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M E C H A N I S M  OF A C E T O I N  S Y N T H E S I S  BY a -CARBOXYLASE*  
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Since the discovery of acetoin (acetylmethylcarbinol, AMC**) production by 
fermenting yeast 3, the formation of this substance has been demonstrated in a variety 
of bacteria, invertebrates, vertebrates, and higher plants 4-s. The intermediate steps in 
the bacterial synthesis of AMC from pyruvate have been recently elucidated. The mecha- 
nism of AMC formation in plants and animal tissues, where pyruvate plus acetaldehyde 
or acetaldehyde alone are the reactants, has not been completely understood 9. Available 
evidence indicates that a-acetolactate, an intermediate in AMC synthesis by bacteria, 
is not involved in AMC formation in yeast, pig heart 1° or filariae s, and the same is true 
of wheat germ. 

Although differences exist in the conditions required for AMC synthesis in yeast, 
pig heart, and in higher plants, the fundamental mechanism of the reaction might be 
the same in all of these cases, and this mechanism has been the subject of a long-standing 
controversy~, 11,12. Until recently, most of the experimental work on the mechanism of 
AMC formation has been performed with yeast. I t  has been suggested that  a special 
enzyme, carboligase, exists in yeast, which accomplishes the condensation of "nascent 
acetaldehyde" with acetaldehyde, or other aldehydes, to acyloins3,1~. The "nascent 
acetaldehyde" was thought to arise from the decarboxylation of pyruvate by a-car- 
boxylase. The opponents of this view have attempted to prove that AMC synthesis is 
a by-product of the decarboxylation of pyruvate by a-carboxylase and that  the conden- 
sation occurs in situ on a-carboxylase 14,15. DPT is known to be a requisite for the 
formation of AMC by animal and plant tissues, but there is little agreement on the exact 
function of DPT in this reaction. The resolution of these problems appears to be in the 
use of highly purified enzyme preparations for the study of AMC synthesis. 

Partially purified preparations of a-carboxylase from yeast have been reported 16,17 
but AMC formation was not followed in the course of purification. The availability of 
the a-carboxylase of wheat germ in a highly purified state TM has opened the way for 
a re-examination of these questions. The results are reported in this paper. 

* This research was supported by grants from The National Vitamin Foundation, Inc., the 
Division of Research Grants and Fellowships, National Institutes of Health, U.S. Public Health 
Service, and the Williams-Waterman Fund of the Research Corporation. Preliminary reports of this 
work have been published1, z. 

** The following abbreviations are used: AMC, acetylmethylcarbinol; DPT, diphosphothiamin; 
DPN, diphosphopyridine nucleotide; DPNH v reduced DPN; TPN, triphosphopyridine nucleotide; 
A.R., activity ratio. 
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MATERIALS AND METHODS 

The crystalline dimer of AMC was prepared  from commercial  AMC (Fairmount)  by  a modi- 
fication s of the method  of KLING 19. I t  was thoroughly  washed wi th  ether  before use. Prepara t ions  
of (--)  AMC, isolated f rom ,4. aerogenes and from filariae s, were kindly supplied by  Dr  E. BUEDING. 
Diacetyl  (Eas tman)  was  redistilled immediate ly  before use. D P N  was a commercial  p roduc t  (Schwartz 
Laboratories ,  Inc.) ;  T P N  was isolated by  the method  of LE PAGE AND MUELLER 2e, and DPNH~ 
was prepared  by  OHLMEYER'S method 21. Alcohol dehydrogenase was purified from yeast  ~2. Acetalde- 
hyde and AMC were determined colorimetrically, after  deproteinizat ion wi th  Zn(OH)22s, by  the 
methods  of STOTZ 24 and WESTERFELD ~, respectively. In  order to correct for the  slight color produced 
by  high concentra t ions  of acetaldehyde and py ruva t e  in the AMC determinat ion,  aliquots from each 
tube  were removed and deproteinized at  zero t ime and the color given by  the " ini t ia l"  samples 
was  subs t rac ted  f rom t h a t  of the corresponding incubated samples. Unless otherwise stated,  in 
exper iments  on AMC synthesis  the a m o u n t  of enzyme present  in 3 ml incubat ion mixture  was chosen 
so as to give 400/zl CO s evolution in 5 minutes,  in the s tandard  manometr ic  a-carboxylase assay 18. 
The purified enzyme prepara t ions  ment ioned in the exper imenta l  section are those described in the 
preceding paper  TM. Other  methods  and materials  were as previously described TM. 

RESULTS 

AMC production in wheat germ preparations. Extrac ts  of wheat germ and prepa- 
rations of a-carboxylase isolated therefrom TM at all stages of puri ty catalyze the formation 
of AMC from pyruvate  plus acetaldehyde or from acetaldehyde alone. The formation 
of AMC progresses linearly with t ime and it is proportional to the enzyme concentration, 
even in the crudest extracts  (Fig. I). Deviation from a linear rate occurs only when 
the concentration of acetaldehyde or of pyruvate  falls below the saturation level. I t  
may  be noted that  the synthesis of AMC from acetaldehyde plus pyruvate  is considerably 
more rapid than from acetaldehyde alone. Addition of pyruva te  always increases the 
rate of AMC formation over tha t  obtained 
from acetaldehyde alone, the increase being 
2-  to 4-fold, depending upon the relative 
concentrations of acetaldehyde, pyruvate ,  
and enzyme. 

Like decarboxylase act ivi ty TM, the for- 
mation of AMC requires the addition of 
D P T  and of a metallic ion for full activity. 
I t  is of interest in connection with the 
question of the identi ty of a-carboxylase 
with the AMC synthesizing enzyme tha t  
in the course of the purification of a-car- 
boxylase the requirements for both cofac- 
tots appear  at the same stage, and to the 
same degree, whether the decarboxylase or 
the AMC-synthesizing activities are meas- 
ured. The optimal concentrations of DPT 
(I. 9- Io -5 M) and of Mg ++ (I- lO -311/) are 
identical for both types of activity. The 
same bivalent metals act ivate AMC syn- 
thesis from acetaldehyde and pyruvate,  
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Fig. I. Propor t ional i ty  of AMC formation 
with t ime and enzyme concentrat ion.  En-  
zyme, water  ex t rac t  of whea t  germ, cen- 
trifuged I hour  at  io,ooo r.p.m.,  lO6 mg dry  
weight per  ml. Each tube  contained in 3 ml 
total volume 0.75 ml. 0.2 M succinate buffer, 
p H  6.0, o.i ml o . o 3 M  MgSO4, o.15 ml 
3.9" IO-4 j~[ DPT, and the appropr ia te  sub- 
strates.  (a) 1.8 ml enzyme; t ime as shown. 
(b} Enzyme as shown;  3 ° minutes  incubation.  
Curve I, o.i M acetaldehyde alone. Curve 2, 
o.o5 M acetaldehyde plus 0.0o5 M pyruvate .  

or from acetaldehyde alone, as were found to be active in the decarboxylase assay. 
The affinity constant, KM, of D P T  for the enzyme was 1.37"IO -s M when AMC syn- 

Relerences p. 327 • 



318 T . P .  SINGER, J. PENSKY VOL. 9 (I952) 

thesis from acetaldehyde alone was studied, and 1.44" lO -6 M when acetaldehyde plus 
pyrnvate  were the substrates. These vahies agree excellently with the KM established 
in decarboxylase measurements, 1.35. lO -6 M. Similar agreement was found when the 
K M of Mg++ in the AMC-synthesizing system was compared with the value found in 
decarboxylase assays. In  all of these experiments the enzyme preparations used were at 
stages 4 and 5 of the purification procedure. 

The pH activity curve for AMC formation from acetaldehyde plus pyruvate  coin- 
cides with the pH-act iv i ty  curve for the decarboxylation of pyruvate  (Fig. 5 a in is). 
The same is true of the pH curve for AMC synthesis from acetaldehyde alone, at least 
in the region of the optimal range and on the acid side of the curve. On the alkaline 
side of the opt imum the decline is more moderate than in the presence of pyruvate.  
As pointed out in the DISCOSSlON, this may  indicate the presence of an electropositive 
group in the active center, which is necessary for the binding of pyruvate,  but  not of 
acetaldehyde, to the enzyme. 
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Fig. 2. Influence of subs t ra te  concentrat ion on AMC synthesis.  (a) Acetaldehyde plus py ruva te ;  
(b) acetaldehyde alone. In  (a) Curve i represents  acetaldehyde concentrat ion in the presence of 
5" l° -8  M pyruva te ,  Curve 2 represents  py ruva t e  concentrat ion ill the presence of 5" lO-2 M acet- 
aldehyde. Exper imenta l  conditions as in Fig. I, except t ha t  incubat ion t ime was i hour. Enzyme  
in (a) was at  stage 5 of the purification procedure, A.R. ~ 4,ooo, o.21 mg protein per 3 ml in Curve I, 
o.24 mg protein in Curve 2. I n  (b) the enzyme prepara t ion  was similar, A.R. = 4,I5O, 0.32 mg 

protein per  3 ml. 

The influence of substrate concentration on the rate of AMC synthesis is shown 
in Fig. 2. When both acetaldehyde and pyruvate  are present, maximal  velocity is 
reached at approximately 5 - I o - 3 M  pyruvate  and 5 . I o - 2 M  acetaldehyde. Half- 
saturation is reached at 1.3" IO -~ M pyruvate  and 8.6. lO -3 M acetaldehyde (Fig. 2 a). 
With acetaldehyde alone as substrate, saturation is reached at a concentration of about 
2. lO -1 M and half-saturation at 2" lO -2 M (Fig. 2 b). 

When pyruvate  (5" lO-3 M) is the sole substrate, the amount  of AMC synthesized 
is less than 5 % of the amount  formed in the presence of excess acetaldehyde (Fig. 2 a, 
curve I). This may  first seem like a paradoxical situation, since the enzyme preparation 
is known to decarboxylate pyruvate  and thus form its own acetaldehyde. This obser- 
vation may  be readily explained, however, on the basis of two properties of the enzyme. 
First, a relatively high concentration of acetaldehyde is required for rapid AMC synthe- 
sis. Second, the accumulation of acetaldehyde strongly inhibits further deearboxylation 
of pyruvate.  Thus acetaldehyde is not produced in sufficient amounts to meet the 
saturation requirements for AMC synthesis (c/. DISCUSSION). However, when the de- 
carboxylation is accelerated by raising the pyruvate  concentration to 5"Io-2 M, a 
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significant a m o u n t  of AMC accumulates  wi thout  added acetaldehyde,  a l though never  
as much as with acetaldehyde added in excess. 

I d e n t i f i c a t i o n  o / p r o d u c t  as  A M C .  Since the measurements  of AMC in the foregoing 
exper iments  were based solely on a colorimetric method,  it  was felt desirable to ident i fy  
fur ther  the product .  Definite proof tha t  the substance measured was AMC came from 
its conversion to diacetyl,  from periodate degradat ion,  and  from the isolation of a 
der ivat ive.  

In  a typical  exper iment  designed to accumula te  a relat ively large a m o u n t  of ketol, 
12.6 mg of an alcohol-precipitated enzyme preparat ion,  A.R. = 3,7oo, were incuba ted  
with o.15 M succinate buffer, pH 6.0, I .  Io -~ M MgSO 4, 3.8. lO -5 M DPT,  2.5" IO -1 M 
pyruva te ,  and  2.5-IO-1 M acetaldehyde in a to ta l  volume of 5 ml at 3 o°. Dur ing  the 
incuba t ion  (19o minutes)  the pH was ma in t a ined  between 6.5 and  7.0 by  i n t e r m i t t e n t  
addi t ion  of I N acetic acid. After  deprote inizat ion with Zn(OH)~ at o °, 0.5 ml 0.5 M 
KH2PO 4 was added and  the solut ion was distilled i n  vacuo at a ba th  t empera tu re  of 
25 ° to 3 o°. The first ml  of the distillate, conta in ing  most of the residual acetaldehyde,  
was discarded ; the rest was collected in a flask sur rounded by  dry  ice. The concent ra t ion  
of the AMC in the dist i l late (4.2 ml), de termined colorimetrically 25, was lO.O mg per ml. 
This was the stock solut ion used in  the succeeding experiments .  

One- ten th  ml of this solut ion was oxidized with FeC13 in H2SO 4 to diacetyl  ~5, and  
the la t te r  was de termined by  the method  of WHITE et al. 26 The result  indica ted  t ha t  
o.I ml of the stock solut ion of the enzymical ly  produced AMC (I.O mg AMC) gave 
rise to exact ly  the same a m o u n t  of diacetyl  as I.O mg au then t ic  AMC. 

An al iquot  of the stock solut ion of the enzymical ly  synthesized AMC was degraded 
with periodic acid2L Dete rmina t ions  of the periodate consumpt ion  and  of the acet- 
aldehyde and  acetic acid format ion were in good agreement  with the concent ra t ion  of 
AMC calculated from colorimetric measurements  (Table I). I n  another  exper iment  the 
periodate degradat ion  of an AMC sample, which had been formed from acetaldehyde 
alone as substrate ,  gave the same results. 

TABLE I 
PERIODATE OXIDATION OF ENZYMATICALLY PRODUCED AMC 

Periodale Acetaldehyde d celic acid d 2"ffC used consumed produced produced 

67. 7 65.2 62 67.1 

* Concentration of stock solution estimated colorimetrically. The reaction was carried out in 
io ml o.05 M phosphate, pH 7.1, containing 67.7 I~M (5.96 mg) AMC and 3o0 #M KIO 4 at 25 ° 
for 3o minutes. Acetaldehyde was removed by brief aeration at ioo ° and collected in a bisulfite 
tower; its concentration was estimated iodometrically 2s. Aliquots of the remaining solution were 
used for determination of the unused periodate 27 and Ior steam distillation and titration of volatile 
acids. 

For  fur ther  identif icat ion 2.2 ml of the stock solut ion used in the foregoing experi- 
ments  (22 mg AMC) were t rea ted  with semicarbazide hydrochloride.  The semicarbazone,  
isolated in good yield, melted* at  I8O.5 - I8 I ° ;  an au then t ic  sample of acetoin semi- 

* All melting points are corrected. 
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carbazone melted at I8o.5-181°; "mixed m.p." ,  181°. The melting point remained un- 
changed on recrystallization from 25 % ethanol. 

Analysis*, CsNzO2Hll 
Calculated C 41.37, H 7.64, N 28.95 
Found, derivative of enzymically produced compound C 41.45, H 7.75, N 28.73 

Added proof of the identi ty of the enzymically accumulated compound with 
AMC came from studies of the stoichiometry of its formation. 

Stoichiometry o/AMC synthesis. The stoichiometry of AMC formation from acet- 
aldehyde as the sole substrate is shown in Table II .  The results are in good agreement 
with the formulation: 2 C H 3 C H O - - 4  CH3COCHOHCH 3. In another experiment, per- 
formed under similar conditions but with both acetaldehyde and pyruvate  added at 
equal concentrations, at the completion of the reaction I mole of AMC accumulated 
for each mole of pyruvate  used, in accord with the equation: 

CHsCOCOOH + C H z C H O - - - ~  CH~COCHOHCH 3 + CO S. 

TABLE II 
STOICHIOMETRY OF AMC FORMATION FROM ACETALDEHYDE 

A MC Acetaldehyde utilized 
Time 

produced Found Calculated 

hrs I~M per ml* i ,M per ml ~ # M  per ml* 

I 8.81 17.6 17.6 
2 15.9 31.6 31.8 
3 19.3 39.6 38.6 

* All  concen t r a t i ons  are  expressed  as /~M per  ml  r eac t ion  mix tu re .  The  l a t t e r  con t a ined  3 mg  
enzyme  (Step 5, A.R.  = 4,5oo), 7-5" lO-3 M imidazo le  buffer, p H  6.35, I .  lO -3 M MgSO v 1.9. lO-5 M 
DPT,  and  5" lO-2 M a c e t a l d e h y d e  in a t o t a l  v o l u m e  of 1.52 ml. The  so lu t ion  was  i n c u b a t e d  a t  3 o°, 
and  a l i quo t s  were r e m o v e d  a t  zero t i m e  a nd  a t  t he  i n t e r v a l s  ind ica ted .  Af te r  dep ro t e in i za t i on  wi th  
Zn(OH)2, t he  c o n c e n t r a t i o n  of a c e t a l d e h y d e  was  d e t e r m i n e d  co lo r ime t r i ca l ly  on d i s t i l l a tes  24 and  
AMC was  e s t i m a t e d  d i r ec t l y  in the  f i l t ra tes  2s. 

Irreversibility o/AMC /ormation. AMC utilization was tested with preparations 
varying from crude aqueous extracts of wheat germ to the most highly purified fractions 
of a-carboxylase, using racemic and (--) AMC, as well as a preparation containing 
predominantly the (+)  form of AMC. In no case could a net utilization be detected, 
under aerobic or anaerobic conditions. This is to be expected from the fact that  in the 
presence of a sufficient amount  of enzyme the formation of AMC from either acetaldehyde 
or acetaldehyde plus pyruvate  is essentially quantitative.  Further  evidence of the 
irreversibility of AMC formation is presented in Fig. 3. In this experiment alcohol 
dehydrogenase and D P N H  2 were used to t rap any acetaldehyde tha t  might be formed 
and also to drive the reaction in the direction AMC - - -~  2 CHzCHO. As seen in Fig. 3, 
no oxidation of D P N H  2 and, therefore, no acetaldehyde formation could he detected, 
although subsequent addition of 2.5/zM acetaldehyde caused immediate oxidation of 
the DPNH~, and the system could have detected the presence of as little as o . I /~M 

* The mic roana lys i s  was  car r ied  ou t  b y  Dr  E. W. D. HUFFMAN, Denver ,  Colorado. 
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of acetaldehyde. Additional evidence for the irreversibility of AMC formation by this 
enzyme will be presented in the section on Optical Activity. 

Fig. 3. D e m o n s t r a t i o n  of the  i r r eve r s ib i l i t y  of AMC for- 
ma t ion .  The  va lues  on the  o rd ina te  are  op t i ca l  dens i t ies  
a t  34 ° nl/~ in i cm cuve t tes ,  d e t e r m i n e d  in  the  B e c k m a n  
spec t ropho tome te r .  E a c h  c u v e t t e  con ta ined ,  in  a t o t a l  
vo lume  of 3 ml, o. 5 ml  I .  IO -x M imidazo le  buffer, p H  6.5, 
1. 4 mg  enzyme  p ro t e in  (Step 5, A.R.  = 4,6oo), 0.3 ni l  
I .  IO 2 2V/ MgSO4, o.I 5 ml  3-9" IO-4 M DPT,  a nd  0. 3 ml  
5" io  2 2],/ r acemic  AMC. The  so lu t ion  was  i n c u b a t e d  for 
15 minu t e s  and  o.15 nil  1.8. lO -8 M D P N H  2 was  added  a t  
zero t ime.  Alcohol  dehyd rogenase  (0.2 mg pur i f ied  prote in)  
and  o.15 nfi I .  lO -2 M a c e t a l d e h y d e  were added  a t  the  
t imes  i nd i ca t ed  b y  the  arrows.  All  va lues  are  ca l cu l a t ed  
for 3 ml  v o l u m e  and  are correc ted  for the  s l igh t  a b s o r p t i o n  
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MINUTES given  b y  a lcohol  dehydrogenase .  I n  cont ro l  e x p e r i m e n t s  the  

a m o u n t  of a - ca rboxy la se  p r o t e in  used here, in  the  presence  of the  same  componen t s  and  excess 
ace ta ldehyde ,  syn thes i zed  5 / ~ M  AMC in 15 minutes .  

Identity o/ a-carboxylase and AMC-synthesizing enzyme. The close agreement in 
the apparent pH optima and in the requirements for DPT and a metallic cofactor 
between a-carboxylase and the enzyme responsible for AMC synthesis suggested that  
the two may be identical. More conclusive evidence for this view came from purification 
and inactivation studies. 

Table I I I  demonstrates that  the ratio of decarboxylase activity to AMC-synthe- 
sizing activity (from acetaldehyde and pyruvate) is essentially constant throughout the 
2,7oo-fold purification. The same constancy holds towards AMC synthesis from acet- 
aldehyde alone. As a mat ter  of fact, the addition of pyruvate  brings about a constant 
increase (about 2.6-fold) in the rate of AMC formation, over that  given by acetaldehyde 
alone as substrate, in all fractions tested, provided that  the experimental conditions 
are kept constant*. 

T A B L E  I I I  

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

Ratio* * o[ 
Purification step* Qco2 decarboxylation/ 

A M C  synthesis 

Crude w a t e r  e x t r a c t  25 66.0 
Af te r  p r e c i p i t a t i o n  a t  p H  4.9 1,19o 67.9 
Af te r  e t ha no l  f r ac t iona t ion  18,ooo 61.2 
Af te r  (NHt)2SO 1 p r e c i p i t a t i o n  67,20o 65.7 

and  d ia lys is  

* For  de ta i l s  c[. TM 

** # M  Co 2 pe r  mg  per  hour / / zM AMC produced  per  mg  p e r h o u r  f rom a c e t a l d e h y d e  and p y r u v a t e .  
CO 2 evo lu t ion  f rom p y r u v a t e  was  m e a s u r e d  in  the  s t a n d a r d  a - ca rboxy la se  a s say  and  t he  cond i t ions  
for AMC syn thes i s  were those  g iven  in METHODS and  in the  legend of Fig. i .  

* The  e x p e r i m e n t a l  cond i t ions  referred to  are  t he  same  as in Fig. i ,  excep t  t h a t  the  enzyme  
concen t r a t i on  selected is such as to  g ive  400/z l  CO 2 evo lu t ion  in 5 m i nu t e s  in the  s t a n d a r d  a-carbo-  
xy l a se  assay.  A t  c o n s t a n t  concen t r a t i on  of p y r u v a t e  and  ace ta ldehyde ,  the  a m o u n t  of e n z y m e  
pro te in  p re sen t  de t e rmines  the  increase  in  AMC fo rma t ion  afforded b y  p y r u v a t e .  W h e n  the  a m o u n t  
of a - ca rboxy la se  p r e se n t  is g rea t e r  t h a n  s ta ted ,  the  increased AMC fo rma t ion  in the  presence of 
p y r u v a t e  is also grea ter ,  up to  a l i m i t i n g  v a l u e  of a b o u t  4 t imes  the  r a t e  on a c e t a l d e h y d e  alone.  
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I t  was pointed out in the last paper TM that  the most purified fractions of a-car- 
boxylase (Qcoe about 67,5oo), while apparent ly homogeneous in electrophoretic measure- 
ments, are contaminated with some 7 to lO% impurity,  which was detected and 
separated in the ultracentrifuge. No AMC-synthesizing activity was found in either of 
the two minor ultracentrifugal components present in the purified enzyme. 

As an independent line of evidence for the identi ty of a-carboxylase with the AMC- 
synthesizing enzyme, systematic inactivation studies were carried out. Table IV demon- 
strates that  the loss of AMC-synthesizing activity parallels the degree of inactivation 
in the decarboxylase test, a t tendant  upon denaturation by  heat, aging or inhibition by 
p-chloromercuribenzoate. 

Treatment 

T A B L E  IV 

E F F E C T  OF P A R T I A L  I N A C T I V A T I O N  

Inactivation 

Decarboxylation A M C  synthesis* 

per cent per cent 

Heated,  54 ° for 5 rains 64 66 
Aged 8 days at  6 ° 80 79 
p-Chloromercuribenzoate,  82 84 

2- lO -6 M 

* F r o m  acetaldehyde plus py ruva t e  or from acetaldehyde alone. The var ious activities were 
measured  as in the exper iments  in Table I I I .  Hea t  inact ivat ion exper iment :  enzyme solution at  
Step 4 of purification, A.R. = 1,4oo, dissolved in 2. IO -x M succinate buffer, p H  6.o, to give 2.95 mg 
protein per  ml and heated 5 minutes  at 54 °. Ageing exper iment :  enzyme prepara t ion  as above, 
dissolved in i .  io  a M NaC1 to give 0.33 mg protein per ml, p H  5-5, and kept  8 days at  6 °. p-Chloro- 
mercur ibenzoate  exper iment :  enzyme, same as in heat  inact ivat ion experiment ,  incubated wi th  the 
inhibi tor  at  p H  6, 3 o°, for io minutes  a t  a protein  concentrat ion of o.o21 mg per  ml prior to addition 
of the substra te .  

In view of the evidence cited, it is concluded that  in wheat germ preparations the 
AMC synthesizing and a-carboxylase activities are associated with the same enzyme. 

optical activity o/the enzymically produced AMC. We have reported in a prelimi- 
nary  communication ~9 that  the AMC produced by  the purified a-carboxylase consists 
of about 72 % of the (+)  and 28 % of the (--) form. This figure is based on the following 
facts. Concentrated solutions of enzymically synthesized AMC, prepared as described 
in the section on Identification o/product, consistently gave optical rotations of [a]~ 
= 36 ° (:J: I °). The optical rotation of (--) AMC, isolated from preparations of A. aero- 
genes, filarial homogenates, and animal tissues is laiD = --84 ° (-¢- 2°) 6's' lo, a value which 
we have been able to confirm. Incubation of pure (--) AMC with our enzyme preparation, 
under the same conditions as used for enzymic synthesis of AMC, resulted in quanti- 
ta t ive recovery of the (--) AMC without any change in optical rotation, demonstrating 
tha t  neither the enzyme preparation nor the isolation procedure causes racemization 
of added AMC. The lack of racemization of (--) AMC further supports the findings on 
the essential irreversibility of AMC synthesis. 

The proportion of (+)  and (--) AMC produced by the enzyme from wheat germ, 
given above, is calculated on the assumption tha t  the AMC produced by  animal tissues 
and bacteria is the pure (--) isomer. However, the fact tha t  the AMC produced by wheat 
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germ is par t ly  racemic involves no such assumption. I t  should be added that  essentially 
the same specific rotation was observed when a-carboxylase preparations of varying 
puri ty  were used to accumulate the AMC from either acetaldehyde alone as substrate 
or from acetaldehyde and pyruvate .  

The possible mechanism of this partially asymmetric  enzymic synthesis will be 
dealt with in the DISCUSSION. 

DISCUSSION 

The evidence presented confirms the hypothesis of DIRSCHERL AND LANGENBECK n, 12 
that  in cells containing an active a-carboxylase, AMC formation is the consequence of 
the action of this enzyme on pyruvate,  rather  than the function of a separate carboligase. 
Although definitive evidence for this view has been presented only for wheat germ thus 
far, there is good reason to believe tha t  the same is true of other higher plants ° and 

~ M e - D P T  
Me-DPT p ~ ,  ~17 

H i  C H3C HO 

A B ( Pr ~H'C" CH~ 

CH3COCHOHCH s 
F 

Fig. 4. Intermediate steps in the action of a-carboxylase. 

of yeast  1°,15. The objections which have been leveled against this view will be more 
conveniently discussed after the presentation of the proposed mechanism of action of 
a-carboxylase, which follows. 

Fig. 4 is a schematic representation of the postulated course of AMC synthesis. 
The reactants  are pyruvate  and the holoenzyme; the lat ter  consists of a protein-metal- 
DPT complex (A). Pyruva te  may  be initially oriented toward the active center of the 
enzyme by electrostatic forces, and, upon closer approach, a two-point combination 
may  occur between the enzyme and pyruvate  (B). The carbonyl group of the latter is 
visualized as approaching the free amino group of DPT, whereas the carboxyl is at- 
t racted to an electropositive site on the enzyme. The activation step would involve the 
formation of an intermediate complex of finite stability, which may  be either a Schiff's 
base (C) or a hydrogen-bonded structure (D) between the carbonyl and amino groups, 
and COs would be split off. The resulting intermediate enzyme-acetaldehyde complex 
is known to be in reversible equilibrium with free acetaldehyde and free enzyme (E); 
its dissociation is the cause of acetaldehyde formation in the typical a-carboxylase 
reaction. The intermediate enzyme-acetaldehyde complex (C or D) can arise either 
directly from acetaldehyde or, indirectly, by  decarboxylation of pyruvate  in situ. While 
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acetaldehyde is still attached to the enzyme, in the presence of a sufficient amount of 
free acetaldehyde, a second molecule of the latter could react with the complex, forming 
an unstable enzyme-AMC complex, which would rapidly and irreversibly break down 
to free AMC and free enzyme (F). According to this scheme it is the fate of the inter- 
mediate enzyme-acetaldehyde complex (C or D) which determines whether acetaldehyde 
formation ("carboxylase action") or AMC formation ("carboligase action") takes place, 
and its accumulation in the presence of free acetaldehyde inhibits further decarboxy- 
lation of pyruvate.  

The production of partially asymmetric AMC by the wheat germ enzyme has been 
ascribed to incomplete steric hindrance offered by the side-chains of the protein in the 
condensation step 29. In terms of this hypothesis the proportion of (+)  and (--) AMC 
produced would represent the probability of tile reaction of acetaldehyde with complex 
C or D from either one of two opposite directions. 

The existence of an electropositive site on the enzyme protein is postulated for the 
following reasons. Pyruvate  is completely ionized in the pH range where the enzyme 
acts, and acetaldehyde is, of course, non-ionizable. As mentioned under Results, the 
pH-activi ty curves of the decarboxylation of pyruvate and of AMC formation from 
pyruvate and acetaldehyde essentially coincide, but  AMC formation from acetaldehyde 
alone declines considerably less sharply on the alkaline side of the pH optimum (pH 6.3). 
The reason for this may be the presence of a dissociable group in the enzyme, the ioni- 
zation of which is repressed above pH 6.3, and to which the carboxyl group of pyruvate 
is attracted. The inactivity of pyruvamide as a substrate is in harmony with this 
explanation. 

If it is admitted that  in the purified preparations used here AMC synthesis is 
catalyzed by a single enzyme, the fact that  the AMC produced is optically active must 
mean that  the condensation of the two acetaldehyde molecules occurs on the surface 
of the enzyme. The formation of a relatively stable enzyme-acetaldehyde complex 9,15, 
which reacts in situ with a second molecule of acetaldehyde, is the key to the postulated 
reaction scheme. 

Acetaldehyde is undoubtedly tightly bound by the a-carboxylase of wheat germ; 
the strong inhibition of decarboxylation by internally produced acetaldehyde is evidence 
thereof. The high affinity of the enzyme for acetaldehyde explains why the latter is a 
sufficient substrate for AMC synthesis. The relatively large concentration of acetaldehyde 
needed for AMC synthesis (Fig. 2) probably reflects the requirements for the second 
molecule of acetaldehyde, which reacts with this complex. 

Acetaldehyde is less inhibitory toward yeast a-carboxylase, and is probably, 
therefore, less tightly bound by that  enzyme. Accordingly, acetaldehyde alone is in- 
sufficient for AMC formation by the partially purified yeast enzyme. In contrast to this, 
the enzymically produced acetaldehyde may be so tightly associated with the active 
center of pig heart  a-carboxylase that  no free acetaldehyde is liberated into solution, 
and the formation of AMC is practically quantitativeL The fact that  the enzyme from 
pig heart  also forms AMC from acetaldehyde alone ~, ao, and the demonstration that  with 
this enzyme ketol formation from pyruvate and an added aldehyde/ollows decarboxy- 
lation, may well indicate that  the mechanism of AMC formation presented in this paper 
also applies to animal carboxylases. Thus the differences in the products and substrate 
requirements of the various a-carboxylases may be explained in terms of their respective 
dissociation constants for acetaldehyde and other aldehydes. 
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The main objections 18 to the hypothesis that  a-carboxylase may  be responsible for 
ketol formation in various cells have been that  AMC synthesis can proceed in the 
absence of a-keto acids and HOFMANN'S finding al that  yeast  decarboxylates a-keto-n- 
valerate without forming from it a ketol. The answer to the first of these objections is 
apparent  from the foregoing. The lack of n-butyroin synthesis from a-keto-n-valerate 
probably reflects the low affinity of n-butyraldehyde for the yeast  enzyme, since the 
affinity of aldehydes for a-carboxylase decreases with increasing chain-length 18, and 
thus the act ivated enzyme-aldehyde complex may  never form from this homologue. 

Space does not permit  a detailed consideration of the reaction rates in the postulated 
scheme, but  it is important  to mention that  the rate of formation of the act ivated 
complex (C or D) from pyruvate  must  exceed its rate of formation from acetaldehyde, 
in order to account for the more rapid synthesis of AMC from pyruvate  plus acetaldehyde 
than from the lat ter  alone. I t  should be kept in mind that  the inhibition of the de- 
carboxylation of pyruvate  by acetaldehyde is never complete; a sufficiently large 
fraction of the enzyme molecules is always free for combination with pyruvate  to account 
for the increased rate of AMC synthesis which the addition of pyruvate  effects. 

I t  remains to consider the function of DPT in the act ivi ty of a-carboxylases. 
LANGENBECK'S postulate 32 that  the amino group of D P T  reacts with the carbonyl groups 
of a-keto acids was subsequently incorporated into various modifications of his reaction 
scheme (c/. ~). The reaction between the amino group of DPT and the carbonyl groups 
of pyruvate  and acetaldehyde has been retained in the scheme presently proposed, but 
subsequent intermolecular reactions15, ~2 or intramolecular oxido-reductions 33 of the 
intermediate are not deemed necessary to explain the action of simple a-carboxylases. 
The condensation of free acetaldehyde with the enzyme-acetaldehyde complex to yield 
AMC might occur by addition to the double bond in structures C or D or by  a substitution 
reaction of acetaldehyde on complex C, with retention of the C = N linkage. 

The same type of protein-DPT-acetaldehyde complex, which has been discussed in 
connection with a-carboxylases, may  conceivably be the first step in the action of 
enzymes which oxidize pyruvate.  There is a striking similarity between the a-carboxylase 
of wheat germ and the pyruvic oxidase recently isolated by SCHWEET et al. s4 in certain 
respects (AMC formation, requirements for cofactors, high molecular weight, etc.). I t  
seems possible that  the enzyme-acetaldehyde complex, under the influence of a second 
prosthetic group at tached to the protein, may  be oxidized to an enzyme-acetyl com- 
pound, which could in turn be hydrolyzed to acetate or react with coenzyme A. I f  the 
dissociation constant of the enzyme-acetaldehyde intermediate were small enough, no 
free acetaldehyde would be liberated*. This line of reasoning leads to the concept that  
a-carboxylase is the prototype of enzymes for the activation of a-keto acids and tha t  
enzymes capable of oxidizing the lat ter  would have to possess, besides DPT and a metal  
ion, a receptor site for the a t tachment  of an additional prosthetic group involved in 
electron transfer**. The verification of this concept would establish NEUBERG'S "nascent 
acetaldehyde ''a as a key intermediate in carbohydrate metabolism. 

* The unreac t iv i ty  of acetaldehyde in m a n y  py ruva t e  oxidases might  be ascribed to the need 
for the presence oI a carboxyl  group in the subs t ra te  for initial a t t rac t ion  to the enzyme proteins 
of these systems.  

** We have a t t empted  to invest igate whether  the purified a-carboxylase f rom whea t  germ 
would react  wi th  oxidizing agents. Using acetaldehyde or py r uva t e  as a subs t ra te  no reduction of 
D P N  or T P N  could be observed spectrophotometr ical ly ,  nor  could ferricyanide or methylene blue 
act as an electron acceptor.  
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I t  is a pleasure to acknowledge the invaluable help of Dr EDNA B. KEARNEY in 
the development of the hypothesis presented. 

SUMMARY 

I. Highly purified preparations of a-carboxylase from wheat  germ catalyze the synthesis of 
acetylmethylcarbinol  (AMC) from pyruvate  and acetaldehyde and from acetaldehyde alone. 

2. The AMC thus  synthesized has been isolated and its identi ty established by conversion to 
diacetyl, periodate degradation, and by analysis of the semicarbazone. 

3- I t  has been shown tha t  the decarboxylase and AMC-synthesizing activities are associated 
with the same enzyme, a-carboxylase. The conclusion is based on the constant  ratio of decarboxylation 
to AMC synthesis  throughout  a 2,7oo-fold purification, on the identical effects of partial inactivation 
and of pH, and on the identical requirements  for diphosphothiamin and a metallic ion for the various 
activities. 

4. The AMC synthesized by a-carboxylase consists of 72% of the (+)  and 28% of the (---) 
optical isomer. 

5- A scheme has been proposed for the enzymic t ransformations catalyzed by a-carboxylase. 
Known facts about  the a-carboxylases of yeast,  higher plants,  and of animal  tissues may  be explained 
in terms of the formation of a relatively stable enzyme-acetaldehyde complex, wherein the aldehyde 
is linked to the diphosphothiamin moiety of the enzyme. I t  has been suggested tha t  the formation 
of a similar intermediate may  be the first step in the  enzymic oxidation of pyruvate .  

R~:SUM]~ 

I. Des pr6parations hau t emen t  purifi6es de a-carboxylase de germe de b16 catalysent  la synth~se 
de l 'ac6tylm6thylcarbinol (AMC) ~ part ir  du pyruva te  et de l 'ald6hyde ac6tique ainsi qu'~ partir  
de l 'ald6hyde ac6tique seule. 

2. L'AMC ainsi synthdtis6 a 6t6 isol6 et son identit6 6tablie par t ransformation en diac6tyl, 
par ddgradation au perjodate et par analyse de la semicarbazone. 

3. Nous avons montr6 que les activit6s de ddcarboxylase et de synth~se d'AMC sont assoeides 
au m6me enzyme, l 'a-d6carboxylase. Cette conclusion est bas6e sur la constance du rapport  d6- 
carboxylat ion/synth~se d'AMC au cours d 'une purification pouss6e (2700 lois), sur l 'identit6 des effets 
produits par une inactivation partielle et par le pH et sur les besoins identiques de diphosphothiamine 
et d ' un  ion m6tallique pour les diverses activit6s. 

4. L'AMC synth6tis6 par l 'a-carboxylase contient 72 % d'isom~re optique (+)  et 28% d'iso- 
m~re (--). 

5. Nous avons propos6 un sch6ma des t ransformat ions  enzymat iques  catalys6es par l 'a-carbo- 
xylase. Des faits connus concernants l 'a-carboxylase de la levure, de plantes sup6rieures et de tissus 
an imaux  peuvent  s 'expliquer par la formation d 'un  complexe relat ivement stable enzyme-ald6hyde 
ac~tique, off l ' a ldehyde est li6e ~ la diphosphothiamine de l 'enzyme. Nous avons sugg6r6 l'id6e que 
la formation d 'un  interm6diaire semblable serait le premiere ~tappe de l 'oxidation enzymatique du 
pyruvate .  

ZUSAMMENFASSUNG 

I. Weitgehend gereinigte a-Carboxylase-Pr~iparate aus Weizenkeimen katalysieren die Synthes¢ 
von Acetylmethylcarbinol (AMC) aus Py ruva t  und Acetaldehyd oder aus Acetaldehyd allein. 

2. Das auf diese Weise synthetisierte AMC wurde isoliert und  seine Identit~it durch Umwandlung  
in Diacetyl, durch Abbau mit  Perjodat  und durch Analyse des Semicarbazons festgestellt. 

3- Es wurde gezeigt, dass die Decarboxylase- und  die AMC-Synthese-Aktivit~it zu demselben 
Enzym, der a-Carboxylase geh6ren. Dieser Schluss grfindet sich auf das konstante  Verhiiltnis De- 
carboxylase[AMC-Synthese bei 27oo facher Verdtinnung, auf die Gleichheit der Wirkungen yon 
partieller Inakt ivierung und pH und  auf den gleichen Bedarf an Diphosphothiamin und einem 
Metallion ffir die verschiedenen Aktivitiiten. 

4. Das AMC, welches durch die a-Carboxylase synthet is ier t  wird, enthiilt 7 2 % des optischen 
(+) - I someren  und 28 % des (--)-Isomeren. 

5. Ein Schema der enzymatisehen,  durch a-Carboxylase katalysierten Umwandlungen  wurde 
vorgeschlagen. Bekannte  Tatsachen fiber a-Carboxylasen yon Here, h6heren Pflanzen und tierischen 
Geweben k6nnen durch die Bildung eines relativ stabilen Komplexes Enzym-Acetaldehyd,  wo das 
Acetaldehyd an den Diphosphothiamintei l  des Enzyms  gebunden ist, erklArt werden. Die Bildung 
eines iihnlichen Zwischenproduktes kOnnte die erste Stufe der enzymat ischen Pyruva toxyda t ion  sein. 

Relerences  p .  327 . 



voI . .  9 (1952) ACETOIN SYNTHESIS 327 

R E F E R E N C E S  

1 T. P. SINGER AND J. PENSKY, Federation Proc., IO (1951) 248. 
2 T. P. SINGER AND J. PENSKY, Arch. Biochem. Biophys., 31 (1951) 457- 
z C. NEUBERG AND J. HIRSCH, Bioehem. Z., 115 (1921) 282. 
4 T. KITASATO, Biochem. Z., 195 (1928) 118. 
5 G. GORR, Biochem. Z., 254 (1932) 12. 
e I3. TANKO, L. 1V[UNK, AND I. ABONYI, Z. physiol. Chem., 264 (194 o) 91. 
7 D. E. GREEN, W. W. WKSTERFELD, ]~. VENNESLAND, AND W. E. KNOX, J. Biol. Chem., 145 (1942) 69. 
s S. BEEL AND E. BUEDING, J. Biol. Chem., 191 (I95 I) 4oi.  
9 S. OCHOA, Physiol. Revs., 31 (1951) 56. 

10 E. JuNI, Ph, D. Thesis, Wes te rn  Reserve University,  1951. 
11 W. LANGENBECK, Die organischen Katalysatoren und ihre Beziehungen zu den Fermenten, Berlin, 

2rid edition, 92 (1949). 
19 R. AMMON AND W. DIRSCHERL, Fermente Hormone Vitamine, Leipzig, 2nd edition, 261 (1948). 
is C. NEUBERG, Ann.  Rev. Biochem., 15 (1946) 435. 
14 W. DIRSCHERL, Z. physiol. Chem., 188 (193 o) 225. 
15 ~¢V. LANGENBECK, H. WREDE, AND ~V. SCHLOCKKRMAN, Z. physiol. Chem., 227 (1934) 263. 
is D. E. GREEN, D. HERBERT, AND V. SUBRAHMANYAN, J. Biol. Chem., 138 (1941) 327 . 
17 F. KUBOWlTZ AND W. LOTTGENS, Biochem. Z., 307 (1941) 17o. 
i8 T. P. SINGER AND J. PENSKY, ]. Biol. Chem., 196 (1952) 375- 
19 A. KLING, Ann.  chim. et phys., 5 (I9°5) 55 TM 

20 G. A. LE PAGE AND G. C. MUELLER, J. Biol. Chem., 18o (1949) 975. 
21 p. OHLMEYER, Biochem. Z., 297 (1938) 66. 
z~ E. NEGELEIN AND H. J. WULFF, Biochem. Z., 293 (1937) 351. 
93 M. SOMOGYI, J. Biol. Chem., 86 (193 o) 655. 
94 E. STOTZ, J. Biol. Chem., 148 (1943) 585 • 
2~ W. \V. WESTERFELD, J.  Biol. Chem., 161 (1945) 495. 
28 A. G. C. WHITE, L. O. KRAMPITZ, AND C. H. WKRKMANN, Arch. Biochem., 9 (1946) 229. 
2~ E. L. JACKSON, in R. ADAMS, Organic Reactions, New York, 2 (1944) 341. 
38 F. P. CLIFT AND R. P. COOK, Biochem. J., 26 (1932) 1788. 
20 T. P. SINGER, Biochim. Biophys. Acta, 8 (1952) lO8. 
3o R. L. BERG AND W. W. WESTERFELD, J. Biol. Chem., 152 (I944) 113. 
31 E. HOFMANN, Biochem. Z., 243 (1931) 429. 
39 W. LANGENBECK, Ergeb. Enzym/orsch., 2 (1933) 314 • 
3a H. %VEIL-1VfALHERBE, Nature, 145 (194 o) lO6. 
34 R. S. SCHXVEET, V. JAGANNATHAN, AND B. I{ATCHMAN, Federation Proc., io  (1951) 245. 

R e c e i v e d  D e c e m b e r  2 8 t h ,  1951 

21 


