  be replaced by Mn 2+ or Co 2+ 
to yield an active preparation. An NMR experiment 1°,14 comparing the effect of the 
Zn-enzyme, Co-enzyme, and Mn-enzyme on the relaxation rates of the C-I protons 
of fructose diphosphate and C- 3 protons of dihydroxyacetone phosphate suggests 
that  the metal  ion forms a bridge (aldolase-metal ion-substrate) for binding the 
substrate. The structural similarity between the Zn 2+ complex of dihydroxyacetone 
phosphate 14 and the Zn e+ complex of pyruvate 18 in the proximity of a carbonyl 
group to the Zn 2+ binding site, and the fact that  these complexes are important  in 
their respective enzymatic reactions suggested that  a study of the kinetics of non- 
enzymatic aldolization of pyruvate might give useful insight into the mechanism of 
Class I I  aldolases. 

The non-enzymatic aldol condensation of pyruvate has long been known to 
be promoted by strong bases, cyanide ion, and divalent metal  ions 17-19. The rate 
enhancements reported for metal  ion catalysis over the water catalyzed reaction are 
not dramatic;  e.g. a rate enhancement of 25O-lOOO has been reported for pyruvate 
aldolization in the presence of I-2o-fold molar excess of Zn 2+ to pyruvate,  at pH 4.o 
(ref. 19). The present report deals with a reinvestigation of the aldol condensation 
of pyruvate.  Enhancement  of at least lO 5 by catalytic amounts of Zn ~+ and significant 
additional enhancement due to general base catalysis by buffer dianion is also re- 
ported. 

E X P E R I M E N T A L  SECTION 

Materials 
Sodium pyruvate type II ,  dimer-free, was purchased from Sigma Chemical 

Company. NMR analysis indicated < 0.5% dimer present in a sample subjected to 
pH values no greater than 6.5. ZnC12, A.C.S. reagent and CuC12, reagent was pur- 
chased from Matheson, Coleman, and Bell; COC12, A.C.S. certified, was purchased 
from Fisher Scientific Co. ; NiC12 and MgC12, analyzed reagent, from Baker Chemical 
Co., and CaC12, analytical reagent, was purchased from Mallinckrodt Chemical Co. 
All solutions were prepared with double-distilled water and used without further 
purification. Maleic acid was purchased from Eastman Chemical Co. The lactone of 
the aldol dimer of pyruvic acid, 4-carboxy-2-keto-y-valerolaetone, Fig. i, (Compd 3), 
rap. 117-119 °C, was prepared by the method of deJong la. The aldol of pyruvate  
Fig. I (Compd 2) was prepared from the lactone by the method of Webb ~1. The 
crystalline lactone was dissolved in water and the pH adjusted to 7.0 and allowed to 
stand overnight. The resulting solution (pH approx. 5) was readjusted to pH 7.0 
and allowed to stand overnight again. An NMR spectrum of the final solution indi- 
cated that  no residual lactone was present. 
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Methods 
Kinetic measurements were performed with a Varian Associates A-6oA NMR 

Spectrometer at ambient probe temperature,  approx. 38 ± 2 °C. Chemical shift, d, is 
expressed in Hz downfield from internal sodium 2,2-dimethyl-2-silapentane-5-sul- 
fonate (DSS) at 60 MHz. The NMR signals assigned to pyruvate  and hydra ted  pyru- 
ra te  were based on the report of Wadso 24. Kinetic experiments were carried out as 
follows : the integrals of the CH3-signal of pyruvate  and the CH3-signal of the dimer 
Fig. i (Compd 2) were determined at intervals after addition of the metal  ion. The 
sum of the pyruvate  CHa-integral plus twice the dimer CH3-integral remained con- 
stant throughout each kinetic experiment. The ratio of the pyruvate  methyl  integral 
to this integral sum was taken as the fraction of pyruvate  present. This fraction was 
then multiplied by the initial pyruvate  concentration to yield [pyruvate]t, i.e. the 
concentration of pyruvate  at time t. This method gave more consistent results than 
taking the pyruvate methyl  integral as [pyruvate]t since any.instrumental  variation 
in integral intensity was effectively obviated. The equilibrium pyruvate concentration 
[pyruvatel~, was determined by measuring [pyruvate] for at least io half lives ff)r 
solutions prepared with pure pyruvate,  buffer, and metal  ions. The value, [pyru- 
vate]oo, was also determined by  the Zn~+-catalyzed equilibration of essentially pure 
pyruvate  aldol. A semilogarithmic plot of [pyruvate]t--[pyruvate]oo against time 
was made and the half time (tl), i.e. the time required for [pyruvate] to reach the 
value ([pyruvate]0--Epyruvate]oo)/2, was determined directly from the graph 25. The 
observed first order rate constant (kobsa) was calculated from the equation : 

0.693 
kobsd -- 

t~ 

Pyruvate  solutions were prepared just before use. Stock solutions of metal  
ons, I.O M, were prepared and small portions of such solutions were added to the 

pyruvate  solutions in NMR tubes with either Mieroeaps disposable pipettes (Drum- 
mond Scientific Co.) or Eppendorf  mieroliter pipettes. The pH change caused by the 
addition of these metal  ions was negligible. 

Acetoin was measured by  the procedure of Westerfeld 26 using a molar ab- 
sorption coefficient of 2.oi.  IO 4 at 525 nm 27. 

In each buffered solution of pyruvate  and metal  ions the concentrations of 
buffer anion (HA- and A2-), buffer-eomplexed metal  cation, and O H -  must be 
known. I f  one of these concentrations is changed, the other two are also altered. 
Therefore, it was necessary to calculate the concentration of each species in solution 
from the known pK of the buffer and the stability constant of the complex of metal  
ion and buffer anion. As an approximation, the extent  of complexation of metal  ions 
with the buffer monoanion is considered small in comparison with the dianion. For 
the following equilibria 

H A -  ~-  H + + A s- 

Zn 2+ + A s - ~ Z n  2+ : A s- 

one can derive an equation, 

[A s-] {antilog ( p K - - p H )  + x } + 

( i) 
(2) 

[Zn]tmali ] = [A2-]t°tal 

i + (K . . . . .  ) [A~-] 

(3) 
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which gives [A~-] at any condition of pH, total metal  ion concentration and total 
buffer concentration for which the sample is prepared. The [Zn2+ 1 is subsequently 
calculated from Eqn 4- 

[Zn~+]total 

(K~=oo) [A~-] + 
= [ z n ~  ] (4) 

The remaining concentrations, [Zn2+:A 2-] and [HA ], can be calculated by sub- 
traction from the known total  concentrations of metal  ion and buffer. 

RESULTS 

White and Drago 28 reported NMR evidence which suggested that  a metal  ion- 
thiamine pyrophosphate complex is a more efficient catalyst for the decarboxylation 
of pyruvate  than thiamine pyrophosphate alone. As the beginning of the present 
study, we repeated their experiments and assayed the reaction by measuring the 
formation of acetoin 2v. There was no evidence that  appreciable amounts of decar- 
boxylation were occurring; instead, the NMR changes showed that  the pyruvate was 
undergoing aldol condensation. The aldol condensation product, Fig. I (Compd 2), 
of pyruvate,  prepared from its lactone by hydrolysis at pH 7, gave an NMR spectrum 
identical to that  assigned to the aldol formed after addition of metal  ions to a pyruvate  
solution. Furthermore, when Zn 2+ was added to an essentially pure solution of 
Compd 2, an NMR spectrum was generated which was identical to that  of the equi- 
librium mixture of Compds I and 2 obtained by the addition of Zn 2+ to a pure solution 
of pyruvate  (Fig. I). The equilibrium of Compds i and 2 at pH 7.0 is not complicated 

O M 2+ ~H O 
2 CH 3 ~ -COO-  . CH 3 C-CH 2 ~ -COO-  

COO- 
1 \ ! 2 

~H CH3 CH3 .ooc/  ° "  

o ~ .  

3 4 

CH 3 HO'cH ~¢~o. \2 ..M. 2. 
• M 2+ C ~'O 0 

\ . / ~:o 
C-O CH20 \OH 

/ t  
0 

5 6 

Fig. I. Reactions of py ruva t e  and its aldol dimer. Addition of  Zn 2. to either compd i or 2 results 
in the rapid a t t a inmen t  of the equil ibrium compd i (20%) ~- compd 2 (80%) at  p H  7. The equili- 
br ium compd 3 (42%) ~ compd 4 (58%) is rapidly a t ta ined at pH I. Suggested complexes of 
metal  ions with pyruva te  (compd 5) and dihydroxyacetone phospha te  (compd 6) are also shown. 
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T A B L E  I 

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

Chemical shift (~)* 

CH a CH*** C = C - H  

P y r u v a t e  139.9 
P y r u v a t e  h y d r a t e  88.3 
4-carboxy-2-ke to-7-va lero-  

lactone,  keto form 
(compd 3) lOl.  7 162.o 

Enol  fo rm (compd 4) I°1 .7  
4 - h y d r o x y - 4 - m e t h y l -  

-2 -ke tog lu ta ra te  (compd 2) 80.8 191.8 

386.0 

* Chemica l  shift ,  b, is expressed  in Hz  a t  60 M Hz  downfield f rom in te rna l  DSS in water ,  
p H  6. 4. 

** The  coupl ing  c o n s t a n t  (Jel l , )  and  chemica l  shi f t  difference (v06cHt) be tween  t he  non-  
equ iva l en t  m e t h y l e n e  p ro tons  of  c o m p d  2 and  c o m p d  3 are:  J cn2 ,  17.7; v0bcI~,, 7.2 and  Join2, 
13.9; V0~CH2, 27.2 Hz respec t ive ly  5°. 

by the presence of the lactone (Compd 3), since no lactone could be detected in the 
NMR spectra of Compd 2 at pH 7.0, whether the latter was prepared by hydrolysis 
of the lactone or by metal ion catalyzed aldolization of Compd I. This result is in 
contrast to that of Montgomery and Webb zl who report 24% lactone in equilibrium 
with Compd 2 at pH 7. Montgomery and Webb ~1 however approached the equilibrium 
only from the lactone and allowed it to equilibrate at pH 7 for 24 h without furthei 
addition of NaOH. Addition of base is necessary to maintain a constant pH since 
OH-  is consumed by lactone hydrolysis. Confirming the report of Montgomery and 
Webb 21, we found the enol content of the lactone of pyruvate aldol to be 58% at 
pH I.O. Both the enol and keto forms, Compds 3 and 4, of the lactone of pyruvat~ 
aldol, the open chain dimer, Compd 2, pyruvate hydrate, and pyruvate were easil~ 
distinguished by their unique NMR spectra (Table I). 

Catalytic amounts of metal ion greatly accelerated the rate of pyruvat~ 

4 -  

.c  
E 
~2 

~o 
% 4  

o ~ ~ ~ ,~ 
10 ~ [Zn2+]toto . M 

Fig. 2. Obse rved  ra te  c o n s t a n t  of  p y r u v a t e  a ldol izat ion a t  v a r y i n g  to ta l  Zn *+ concen t ra t ion  
Solut ions  were i .o  M p y r u v a t e ;  o . i  M ma l ea t e  buffer,  p H  6. 4 a t  38 °C. 
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T A B L E  I I  

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

All so lu t ions  w e r e  i .o  M p y r u v a t e ,  24-4 m M  m e t a l  ions,  o . i  M m a l e a t e  buf fe r ,  p H  6. 4. T h e  second  
c o l u m n  is t h e  o b s e r v e d  f i r s t - o r d e r  r a t e  c o n s t a n t  fo r  t h e  f o r w a r d  p ro ce s s  ( d i m e r i z a t i o n ) .  T h e  t h i r d  
c o l u m n  is o b t a i n e d  b y  d i v i d i n g  t h e  s e c o n d  c o l u m n  b y  [M2+], in  t h i s  case  24. 4 m M .  T h e  l as t  c o l u m n  
is o b t a i n e d  b y  d i v i d i n g  he for  a n y  m e t a l  ion  b y  1.3. IO-S, t h e  v a l u e  in t h e  a b s e n c e  of  m e t a l  ion. 

Metal  ion /}obsd he Rate enhancement 
(rain -1) ( M  1. rain-l)  

N o n e  1.3 ' I O - 5  I 
Ca  2~ 9.9" IO -~ 4 -~" 1o-a 3" IO2 
Mg e+ 7.6.  i o  4 3. I • IO ~ 2 • IO a 
Cu 2÷ 1. 5 . i o  2 6 .o .  Io  J- 4 '  I° ' t  
Zn ~+- i.  9 . t o  ~ 7 .7"~o  ~ 6 . i o  4 
Ni  ~ 2 .0 '  i O  - 2  8 . i  • I O  l 6 '  I O  l 

C o  2+ 2 .  5 " l O  - 3  I . O  8 "  I O  4 

aldolization. The rate of the reaction was directly proportional to the metal ion 
concentration (Fig. 2). The catalytic rate constants,  lee, for metal ions were deter- 
mined either from the slope of a plot of  kobsa* vs  [M 2+] (Fig. 2) or from kinetic experi- 
ments  at a single metal ion concentration. In the latter case, the observed rate con- 
stant divided by the metal ion concentration was taken as ke. The catalytic rate 
coefficients and the rate enhancements of  various metal ion are given in Table II. 
The alkaline earth metal ions, Ng  2+ and Ca 2+, were much less effective catalysts than 
Zn 2+ and the transition metal ions, Cu ~+, Ni ~+ and Co s+. An enhancement for the Zn- 
catalyzed reaction over the water-catalyzed reaction can be conservatively estimated 
at I05. It is a conservative estimate since only the Zn 2+ not complexed to buffer are 
likely to be catalytically active ~a. Furthermore, small amounts of  contaminating 
metal ions may  be present in the sample to which no metal ions were added (Table II), 

T A B I , E  I l I  

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

All so lu t ions  w e r e  i .o  M p y r u v a t e ,  p H  0. 4 ~ o.x p r e p a r e d  w i t h  d o u b l e  d is t i l led  w a t e r .  E D T A  
w a s  p r e s e n t  o n l y  in t h e  f i rs t  so lu t ion .  All e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  a m b i e n t  t e m p e r a t u r e .  

Solalio;, t~ kobsd (min 1) 

0.02 M E D T A  I79  d a y s  2. 4" lO -6* 
o . l o  M p h o s p h a t e  9o d a y s  5-4 '  io  6 
O. lO M i m i d a z o l e  6 i  d a y s  7.9" Io-6 
o . i o  M m a l e a t e  36 d a y s  1.3" IO --5 
24 m M  Zn 2+ in 

o. i o  M m a l e a t e  37 m i n  i .9" IO-2 

* Th i s  v a l u e  m a y  be  c o m p a r e d  to  t h a t  for  t h e  e n o l i z a t i o n  o f  u n c o m p l e x e d  p y r u v a t e  a*, 
5 .6 .  i o  ~ m i n  1. 

* W e  h a v e  fo l l owed  t he  g e n e r a l  p r o c e d u r e  o f  p r e s e n t i n g  t h e  k in e t i c  d a t a  for  s t r i c t l y  re-  
v e r s i b l e  r e a c t i o n s  in t e r m s  of  t h e  e x p e r i m e n t a l  r a t e  coeff ic ient  fo r  e q u i l i b r i u m ,  kobsO, w h i c h  is 
a c t u a l l y  t h e  s u m  of  f o r w a r d  a n d  r e v e r s e  r a t e  coeff ic ients ,  kobsd = kf + kr. S ince  t h e  e q u i l i b r i u m  
c o n s t a n t  is e q u a l  to  t h e  r a t i o  o f  kr a n d  kr, k e q  = kf//tr,  t h e  f o r w a r d  a n d  r e v e r s e  r a t e  coeff ic ients  
c a n  be c a l c u l a t e d  if  n e c e s s a r y  ~.  
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since a pyruva te  solution containing 0.02 M E D T A  had a great ly  increased half  life 
over tha t  observed in solutions containing common  buffers and no E D T A  (Table III). 

The aldolization of pyruva te  is first order in pyruva te  at more than 0. 7 M 
pyruva te  and showed positive deviations from a first-order rate law at concentrat ions 
below 0. 7 M (Fig. 3), indicating a change in kinetic order at  the lower concentrat ions 29. 
The result is similar to tha t  for the aldol condensat ion of  acetaldehyde n°, in which 
the reaction changes from first to second order at concentrat ions less than 0.5 M. 
This positive deviation from linearity of the first-order plot is probably not  due to 
an incorrect endpoint,  [ p y r u v a t e ] ,  (ref. 25), since the endpoint  was determined on 
three separate samples of  pyruva te  of  different buffer composit ion and metal  ion 

0.8 

~.8 0'6 

0.4-4 "~ o 
~ o.3.' N ° 

'~0.2. 

0.1- 

o 2b go do 85 ~6o 
Time (min) 

Fig. 3. Kinetics of pyruvate aldolization. Kinetic zero is the time of mixing 24. 4 mM Zn 2+ with 
i.o M pyruvate in o.i M maleate buffer, pH 7.I at 38 °C. At completion (equilibrium), 79.5% 
of the pyruvate is converted to the dimer. 

concentra t ion and confirmed by  measuring the equilibrium for the reverse reaction, 
aldol -+ ketone. The endpoint  was determined at t > IO t ;  when the reaction had 
proceeded 99-9% to completion. When  the solution was initially I.O M in pyruvate ,  
pH  6.4, the concentrat ion of pyruva te  at  equilibrium was o.2o5 4- o.oo5 M and that  
of  the dimer was 0.398 4- o.oo5 M. 

[aldol dimer] 
k e q  : : 9.4 ± 0.7 M-I 

[pyruvate monomer] * 

The same equilibrium pyruva te  concentrat ion,  o.2o5 4-o .o05  M, was obtained in 
the presence of  either I2 or 24 mM Zn 2+, suggesting tha t  the equilibrium constant  
was not  dependent  on metal  ion concentrat ion.  The value of  keq is in reasonable 
agreement  with values of  6.0 (ref. I7) and 6. 5 (ref. I8) reported for cyanide-catalyzed 
aldolization of  pyruvate .  

In  the presence of  buffer, the rate of the reaction was dependent  on [OH ] in 
a non-linear manner  (Fig. 4a), but  depended linearly on the calculated concentration 
of the dianion of the maleate buffer (Fig. 4b). This suggests tha t  the aldolization is 
general base-catalyzed and tha t  catalysis by  O H -  is small compared to A 2- catalysis: 
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2,0" 

°-- 

E 
1.0 

% 

b 

/ 
[oH-] (nMl [A ~-] (raM) 

Fig. 4. (a) Effect of OH- on the rate of pyruvate aldolization. The observed rate constant was 
measured as the pH of a buffered solution of pyruvate was varied. Solutions were i.o M pyruvate; 
24. 4 mM [Zn~+~total; o.I M maleate buffer at 38 °C. (b) Dependence of the rate of pyruvate aldoli- 
zation on the concentration of the maleate dianion (A2-). The [A2-] was calculated for each of the 
experiments at various pH values shown in (a) as described in Experimental. 

i . e .  k'oH[OH-~ << k'ALA 2 J. The observed  rate  cons tan t  m a y  be represen ted  b y  a sum 
of Zn2+-catalyzed and  wa te r - ca t a lyzed  react ions  (Eqn 5) 29. 

kobsd = ho @ koHIOH-J -~- hHAIHA j + kA!A~-! + k'0[Zn2+] + h'oH[Zn 2+] [OH-] + 

+ k'HA[Zn~+~ [HA-] + k'aiZn 2~] IA~-] (5) 

The sum of the terms,  k 0 + koH[OH I + kHAI HA I + ka l  A2 1, is negligible 
since the ra te  of the  reac t ion  is negligible wi th  no meta l  ion a d d e d  (Fig. 2). Catalysis  
b y  the mono-anionic  buffer component ,  H A  , is expec ted  to be small  compared  to 
t ha t  of the more basic di-anionic  buffer component ,  A 2- (ref. 3I),  and  the t e rm 
k'ttAiZn2+ 1 [HA ! is incorpora ted  into the wate r -ca ta lys i s  term,  k'0[Zn2+]. Eqn  5 now 
becomes : 

hobs -- k"0[Zn 2~] + k'oH~Zn2' I [OH-] + h'A[Zn 2~] [A2-J (6) 

We have de t e rmined  the ra te  cons tan ts  pe r t inen t  to E q n  6, assuming t ha t  only  the 
Zn 2+ not  complexed  to buffer is ca t a ly t i ca l ly  act ive.  Nega t ive ly  charged buffers, such 
as c i t ra te ,  d iminish  the ca t a ly t i c  ac t i v i t y  of  me ta l  ions in the deca rboxy la t i on  ol 
d ime thy loxa loace t i c  acid 13 p re sumab ly  because these ions compete  wi th  d imethy l -  
oxa loace ta te  for the  me ta l  ions, forming complexes  which are inac t ive  in decar-  
boxyla t ion .  Also, in the deca rboxy la t i on  of ace toned icarboxyl ic  acid  in ace ta te  
buffer, the species Cu2+(acetate )2(A 2-) is comple te ly  inact ive  32. These facts  are in 
agreement  wi th  the hypothes i s  t ha t  any  l igand reducing the effective charge of  the 
meta l  i on - subs t r a t e  complex  reduces the ca t a ly t i c  effect of the me ta l  ion ~3. In  three 
separa te  sets of expe r imen t s  only the to ta l  buffer concent ra t ion ,  or the to ta l  meta l  
ion concent ra t ion ,  or the p H  was varied,  and  the observed  ra te  cons tan t s  (kobsd) 
de t e rmined  (Table IV). The cons tan t  k'A is ob ta ined  from the slope of  

kobsd 
- -  vs  [A 2-] 
[Zn ~] 
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T A B L E  IV 

OBSERVED RATE CONSTANTS OF Zn2+-CATALYZED ALDOLIZATION OF PYRUVATE 

In  all experiments,  kobsd WaS measured. In  Exp  i, [Zn2+] total was varied while the total  buffex 
concentrat ion (maleate) and p H  were kept  constant .  In  E x p t  2, the total  buffer concentrat ion was 
varied while [ZnZ+~total and pH were kept  constant .  In  E x p t  3, the p H  was varied while the total 
buffer concentrat ion and [Zn~+]total were kept  constant .  In  each case, the calculated concentrat ions 
of a buffer componen t  (A 2-) and of the Zn 2÷ not  complexed to buffer, [Zn2+], as described in the 
exper imenta l  section, is given. The calculated concentrat ions  were determined using the p K  ot 
maleic acid (pK 2 ~ 6.20) and the association cons tan t  of Zn 2+ with the dianion of maleate (Kasso,.. 

i02 ) 52 

Total 
buffer 
(M) 

Expt r 
[Zn2+]total 
varied 

o,i 

Expt 2 
Total  buffer o. 1 
concentrat ion o. 2 
varied o. 3 

0. 4 
Expt 3 
p H  varied 

o.i 

[Zn~]totat [OH-] [A S-] [Zn 2+] Iogkobsa 
(mM)  (nM) (mM)  (rnM) (rain -x) 

4.88 
12.2 
24.4 
36.6 
48.8 

24.4 

24.4 

56.0 0.74 0.346 
52.o 1.97 0.976 

23.4 47.0 4.28 1.87 
42.o 7.o4 2.62 
35.o lO.O6 3.65 

47.0 4.28 1.87 
105 2.I2 1.98 

23.4 17o 1.36 2.27 
225 1.04 2.24 

4.17 17.o 9.o 3 1.22 
8.32 27.0 6.60 1.54 

23-4 47.o 4.28 1.87 
56.2 60.o 3.49 2.04 

12o 72.o 2.98 2.3[ 

at constant [ZnJtotal and constant pH (Eqn 6, Fig. 5a). The constant k'oH is ob- 
tained f rom the slope of a plot  of 

kobsd 
k'A[A 2-] vs [OH-] 

[Zn 2+] 

30" 

E 

7 2 0  

/ 

/ 
[A ~'] mM 

1,6' 

°_ 
E 1.2 , 

i 

0.8. 

0 . 4 .  

b 

/ 
/ 

o 4'o 8'o 60 
[OH-'] n M  

Fig. 5- (a) Determinat ion  of  the catalytic rate coefficient ktA (Eqn 6). The slope of a plot  of kobsa/ 
[Zn 2+] vs [A 2-] is equal to k'A at  cons tan t  pH and [Zn2+]total. Solutions were i.o M pyruva te ;  
24. 4 mM [Zn2+]total, p H  6.4 at  38 °C. (b) Secondary replot  of Fig. 4a. Determinat ion  of the cata- 
lytic rate  coefficient k'oi{ (Eqn 6). The slope of a plot  of kobsa/EZn 2+] -- k'A [A 2-] vs [OH-] is 
equal to k ' o n a t  cons tan t  total  buffer concentrat ion and [Zn~+Jtotal. 



452 A. A. GALLO, H. Z. SABLE 

3- 

E 

0 
o d.1 o:2 0'.3 d4 

rotQt buffer M 

Fig .  6. O b s e r v e d  r a t e  c o n s t a n t  o f  p y r u v a t e  a l d o l i z a t i o n  a t  v a r i o u s  t o t a l  buf fe r  c o n c e n t r a t i o n .  T h e  
d a t a  of  t h i s  f igu re  a re  t h e  s a m e  as  Fig .  5a. T h e  c a t a l y t i c  r a t e  coef f ic ien t  h'" o is  c a l c u l a t e d  f r o m  t h e  
i n t e r c e p t  a t  zero  bu f fe r  c o n c e n t r a t i o n ;  kobsd/[Zn2+]total -- h'OH [ O H - ]  = k"o ( E q n  6). 

(Fig. 5b); and  k"I-I2O is ca lcu la ted  from the in te rcep t  a t  zero buffer concen t ra t ion  of 
Fig. 6*. These values  are summar ized  in Table V. The ra te  coefficient for the combined  
ca ta lys is  b y  Zn ~+ and  wa te r  (kzn~+,it2o, Table  V) subs tan t i a t e s  the conclusion 
reached above  t ha t  Zn 2+ is lO 5 t imes  as effective as wa te r  alone in ca ta lyz ing  p y r u v a t e  
a ldol izat ion.  Also the combined  ca ta lys is  of p y r u v a t e  a ldol iza t ion  b y  Zn 2+ and 
malea te  2- (kzn2+,A ~-) is approx ,  lO 5 t imes  t ha t  r epor ted  34 for the ace t a t e -ca t a lyzed  
enol izat ion of  uneomplexed  py ruva te ,  3.0" lO -4 M 1.ra in-1 .  

T A B L E  V 

CATALYTIC RATE COEFFICIENTS (ke) FOR ALDOLIZATION OF PYRUVATE 

Cata(vst he ke 

( M  -1" min -1) kH2o 

W a t e r "  4.3" lO-8 1 
Zn  2+, water**  7 . 2 . i o  3 2 . 1 o  5 
Zn  2+, A s- 8 .8 .  IO 1 2" 10 9 
Zn  2~, O H -  1.4 '  lO7 3" Jol4 

* T h e  o b s e r v e d  r a t e  c o n s t a n t  for  a n  E D T A  s o l u t i o n ,  p H  6. 4 (Tab l e  I l I )  d i v i d e d  b y  55.5 M 
to  o b t a i n  kH2O in  M -1- m i n  -1. T h i s  v a l u e  is a n  u p p e r  l im i t ,  b e c a u s e  O H -  m a y  c o n t r i b u t e  t o  t h e  ca-  
t a l y s i s ,  a t  p H  6. 4. 

"* T h e  c a t a l y t i c  r a t e  coef f ic ien t s  for  Z n - c a t a l y z e d  r e a c t i o n s  c o r r e s p o n d  to  t h o s e  in  E q n  6. 
T h e  r a t e  c o n s t a n t  kzn,H,O m a y  i n c l u d e  a c a t a l y t i c  c o n t r i b u t i o n  b y  H A -  a n d  t h e  a n i o n  of  p y r u v a t e .  

DISCUSSION 

The genera l  sequence of the p y r u v a t e  aldol condensa t ion  can be given as 
follows : 

B - _  k~ . P y r u v a t e  + B H  + p y r u v a t e -  
h.~ 

k L P y r u v a t e -  + P y r u v a t e -  a l d o l -  

,L  
a l d o l -  + B H -  a l d o l  + B -  

* T h e  v a l u e  k"H~o c a n  a l so  be  o b t a i n e d  f r o m  t h e  i n t e r c e p t  o f  F ig .  4 b, a s s u m i n g  k ' o H [ O H - ]  
is n e g l i g i b l e ;  in  t h a t  case,  k"H~O -- 7.o" IO -3 M - l " m i n - k  
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The last step is a type which is usually very rapid ~9. Two limiting cases which are oi 
interest are those in which k3[Pyr ] is either much greater .or  much smaller than 
k2[BH ]. The rate equations for these two situations become Eqns 7 and 8 respec- 
t ively ~9 : 

rate = k 1 [pyruvate] [B-] (7) 

klkz 
rate -- - -  [pyruvate] 2 [OH-] (8) 

k2KB 

KB is usually designated 29 as the ionization constant of the base and is defined here 
by  KB = EBHI [OH-I/EB- 1. We find that  the Zn2+-catalyzed aldolization of pyruvate  
is first order in pyruvate  (Fig. 3) and general base catalyzed (Table V). This is strong 
evidence that  Eqn 7 represents the reaction and that  enolization of pyruvate  (kl) is 
the rate-limiting step for non-enzymatic aldolization at the relatively high concen- 
trations of pyruvate  used in this study. In most aldol condensations of ketones (e.g. 
acetone), over a wide range of concentrations, the rate-limiting step is the one in 
which the new carbon-carbon bond is formed (k3) 41. I f  enolization of pyruvate (kl) 
is rate-limiting for the conditions of this study, then metal  ions may enhance the rate 
of the condensation step (k3) relative to other ketones so that  k 3 > k 1. The inductive 
effect of the metal  ion-complexed carboxylate group of pyruvate  probably enhances 
the rate of addition reactions at the a-carbonyl carbon relative to acetone 42. Also, a 
metal  ion complexed to the a-carbonyl oxygen of pyruvate,  by increasing the polari- 
zation of the carbonyl group in the acceptor molecule, stabilizes a partial positive 
charge on the carbonyl carbon atom, thereby increasing its susceptibility to nucleo- 
philic a t tack 37. 

Metal ions can also enhance the enolization of pyruvate  by polarizing the 
carbonyl group and thus stabilizing the incipient carbanion, or indirectly, by  the 
transfer of OH to the vicinity of the proton to be removed. Because of the high 
acidity of water  molecules bound to metal  ions 45, these ions have the ability to carry 
appreciable amounts of potential  O H -  at a pH where very little free O H -  could 
exist. The metal  ion complex, containing OH-,  could be considered to be a hi- 
functional catalyst,  the metal  ion serving as a general acid and the OH as a base 11 

The enhancement by  Zn 2+ of the rate of non-enzymatic aldolization of pyruvate 
may  have significance in understanding the mechanism of the Class I I  aldolase 
reaction. The comparison of kinetic data  from the model reaction with enzymatic 
data is simplified by our choice of conditions which differ from those used in a 
previous study ~9 using ultraviolet spectrophotometry.  In that  case, a pH of approx. 4 
was used whereas for yeast Fru-I ,6-P  2 the pH optima for the exchange reaction oi 
Fru-I ,6-P  2 and for the overall aldol cleavage are 6.0 and 7.2 respectively ~°. The pH 
range, 5.6-7.1, used in our study therefore allows a ready comparison. The low Zn2+: 
pyruvate  ratios, 5"1o 3:I to 5o"1o-3:1, used in this study, in contrast to the high 
ratios used in the previous study ~9, allow a more valid comparison with enzyme 
systems since the usual condition for a catalyst  (enzyme) is that  it be present in 
small amounts relative to the reactants. 

The mechanism of the reaction catalyzed by yeast Fru-I,6-P2 aldolase, a Zn 2~ 
metalloenzyme, is thought to involve the formation of a carbanionic form of di- 
hydroxyacetone phosphate, which then adds to the polarized carbonyl of glyceral- 
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dehyde 3-phosphate, forming Fru-I ,6-P 2 (refs 35, 36). Tile mechanistic role of metal  
ions in Fru- i ,6-P  2 aldolase has been suggested to be polarization of the C-2 carbonyl 
of dihydroxyacetone phosphate and orientation of the C-I phosphoryl group14,36,37, 46. 
There is some doubt whether enolization of dihydroxyacetone phosphate is the rate- 
limiting step in overall synthesis 3s-4°. A non-enzymatic model of this enzymic 
aldolization is the base-catalyzed addition of dihydroxyacetone to glyceraldehyde. 
The reaction is first order in total triose 43 and the hexoses formed contain no carbon- 
bound deuterium when tile reaction proceeds in 2H20 (ref. 44). Therefore dihydroxy- 
acetone, like pyruvate,  has the unusual property of having the enolization step as 
the slow step of aldolization. The rate of yeast aldolase is of the order of lO 3 moles 
of Fru-I ,6-P  2 cleaved per rain per mole of enzyme 39. The rate of the enzyme catalyzed 
reverse reaction must be even larger since the equilibrium constant does not favor 
Fru-I ,6-P 2 cleavage. This may be compared with the rate of the base-catalyzed 
reaction of dihydroxyacetone and glyceraldehyde 16, which is lO -8 M. min -1 at pH 7. 
Thus, the enzymatic reaction of dihydroxyacetone phosphate and glyceraldehyde 
3-phosphate may be more rapid than the corresponding non enzymatic reaction by 
a factor of IO °. The lO 5 rate enhancement of pyruvate aldolization by Zn 2+ probably 
reflects electronic and entropie effects which may also be operative in Fru 1,6-P s 
aldolases. This may be true because the ZnS+-pyruvate complex appears to be 
similar to the enzyme-bound ZnS+-dihydroxyacetone phosphate complex with respect 
to tile proximity of a carbonyl group to a binding site for metal  ions~ 4 (Compds 5 
and 6, Fig. I). 

A significant difference between the non enzymatic aldolization of pyruvate 
and the enzymatic aldolization of pyruvate  and dihydroxyacetone phosphate is the 
relative activity of various metal  ions. In non enzymatic pyruvate aldolization, 
Zn 2+, Co s+ and Ni s+ are nearly equally active (Table II) whereas Zn s+ and Co s+ but 
not Ni ~+ are active in yeast Fru 1,6 P2 aldolase46. In contrast, pyruvate aldolase 
from peanut cotyledon requires Mg 2+ for activity but Zn 2+ and Co 2+ show no acti- 
vi ty ~5. These differences almost certainly reflect the different ligand environments 
around the metal  ion at the active sites of these enzymes and probably do not negate 
the mechanistic similarity between Fru- i ,6-P 2 aldolase, pyruvate aldolase, and non- 
enzymatic pyruvate  aldolization. 

The purity and stability of pyruvate solutions and of radioactive pyruvate in 
particular, have been a source of concern to many  investigators 47-49. The aldolization 
of pyruvate  appears to be the major source of difficulty. The aldol of pyruvate  
(Compd 2) is a potent inhibitor of the a-ketoglutarate dehydrogenase complex and 
interrupts citric acid cycle oxidationsS~, 2s. In the presence of Compd 2 the oxidation 
of pyruvate  by rat heart mitochondria is blocked unless a dicarboxylic acid is also 
present, in which case a-ketoglutarate accumulates 2~. When 5 mM pyruvate is used 
in the assay, as little as I °/o of the aldol in the pyruvate will produce 5o% inhibition 
of this enzyme complex 2s. Mg 2~, although 25-3 o times less effective than Zn 2., Ni 2~ 
and Co s+ in catalyzing the aldolization, may  be a greater contaminant of assay 
mixtures used for study of the citric acid cycle and this may result in the production 
of significant amounts of aldol dimer. For example, preincubation of 24 mM Mg 2+ 
with i.o M pyruvate  for 12 min would result in the production of enough aldol dimer 
to inhibit severely tile a-ketoglutarate dehydrogenase complex, even when the 
solution is subsequently diluted Ioo-fold for purposes of the assay. Cognizance should 
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t h e r e f o r e  b e  t a k e n  of  m e t a l  i o n - c a t a l y z e d  f o r m a t i o n  of  p y r u v a t e  a ldo l  a n d  i t s  c o m -  

p l i c a t i o n s  in  a s s a y s  of  t h e  c i t r i c  a c id  cycle .  

T h e  i n c r e a s e  in  s t a b i l i t y  o f  E D T A  s o l u t i o n s  o f  p y r u v a t e  o v e r  t h o s e  o f  c o m m o n  

bu f f e r s  (Tab le  I I I )  s u g g e s t s  t h a t  a d v e n t i t i o u s  m e t a l  ions  we re  p r e s e n t  in  t h e  b u f f e r e d  

s o l u t i o n s .  I t  is s u g g e s t e d  t h a t  E D T A  be  a d d e d ,  w h e n  feas ib le ,  t o  al l  s o l u t i o n s  o f  

p y r u v a t e  t h a t  a re  b e i n g  stored*7, 48. 

ADDENDUM 

T h e  p u r i f i c a t i o n  o f  p y r u v a t e  a ldo la se  f r o m  Pseudomonas  pu t ida  h a s  r e c e n t l y  

b e e n  r e p o r t e d  b 3. I t  is a m e t a l l o e n z y m e  r e q u i r i n g  e i t h e r  Mg of  M n  b u t  n o  s u l t h y d r y l  

r e a g e n t ,  i n  c o n t r a s t  to  t h e  p a r t i a l l y  p u r i f i e d  p y r u v a t e  a ldo la se  i s o l a t e d  f r o m  p e a n u t  

c o t y l e d o n  15. T h e  n o n - e n z y m a t i c  c l e a v a g e  o f  p y r u v a t e  a ldo l  b y  Co a p p r o a c h e d  t h e  

r a t e  o f  t h e  e n z y m e - c a t a l y z e d  r e a c t i o n  53. 
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