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Abstract: The conversion of acetoacetate to acetone and carbon dioxide, catalyzed by acetoacetate decarboxylase (AAD), in­
volves the enamine of acetone and the enzyme as a compulsory intermediate. The enzyme catalyzes the protonation of this 
enamine to the corresponding iminium ion. Previous investigations had shown that, consistent with this activity, AAD cata­
lyzes the proton-exchange reactions of acetone. In this study, evidence is presented that AAD will catalyze a stereospecific 
exchange at the 3 position of butanone, and that the exchange of protons with those on the methyl group of acetone occurs in 
steps, with the rate constants for exchange of successive protons identical except for statistical factors. The hydrolysis of ace­
tone imine must therefore be rapid compared with proton exchange at carbon. 

The decarboxylation of acetoacetate, catalyzed by aceto­
acetate decarboxylase, occurs by way of imines as interme­
diates. According to the mechanism proposed for the pro­
cess, acetoacetate reacts with the «-amino group of an ac­
tive-site lysine residue to yield an imine of acetoacetate, 
which then undergoes decarboxylation to form the enamine 
of acetone; subsequently, protonation of this enamine yields 
the cation of a second imine, that of acetone.2-5 A review of 
the experiments upon which this mechanism is based has re­
cently appeared.6 The overall mechanism for the decarbox­
ylation is presented in Scheme I. 

Scheme I 
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Tagaki et al.5 showed that the enzyme will catalyze ex­
change of the deuterons of acetone-^6 with the protons of 
water and similarly exchange the protons of acetone with 
the deuterons of deuterium oxide. Since these exchange 
reactions almost certainly proceed by way of the imine of 
acetone and the enzyme, they are relevant to the enzymic 
reaction. The present study is concerned with the mecha­
nism of the exchange process. 

We have determined by N M R spectroscopy and by mass 
spectrometry that the • AAD catalyzed proton-exchange 
reactions of acetone occur in a stepwise manner. This leads 
to the conclusion that hydrolysis of the acetone-derived 
imine of AAD occurs rapidly compared with tautomeriza-
tion of the imine to the enamine. Furthermore, the AAD-
catalyzed deuteration of butanone at the 3 position is ste­
reospecific, confirming that the proton-exchange reaction 
itself is enzymic and defining some of the geometric re­
quirements of the active site. 

Experimental Section 

All reagent grade materials were used as purchased. All nonre-
agent organic chemicals were purified by distillation or recrystalli-
zation. Mr. Jerome V. Connors extracted acetoacetate decarboxyl­
ase from Clostridium acetobutylicum and purified it by published 
procedures.4 The spectroscopic assay method described by Frido-
vich7 was used to determine the activity of solutions of the enzyme. 
All enzyme used in these studies had been crystallized and stored 
at 5° as a suspension in 50% saturated ammonium sulfate solution. 

The deuteration of acetone was followed by NMR spectrometry 
(Varian HA 100 spectrometer) using 0.15 M, pD 5.9, 2-picoline 
buffer and 0.5 M acetone in a manner similar to published proce-
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Figure 1. (a) The 100-MHz NMR spectrum of acetone in deuterium 
oxide after approximately 25% of the proton content of the molecule 
has been replaced enzymatically with deuterons. (b) The same after 
about 75% reaction. 

dures.5 The deuteration of butanone was followed in an analogous 
procedure, using 0.1 M, pD 5.9, phosphate as buffer. Complete 
high-resolution spectra were taken periodically, and appropriate 
signals were integrated. Experiments with butanone were per­
formed on a Varian A60 spectrometer. All runs were carried out at 
30.0° using NMR tubes which were incubated in a constant-tem­
perature bath. At the end of each run, enzyme activity was as­
sayed; in all cases, enzyme appeared to remain active for the dura­
tion of the experiment. 

Mass Spectral Procedure. The dedeuteration of acetone-rf6 was 
followed by mass spectrometry in order that each of the individual 
species could be looked at separately. The reaction conditions are 
given in Figures 2a and 2b. All runs were performed at 25°. AH-
quots (2 ml) from the 0.5 M or 0.05 M reaction mixture were re­
moved at various times, and the acetone was isolated by the meth­
od as outlined by Hamilton.8 Mass spectra were taken by Dennis 
Rohrbaugh on an Associated Electrical Industries, Ltd., MS-9. 
The m/e 58-64 peak heights were measured, and the percentage of 
each peak height was determined. The acetone-rf6 species was 
found to disappear in a first-order manner. A plot of the peak per­
centage of m/e 64 against time gave the rate constant for this dis­
appearance. The other rate constants were determined as described 
in the Discussion. 

Results 

Both mass spectra and NMR spectra indicate that aceto-
acetate decarboxylase catalyzes stepwise exchange in ace­
tone (or deuterioacetone). That is, the reaction proceeds via 
acetone-^ i, acetone-^2 • • • acetone-^6 or the reverse. The 
experimental results which indicate this are presented in 
Figures 1 and 2. The protons of the methyl signal of acetone 
should appear originally as the well-known singlet; then, as 
monodeuterated species appear, the deuterium-hydrogen 
coupling should result in the production of a closely spaced 
triplet (three equal peaks since deuterium has a nuclear-
spin quantum number of 1) along with the singlet. As di-
deuterated species become prevalent, a quintet should ap­
pear. These expectations are confirmed experimentally for 
the deuteration and, in the reverse, for the dedeuteration 
reaction. Coupling constants (2.3 Hz) are within the range 
expected from published values.9 The same stepwise behav­
ior is observed in most nonenzymic cases10 (see Discussion 
for the relevant exceptions), although under the conditions 
of the enzymic experiment, the nonenzymic rate is so slow 
as to be undetectable. 

The rate data for the deuteration of butanone catalyzed 
by AAD are presented in Figure 2. The plot indicates that 
all three protons of the 1 position are replaced at a homoge-

Time (Hrs) 
Figure 2. (•) Integrated value of the NMR signals of the 1 position of 
butanone in deuterium oxide in the presence of approximately 4 X 
1O-6 M acetoacetate decarboxylase at 30.0°. (O) Integrated values of 
the signal corresponding to the absorption of the protons in the 3 posi­
tion of butanone under the same conditions, (A) Data for the 3 position 
assuming only half of the protons are replaced enzymatically. 

1.0 0.9 " r1-0, 0.9 
S (ppm) 4 (PPm» 

Figure 3. (a) The 60-MHz spectrum of the protons of the 3 position of 
butanone after 50% of the original signal remains, catalyzed by en­
zyme; (b) the same except catalyzed by hydroxide. 

neous rate when the data are plotted as a first-order reac­
tion, while a good plot for deuteration of the 3 position is 
obtained only when it is assumed that the enzyme is capable 
of specifically replacing one but not both of the two prochir-
al protons." The continued deuteration of the 1 position 
and the final assay which indicated the enzyme retained al­
most all of its initial activity at the end of the run eliminate 
the possibility that the cessation of deuteration of the 3 po­
sition of butanone after 50% reaction is due to coincidental 
denaturation of the enzyme. Figure 3 presents NMR data 
which support the apparent selectivity of the exchange reac­
tion at the 3 position indicated by the kinetic observations. 
After 90% reaction (that is, the proton signal of the 3 posi­
tion has decreased to 55% of its original integrated value), 
the signal of the methyl protons in the 4 position is split by 
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Figure 4. (a) The change with time of the peak height percentages, de­
termined mass spectrometrically, of the various deuterated species of 
acetone in the dedeuteration of acetone-^- The reaction was run using 
0.5 M acetone-^6 in 0.05 M potassium phosphate buffer, pH 5.95, in 
the presence of 4.9 X 1O-6 M (subunits) acetoacetate decarboxylase. 
(O) acetone-rf6, (®) acetone-rfs, (D) acetone-rf,t, (S) acetone-^, (A) 
acetone-*^, ( A ) acetone-^i, and (0) acetone-do- The curves are those 
calculated for a six-step series of consecutive first-order reactions using 
the appropriate rate constants, (b) Same as Figure 4 except 0.05 M ac-
etone-rfe was used. 

an adjacent methylene group containing one proton and one 
deuteron (coupling constants and chemical shifts agree with 
values obtained by others)9 with a weak triplet remaining 
due to the residual concentration of species which have not 
yet incorporated deuterium at the 3 position. The pattern of 
the signal from the protons at the 4 position eventually be­
comes that of a methyl group adjacent to a monodeuterated 
methylene group; no further changes occur in the spectrum 
after several days. It is this last observation that establishes 
that only one of the two protons in the 3 position is ex­
changed enzymically. The data presented in Figure 2 are 
consistent with and confirm the conclusion since the ex­
change data give a somewhat better straight line when plot­
ted for exchange of one than for the exchange of both pro­
tons. This result requires that the exchange be stereospecif-
ic12 and implicates the involvement of a specific group of 
the enzyme in the tautomerization reaction. Since replace­
ment of the proton (or deuteron) onto the enamine is stereo-
specific, by microscopic reversibility,13 it can be expected 
that proton removal from the imine is stereospecific and 
therefore enzymically directed. The involvement of a specif­
ic group in the proton abstraction reaction confirms the 
suggestion of the involvement of a functional group in the 
active site3'514 in addition to the nucleophilic amino group 
of the lysine residue which is involved directly in imine for­
mation.14 

Figure 4 contains the plots of the data obtained in the ex­
periments where the production of the individual species in 
the dedeuteration of acetone-^ was monitored by mass 
spectrometry. A single rate constant with statistical correc­
tions can accommodate the complicated array of data that 
result from those measurements. The agreement between 
experimental data and calculated curves confirms that the 
exchange reaction occurs in a stepwise manner and gives 
valuable additional data concerning the rate constant asso­
ciated with each species. No secondary isotope effect was 
included in these calculations. 

Discussion 
The stepwise nature of the exchange indicates that the 

enzyme-catalyzed proton-exchange reaction of acetone is 
slow relative to the reaction between acetone and enzyme 
which forms the imine and the hydrolysis reaction which 
reproduces enzyme and acetone. Referring to Scheme II, if 

Scheme II 

E - B 

NH, 

CH3CCH3 -,— -̂
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NH* 

E-BH+ 
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H,C CH9 HoC X CH, 

k~\ is large compared with ki, then only stepwise deutera-
tion will be found. If A:_i were much smaller than ki, then 
the predominant deuterated species that would be observed 
would be CD3COCH3 and acetone-£?6- Since both NMR 
and mass spectroscopy indicate that single-step deuteration 
or dedeuteration occurs, k-\ must be larger than ki, and 
the process corresponding to k\/k-\ can be treated as a 
preequilibrium. 

The involvement of a catalytic group in addition to the 
lysine residue defines the area adjacent to the imine func­
tionality; the ketone-derived portion of the Schiff base in­
termediate should have a branch adjacent to the second 
functional group and a branch remote from that functional 
group.15 Once imine formation has occurred only one 
branch of the molecule is accessible to deuteration (unless 
the catalytic group is fortuitously equidistant from both po­
sitions). Since both branches of butanone are deuterated 
with approximately the same rate constant (see Figure 2), 
no large energetic preference obtains for either of the two 
possible geometric imine isomers. This conclusion is a rea­
sonable consequence of the fact that the enzyme's active 
site has sufficient space to accommodate the acetoacetate 
molecule. The stereospecificity of the exchange at the 3 po­
sition of butanone indicates that the "ethyl branch" has a 
specific binding mode in which the C4 methyl group is best 
accommodated. This may be the same space as is made 
available to the carboxylate group of acetoacetate. The re­
port that 2-methylacetoacetate is a rather poor substrate of 
acetoacetate decarboxylase (kcat/Km for the methylated de­
rivative is lower by a factor of 22)16 indicates that the active 
site does not readily accommodate both the methyl group 
and the carboxyl function attached to the same carbon 
atom. 

The kinetic expression for the deuteration or dedeutera­
tion process can be treated as a simple Michaelis-Menten 
system17 since our observations indicate that proton ex­
change of the enzymic imine is slow with respect to hydroly­
sis of the imine. The derivation of the kinetic expression 
(Chart I) is simplified further by the assumption that deu­
terated and undeuterated species bind to the enzyme with 
the same affinity. The expression is valid for the replace­
ment of a single proton or deuteron with statistical correc­
tions or for total exchange. The value of parameters neces­
sary for the calculation of /ccat can readily be determined. 
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Chart I 

K. = 

S, ^ ES, 

(E)(S.) (E)(S4 

(ES,) (ES,) 

E0 = E + ES„ + ES, 

ES, 

So 

ES„ 

ES, 

v = fecat(ES,) = kobsi(Sd) 

(K + s ) 
algebraic manipulation yields: fccat = &obsd—*——^ 

The reported value of K1 for the inhibition by acetone23 of 
decarboxylation of acetoacetate is 0.3 M which should ap­
proximate Ks as defined in the current study. The value of 
Ks that gives a consistent value for &cal at both concentra­
tion levels of the mass-spectral experiments is 0.45 M. 
Since the rate data fit the single parameter curves quite 
well, it is reasonable to use this particular value for further 
calculations. The value of kCM obtained assuming one active 
site per two subunits18 is 4 sec - 1 , although other values of 
Ks lead to a A:cat

5 of up to 10 sec - 1 . This is comparable to 
values of £ca t calculated from data given for a similar pro­
cess in rabbit muscle aldolase.5'19 

The mass spectrometric data can be interpreted on the 
basis of successive reactions, where each step is independent 
of the others. The first-order rate constant for the first step, 
the loss of a deuterium atom from acetone-^6, can easily be 
determined, and the rest of the data can be accurately rep­
resented by assigning to each subsequent step that same 
rate constant multiplied by the appropriate statistical factor 
for the particular step. This means that the rate constant 
assigned to the dedeuteration of acetone-^5 was % of that 
for the dedeuteration of acetone-^6,- the rate constant for 
the dedeuteration of acetone-^ was % of that for acetone-
db, and so on down to the rate constant for the dedeutera­
tion of acetone-^ 1, which was \ of that for acetone-^6-
Rate equations for successive first-order reactions are 
known;20 here we integrated the successive differential rate 
equations and set up a simple computer program to predict 
the concentrations of the various partially deuterated 
species granted the original concentrations of acetone-af6 

and the assumed rate constants. Trials with rate constants 
for successive steps 10% greater or less than those obtained 
by the application of statistical factors (as explained above) 
produced curves that fit the experimental data obviously 
less well. 

A complete analysis of the enzymic system would entail 
assigning rate constants to each step of the overall process. 
Insufficient data are as yet available to allow this, and we 
have not yet designed experiments which would permit 
gathering the needed information. Hine and his collabora­
tors2 '~23 have studied in detail the corresponding nonenzy-
mic reactions, with various ketones, and with both simple 
amines and bifunctional amines as catalyst. Most primary 
amines catalyze the stepwise exchange of protons, as in the 
enzyme case, but a few bifunctional amines catalyze the 
complete exchange from one of the methyl groups of ace­
tone imine before the other reacts;23 in these cases, the ex­
change must be faster than the hydrolysis of the imine. 
With knowledge of the rate constants for exchange and of 
the pAT's of the catalyst and the imines formed from them, 
Hine et al. were able to specify the rate constants for pro-
tonation and deprotonation. 

For the enzymic decarboxylation, however, the needed 
pA"'s are not known. The process under consideration can be 
represented by Scheme II where B represents the basic 
group on the enzyme that removes the acidic proton of the 

imine salt, and E represents the enzyme residue. Although 
some estimate might be made for the pAT's of the imine and 
of the enamine (for protonation on carbon), the pK of the 
basic group, B, or even its chemical nature, is unknown. 
True, the pH-rate profile for the enzymic decarboxylation 
is known;14-24 the pH vs. Vmax/KM curve shows a maximum 
around pH 5.9, controlled by two "apparent" pK's near 6. 
But in multistep enzymic processes such as this one, the ap­
parent pA"'s of the essential groups on the enzyme, or the 
enzyme-substrate complex, correspond to complicated alge­
braic expressions that contain, in addition to the relevant 
ionization constants, ratios of rate constants of unknown 
magnitude.14 

The value of ki could in principle be obtained from the 
estimated pK of the imine and the observed rate constant of 
4 sec - 1 for the loss of a proton from the mixture of imine 
and imine salt that obtains at pH 5.9. The ratio of kjjk-i is 
equal to the quotient ^ S H + / ^ B H + , where XSH+ is the ion­
ization constant for the protonation of the enamine on car­
bon, and ATBH+ is the ionization constant for the group re­
sponsible for catalysis. It is this latter constant which can­
not be estimated. Although the investigation of the pK of 
the amino group of the essential lysine residue of the en­
zyme25 revealed an additional group near the active site 
with pK about 8, it is by no means clear that this group is 
the catalytically active one. Under the circumstances, any 
attempt to estimate k-i seems premature. 

One can, however, discuss the value of the rate constant 
for the reverse reaction, the formation of the enamine. Hine 
et al.23 have pointed out that /ran.s-2-(dimethylamino-
methyl)cyclopentylamine is about three times as effective 
on a weight basis as is acetoacetate decarboxylase in hydro­
gen exchange from acetone-rf6- A chemical catalyst may 
well be superior to an enzyme, especially if the reaction in 
question is not rate limiting. If (as seems likely) the equilib­
rium of Scheme II strongly favors the imine salt, then the 
value of k-2 will be large, compared with the rate constant 
for decarboxylation. There will be no evolutionary pressure 
to increase the rate of the protonation of the imine formed 
as an intermediate in decarboxylation so long as the decar­
boxylation26 rather than the protonation is rate limiting. 
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Copper-containing proteins have been the subject of in­
tensive studies' during the last few years, both because of 
their great biological importance (mainly in respiratory 
chains) and also because of the intrinsic interest posed by 
the difficult problem of identifying the location of copper in 
the protein.2 In fact, this problem is much more difficult 
than for other metal proteins, e.g., iron heme proteins. In 
the case of these last proteins, at least four of the six ligands 
of iron are easily identified upon isolation and characteriza­
tion of the prosthetic group. On the other hand, in copper 
proteins, each copper atom may have three to six ligands, 
all supplied by the residues of the peptide chains,2 and, ac­
cordingly, only direct studies of the proteins can lead to the 
identification of the ligands. In the case of relatively small 
proteins, an unequivocal answer to this problem may come 
from single-crystal X-ray diffraction studies, but it is rather 
unlikely that any such study will even be attempted for the 
gigantic molecules of hemocyanins in the near future. 

All direct spectroscopic studies3 have failed to give clear 
evidence on the structure and composition of the active site 
of copper proteins (or even for that matter, on the oxidation 
states of the different copper atoms of a given protein). On 
account of all these difficulties, indirect studies on model 
compounds may be of great significance for identifying the 
probable copper ligands in copper proteins. 

In the absence of prosthetic groups, the choice of ligands 
can be restricted to the side chains of naturally occurring 
amino acid residues and/or to the peptide chain groups 
themselves. These ligands can be further subdivided, on the 
basis of many physicochemical studies, into Cu 2 + specific, 
Cu + specific, and nonspecific.4 A very stringent require­
ment on the composition of the active site of copper proteins 
involved in oxidation-reduction reactions is that electron 
transfers occur without ligand displacement. This amounts 
to saying that the ligands we are looking for must be good 
for both Cu 2 + and Cu+ . 

In line with these ideas, several researchers in the past 
have proposed either the sulfhydryl group of cysteine5 or 
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the imidazole ring of histidine6 as the linkage of copper to 
protein in hemocyanins. Other studies, e.g., the effect of 
photooxidation and histidine reagents on Murex trunculus 
hemocyanin,7 point to the imidazole ring as a probable lig­
and rather than the sulfhydryl group. Accordingly we fo­
cused our attention on models in which the nitrogen atoms 
of the imidazole ring could be complexed to Cu + or Cu 2 + 

together with other ligands very common in protein mole-
cules'such as the amide group and/or the carboxylate group 
which, although specific for Cu 2 + , might take part in Cu+ 

complexation if coupled with a possible Cu + ligand. 
Acetylhistamine (henceforth referred to as AcHm) was 

chosen as a model for the case of imidazole ring plus amide 
group and acetyl-L-histidine (henceforth referred to as 
AcHis) as a model for the case of imidazole ring plus car­
boxylate group (and amide group). 

COO" 

H CH2CH2NHCOCH3 H CH2CH 

V 5I I4 6I NHCOCH 3 
H N ^ N U N : HNia^N: 

H H 
AcHm AcHis (-) 

Nmr spectroscopy techniques were employed in our study 
since they are probably unique in giving direct structural in­
formation on complexes containing an ion such as Cu+ 

which have been generally studied with physicochemical 
methods that give only very indirect structural information 
(e.g., potentiometry). 

Experimental Section 

Materials. Acetonitrile was purchased from C. Erba (Milano, 
Italy) and purified by distillation over molecular sieves. Af,7V-Di-
methylacetamide was obtained from Fluka AG (Buchs, Switzer­
land) and distilled twice before use. Powdered Cu and CuSO4-
5H2O were from C. Erba. CuSO4-SD2O was prepared from 
CuS04.5H20 by exhaustive dehydration and subsequent recrystal-
lization from D2O (99.7%, from C. Erba). 
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Abstract: The complexes (acetylhistaminehcopper"1" and (acetyl-L-histidine)2Copper+ have been studied in aqueous solutions 
by means of proton magnetic resonance spectroscopy. The amide group proved to be unable to complex Cu+ both alone and 
in conjunction with the nonspecific imidazole ligand. The Cu2+ specific carboxylate group, on the other hand, appears to be a 
possible site of coordination also for Cu+ when coupled with the imidazole ligand. These results are interpreted with respect 
to the problem of the active site of copper proteins with redox activity. 
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