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Acetyl coenzyme A has been shown to undergo two apparently 
different types of enzymatic activation. It may, on the one 
hand, transfer its acyl group to a nucleophilic acceptor, in a 
reaction involving cleavage of the acetyl-S bond. The other 
reaction type involves an apparent displacement of one of the 
methyl hydrogen atoms. In the thiolase reaction (1) which 
involves the condensation of 2 molecules of acetyl-CoA to give 
acetoacetyl-CoA, as shown in Equation 1, each of the 2 substrate 

CH 3 8_SCoA + CH !-SO ti 3 
(1) 

;; ii 
CH3CCH&-SCoA + HSCoA 

molecules undergoes one of the two different types of activation. 
In the reaction catalyzed by the “condensing enzyme” (2), i.e. 
the addition of acetyl-CoA to oxaloacetate to give citrate, as 
shown in Equation 2, the 1 molecule of acetyl-CoA undergoes 

ii ii 
CHaC-SCoA + COOH-CHz-C-COOH -+ 

OH (2) 
I 

COOH-CH%-- C-COOH + HSCoA 
I 

CHzCOOH 

both types of activation. It is cleaved at the acyl-S bond and 
condenses with oxaloacetate at the methyl position. The sugges- 
tion has been made that a tautomerization to an enolate, as 
shown in Equation 3, precedes the condensation reaction (3, 4). 
This suggestion is in accord with chemical studies which have 

ii 
O- 
I (3) 

CH, C-SCoA + CHz=C-SCoA + H’ 

shown that the hydrogen on the a-carbon atom of the acyl 
group is more acidic in acyl thiolesters than in ordinary acyl 
esters (5-7). 
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The work presented here involves a study of the tautomeriza- 
tion of acetyl thiolesters with the use of DtO. The results 
show that the spontaneous tautomerization of acetyl-CoA is 
slow, and that the condensing enzyme does not catalyze a rapid 
tautomerization of acetyl-CoA in the absence of oxaloacetate. 

MATERIALS AND METHODS 

Substrates and Enzymes-Acetyl-CoA was prepared according 
to Simon and Shemin (8). It was determined by spectrophoto- 
metric measurement of the amount of DPN reduced in the 
presence of malate, malic dehydrogenase, and condensing 
enzyme (9), as well as by acetylation of p-nitroaniline (10). 
Acetyl glutathione was prepared according to Kielley and 
Bradley (11) and determined spectrophotometrically at 232 rnp, 
and calorimetrically by the hydroxamic acid reaction (12) with 
crystalline acethydroxamic acid as a standard (13). 

Acetyl glutathione thiolesterase was purified 12- to 15-fold 
from beef liver acetone powder. The procedure used to assay 
this enzyme was similar to that of Kielley and Bradley (11) 
except that Trisl buffer was substituted for phosphate because 
the rate of hydrolysis in Tris was found to be twice the rate of 
hydrolysis in phosphate. The purification procedure involved 
extraction of the acetone powder with 0.02 M NaHC03 and 
precipitation of the activity by addition of acetone to a final 
concentration of 52 per cent by volume. The precipitate was 
taken up in 0.02 M NaHCOs, and the solution was held at 55” 
for 3 minutes and cleared by centrifugation. Inactive material 
was removed by protamine precipitation, and dialysis. The 
final preparation had a specific activity of 1.5 pmoles/minute/ 
mg. of protein. 

Condensing enzyme was partially purified by a procedure 
based on that of Ochoa et al. (2). Both the precipitate and the 
supernatant fluid obtained at pH 5.5 were fractionated separately 
with ethanol (0 to 30 per cent) and (NH&S04 (40 to 60 per 
cent). Fraction I, obtained from the supernatant fluid, had a 
specific activity of 16 (pmoles per 10 minutes per mg. of protein) 
and was contaminated with a trace of thiolase as determined 
spectrophotometrically with acetoacetyl pantetheine as sub- 
strate (14). Fraction II, prepared from the precipitate, had a 
specific activity of 4.2 and was free of thiolase. Both fractions 
were devoid of acetyl CoA deacylase activity. Assays for the 
condensing enzyme were carried out according to the procedure 
of Ochoa et al. (2), by measuring the rate of disappearance of 
acetyl phosphate from a system containing transacetylase, 
acetyl phosphate, CoA, and oxaloacetate. The results were cor- 

1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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rected by a control in which oxaloacetate was omitted. Acetyl acetyl-CoA (Equation 3) in the absence of its other substrate, 
phosphate was prepared according to Avison (15). Protein oxaloacetate. Such tautomerization would result in the ap- 
determinations were carried out spectrophotometrically (16). parent exchange of the methyl hydrogen atoms of the acetyl 
An unfractionated extract made from dried cells of Clostridium group with the deuterium (D) of the medium when acetyl-CoA 
kluyverii (Worthington Biochemical Corporation) served as a is incubated with the condensing enzyme in a medium of DzO. 
source of transacetylase (17). Before the experiments with condensing enzyme were attempted, 

Isolation of Acetate as p-Bromophenacyl Derivative-After control experiments were carried out to determine the extent to 
hydrolysis of the acyl-S bond and addition of diluent acetate, which D might be incorporated nonenzymatically into the 
the pH was brought below 2 with H&Oh, and the solution was acetyl moiety of acetyl thiolesters during incubation and hy- 
extracted continuously with ether for 3 hours. The ether drolysis in DzO. The basic procedure, both in the control 
extract containing the acetic acid was added to 5 ml. of water experiments, and in the experiments with condensing enzyme, 
containing sufficient NaHC03 to neutralize the acid, which was involved incubation of acetyl thiolesters in D20, hydrolysis to 
extracted into the aqueous layer as acetate. acetate, isolation of the acetate as the p-bromophenacyl deriva- 

The mixture was then dried by evaporation. To remove all tive, and determination of its D content. The data from all 
traces of DzO, the residue was redissolved in Hz0 and again the pertinent experiments are summarized in Table I. 
taken to dryness. This washing procedure was repeated. The The first two experiments were controls in which acetyl 
dry residue was finally dissolved in 2 ml. of Hz0 and the acetate glutathione was incubated in DzO for 15 minutes. In Experi- 
was converted to the p-bromophenacyl derivative (18), m.p. ment 1, acetate was isolated after enzymatic hydrolysis. Ex- 
85”. Deuterium analyses were carried out as previously de- periment 2 was identical except that alkaline hydrolysis was 
scribed (19). employed. The results show that these procedures involved 

the incorporation of only 0.02 atom of excess D per molecule in 
RESULTS AND DISCUSSION the first case, and 0.06 atom of excess D per molecule in the 

The purpose of the present experiments was to determine second case. Thus there is only a neglibible nonenzymatic 
whether the condensing enzyme catalyzes a tautomerization of incorporation of D into the methyl group of acetate under the 

TABLE I 
Exchange of D into acetate 

Ezperiment 1-21.1 rmoles of acetyl glutathione and 120 pmoles of Tris buffer at pH 7.4 were incubated for 15 minutes at room tem- 
perature in 2.5 ml. of 99 per cent D20. 2.1 mg. of thiolesterase were added. After 12 minutes, 886 pmoles of sodium acetate were added, 
and the enzyme was inactivated by heating for 1.5 minutes at 100”. To determine the rate of the hydrolysis by thiolesterase, a similar 
mixture was incubated in HzO. Aliquots were removed at intervals after addition of enzyme and analyzed by the hydroxamate re- 
action (12). The rate of hydrolysis was first order with respect to substrate, with less than 2 per cent remaining after 10 minutes. 

Experiment S-25.0 pmoles of acetyl glutathione and 120 pmoles of Tris buffer at pH 7.4 were incubated for 15 minutes in 3.0 ml. of 
DzO at room temperature. To hydrolyze the thiolester, 0.2 ml. of 3.3 N KOH was added, and the solution was reincubated for 10 min- 
utes. 1085 pmoles of sodium acetate were added as diluent. 

Experiment 6-5.4 pmoles of acetyl-CoA, 120 bmoles of Tris buffer at pH 7.4, and 7.0 mg. of condensing enzyme (Fraction II) were 
incubated for 40 minutes at room temperature in 4.5 ml. of 80 per cent DzO. The acetate was isolated after alkaline hydrolysis and 
addition of 580 pmoles of diluent. 

Ezperiment &-lo.1 hmoles of acetyl-CoA (brought to a pH of 7.4 by addition of NaHCOs) and 3.3 mg. of condensing enzyme (Frac- 
tion I) were incubated in 3.3 ml. 90 per cent DzO at room temperature for 40 minutes. The thiolester was hydrolyzed with alkali as 
in Experiment 2, and 450 pmoles of acetate were added as diluent. 

Experiment 5-74.8 rmoles of acetyl phosphate, 0.5 pmoles of CoA, 10 &moles of glutathione, 4 pmoles of MgC12, 88 units of trans- 
acetylase (3.4 mg. of protein) and 3.3 mg. of condensing enzyme (Fraction I) were incubated in 4.3 ml. of 85 per cent DzO for 40 min- 
utes at 27”. At the end of the incubation, 58.3 pmoles of acetyl phosphate remained. The acetate was isolated after alkaline hydrol- 
ysis and analyzed for D after addition of 536 pmoles of unlabeled diluent. The 16.5 pmoles of acetate hydrolyzed during the incubation 
were considered to be diluent. 

Substrate Treatment 

1 Acetyl glutathione Enzymatic hydrolysis 0.005 
2 Acetyl glutathione Alkaline hydrolysis 0.016 
3 Acetyl-CoA Condensing enzyme 0.004 

(11) 
4 Acetyl-CoA Condensing enzyme (I) 
5 Acetyl phosphate and Transacetylase, con- 

CoA densing enzyme (I) 

* Corrected to 100 per cent DsO. 
Theory for 1 atom of D per molecule of p-bromophenacyl acetate is 11.1 per cent. 

Atom 70 excess D 

Acetate 

42.7 
44.4 

110 

45.9 
10.4 

Atom D per molecule 

Found 

0.02 
0.06 
0.04 

0.12 
0.44 

Corrected 

0.05* 

0.13* 
0.51* 
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conditions employed. These results are in accord with the 
results of previous experiments2 which have shown that in- 
cubation and alkaline hydrolysis of fi-hydroxybutyryl pante- 
theine in DzO does not cause significant incorporation of D in a 
stable position of the fl-hydroxybutyrate. Furthermore, Rose 
(20) has demonstrated that lactoyl glutathione under similar 
conditions does not incorporate appreciable amounts of tritium 
from a medium of TOH. 

Experiments 3 to 5 were all carried out with condensing 
enzyme in sufficient amount to cause an incorporation of almost 
3 atoms of D into acetate if the enzyme caused a reversible 
tautomerization of acetyl-CoA (Equation 3) at a rate about 
equal to the rate of the formation of citrate from acetyl-CoA 
and oxaloacetate. The critical experiments were Experiments 3 
and 4 in which acetyl-CoA was incubated in DzO with con- 
densing enzyme. The acetate isolated in Experiment 3 had 
acquired only 0.05 atom of excess D per molecule, the same 
amount as was formed in the control (Experiment 2). The 
acetate isolated in Experiment 4 contained 0.07 atom of excess 
D (when corrected for the control value of Experiment 2). 
The amount of enzyme added in these experiments could have 
converted the 5.4 pmoles of acetyl-CoA in Experiment 3 and the 
10.0 pmoles of acetyl-CoA in Experiment 4 to citrate in about 1 
and 2 minutes, respectively, if oxaloacetate had been added. 
The actual incubation time employed was 40 minutes. Thus, 
even a relatively slow catalysis of the tautomerization (Equa- 
tion 3) could have been detected had it taken place. 

The small amount of excess D incorporation observed in 
Experiment 4 is most probably due to thiolase, a contaminant 
which was absent from the enzyme preparation used for Experi- 
ment 3 (see “Materials and Methods”). This possibility is 
strengthened by the result obtained in Experiment 5, which was 
identical to Experiment 4, except that acetyl phosphate, trans- 
acetylase and CoA were added in place of acetyl-CoA. In this 
experiment, 0.51 atoms of D per molecule were found in the 
acetyl phosphate. The enzyme components of the reaction 
mixtures of Experiments 4 and 5 were the same except that an 
excess of transacetylase in the form of an extract of Cl. kluyverii 
was added in Experiment 5, in addition to the condensing 
enzyme. Since the Cl. kluyverii extract contained little or no 
condensing enzyme, it was obvious that the D incorporation 
observed in Experiment 5 could not have been caused by con- 
densing enzyme. Subsequent assay showed that the Cl. kluyverii 
extract added had at least 10 times as much thiolase as did the 
condensing enzyme preparation (I). Since the thiolase reaction 
(Equation 2) is reversible, this enzyme must necessarily cause 
an incorporation of D into acetyl-CoA. It is, therefore, reason- 
able to attribute the small D incorporation observed in Experi- 
ment 4 to thiolase. One may note that the results of Experi- 
ment 5 show that excess D incorporated into acetate is not lost 
by exchange during the isolation procedure, a finding consistent 
with earlier observations.z 

The lack of tautomerization of acetyl-CoA by condensing 

2 Submitted for publication to The Journal of Biological Chem- 
istry by A. Marcus, B. Vennesland, and J. R. Stern. 

enzyme (in the absence of oxaloacetate) is in contrast to the 
results obtained with aldolase (21, 22) which has been shown to 
cause a rapid incorporation of tritium from a medium of TOH 
into dihydroxyacetone phosphate in the absence of 3-phos- 
phoglyceraldehyde. The failure of the condensing enzyme to 
cause an analogous tautomerization is in accord with the results 
of studies in vivo with trideuteroacetate made by Sonderhoff 
and Thomas in 1937 (23). In these experiments, citrate formed 
from the labeled acetate by respiring yeast cells contained the 
maximum amount of D theoretically possible, as calculated from 
present knowledge of the reaction sequence involved. This 
calculation is made from the reported D content of the acetate 
used and of the succinate which was also isolated from the 
yeast cells. The D content of the nonexchangeable hydrogen of 
the acetate, citrate, and succinate were 86 per cent, 55.8 per 
cent, and 40.6 per cent, respectively. Of the 4 nonexchangeable 
hydrogen atoms of citrate, only 1 can be derived from succinate, 
2 from acetate and 1 must of necessity be derived from the 
medium (which had an excess D content so low that it can be 
neglected here). I f  the values for the D content of the 4 atoms 
of nonexchangeable H of citrate are averaged, a D content of 53 
per cent is found, in agreement with the 56 per cent reported. 
Even if the succinate contained as much D as the acetate (an 
assumption entirely incompatible with known reaction paths), 
the D content of the citrate could not exceed 64.5 per cent. 
Thus the results obtained in vivo show that little if any D is lost 
from the methylene group furnished by acetate. A rapid 
tautomerization of acetyl-CoA under conditions in viva is thus 
excluded. 

The results of Sonderhoff and Thomas also exclude any 
extensive tautomerization (i.e. enol -+ keto transformation) of 
oxaloacetate in vivo, since the occurrence of such a reaction before 
the condensation of oxaloacetate with acetyl-CoA would result in 
the absence of label in one of the methylene groups of citrate, 
with the result that the nonexchangeable hydrogen in citrate 
would contain only half as much D (i.e. 43 per cent) as in acetate. 
The amount of D found in citrate (55.8 per cent) was well over 
43 per cent. 

SUMMARY 

The incubation of acetyl coenzyme A in DzO in the presence 
of condensing enzyme does not result in any incorporation of D 
into the methyl group of the acetate. This shows that the 
condensing enzyme does not cause an enolization of acetyl 
coenzyme A in the absence of oxaloacetate. 
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ADDENDUM 

Since this paper was submitted for publication, we have 
learned that similar experiments, with tritium as a tracer, have 
been carried out independently by Jose Bove, R. 0. Martin, P. 
K. Stumpf, and L. L. Ingraham (Berkeley, California), and that 
they have reached the same conclusions. 
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