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Decarboxylation of pyruvate by pyruvate decarboxylase (EC 4.1.1.1) was performed in a reaction mixturecontaining 50% dcutcrium. The isolated 
product, acetaldehydc, was investigated directly by ‘H NMR and by mass spectromelry after conversicm to the 2,4-dinitrophenyl hydraxxtr. The 
protium content of 56% at acetaldehydc Cl demonstrates a spescific protonation of ihe corresponding intermediate by the enzyme. Proton inventory 
studies and enzyme modificatic;n indicate the 4’ amino group of the coenryme, thiamine pyiophnsphate. in an immonium structure being a possible 

proton donor. A ‘partially concerted’ mechanism is suggested for the reaction steps following the decarboxylation. 

Pyruvatc decarboxylasc mechanism; Thiamine pyrophosphate; Proton inventory 

1. INTRODUCTION 

Pyruvate decarboxylase (PDC; EC 4.1.1-l) catalyzes 
the decarboxylation o< 2-oxoacids to the corresponding 
aldehydes using thiamine pyrophosphate (TPP) and 
M$+ as cofactors. In addition to the C2 atom of the 
thiazolium ring reacting with the carbonyl group of the 
substrate to form 2-a-lactyl-TPP [l], both the Nl ’ atom 
and the 4’ amino group on the pyrimidine ring [2,3] play 
an essential role in the catalytic mechanism. Decar- 
boxylation of 2-a-lactyl-TPP leads to an optically active 
enamine/a-carbanion intermediate [4,5]. 

reaction time of I?0 min the enzymic solution was heated and the 
acetaldehyde was trapped in the ice-cooled d,-benzene. Care was taken 
to avoid the distillation of isotopic water. 

7 9 _._. ‘H NM R tIiefi.wrctt1ettl.s 

‘H NMR spectra was recorded on a Bruker AM 500 Series spectra- 
meter equipped with an Aspect 3000 computer. 

Aflcr reaction of the acetaldchydc with 2.4-dinitrophenylhydrazinc. 
the resulting hydrazones were measured on a Joel JMS-D100 mass 
spectrometer. 

In this paper, the protonation was proved to be 
specific, performed by the enzyme using product analy- 
sis of acetaldehyde formed in a reaction mixture of 50% 
‘I&O. Results from proton inventory studies of the 
maximum velocity indicate the 4’ amino group of TPP 
as the proton donor. 

Decarboxylation of pyruvate was measured on a Specord M40 
spectrophotomctcr (Carl Zeiss Jcna) at 25°C using the optical assay 
described by Holzer et al. [9]. 

3. RESULTS 

2. MATERIALS AND METHODS 

PDC (40 U/ml) was extracted from yeast from the brewery 
WernesgrOn [G]. Sodium pyruvate (98%) was from Merck. Dcuterium 
oxide (99,86%) was purchased from Sigma and d,-benzene (99.5%) 
from Aldrich. The six reactive thiol groups of PDC wcrc modified with 
3-bromopyruvamide [7j, 

2.1, En:ytuic sytrrhesis ~Juccrafdehydr 
The enzymic reaction was performed in a distillation apparatus by 

mixing appropriate volumes of sodium citrate buffer solutions and 
‘Hz0 or ‘H:O. The receiver flask contained I ml d,-benzene. After a 

Currespondenceudrlrcss: G. Hllbner, Martin-Luther-University Halle- 
Wittenberg, Institute of Biochemistry, Weinbcrgwcg 16a. D-4020 
Hallc, Germany. 

In the recorded spectra of acetaldehyde formed in 
‘Hz0 quartet app earing 1.9 ppm downfield from the 
aromatic proton signal (7.27 ppm) and a doubiet 
appearing 5.S ppm upfield were attributed to the car- 
bony1 proton and the methyl protons, respectively (Fig. 
1C and D). The integrated peak areas are given in Table 
1. Their ratio is close to the theoretical value of 3. In the 
spectra of acetaldehyde formed in 50% ‘Hz0 the peak 
positions were unchanged, but instead of a doublet at 
1.4 p]JIII three peaks were obtained (Fig. 1A and B). 
This can be explained by an overlapping of the doublet 
of the methyl protons of Cl-‘H-acetaldehyde and a 
singlet for Cl-?H-acetaldehyde. From the ratio of the 
integrated peak heights a protonation extent of 56% for 
acetaldehyde formed in 50% ‘Hz0 can be calculated. No 
concentration dependence (corresponding to the isola- 
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Fig. 1. ‘H NMR peaks of acetaldehyde formed by PDC in 50% “Hz0 (A,@ and in ‘Hz0 (C,D). The integrated peak areas are indicated beside 

the peaks. 

tion efficiency) was observed. Furthermore, the proto- 
nation extent at acetaldehyde Cl was calculated from 
the ratio of the molecule peak (M, 224) to the (MI-~)- 
peak (225) in the mass spectrum of acetaldehyde 2,4*- 
dinitrophenylhydrazone mass spectra. A correction for 
the (M+I)-peak was made using acetaldehyde formed 
in ‘HzO, The protonation extent of SS-56% was in good 
agreement with the NMR values. 
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Fig. 2. Proton inventory graph for the maximum vehrcity (V) of the 
PDC reaction on 0.1 M sodium citrate buffer. The upper and lower 
sets of curves represent experimental values at pH 5.6/:?H 6.2 (x) and 
calc~latcd pL-independent values (a), respectively. The drawn graphs 
correspond to theoretical mod& of a one-proton mechanism (curves 
a:., an infinite-prolon mechanism (curves b), and a mechanism with 

reactant state contribution (curve c) [9,10]. 
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Proton inventory investigations were performed by 
determining maximum velocities as a function of the 
atom fraction deuterium [9,10] at 7 different pH values. 
A pL difference of 0.6 units was taken for each series. 
For each atom fraction deuterium pL-independent ve- 
locities were calculated. Proton inventory curves are 
shown for experimental vaiues at pH S.6/p’H 6.2 and 
for the calculated pL-independent parameters (Fig. 2, 
upper and lower curves, respectively). This hypercurva- 
Lure remained after modification of the six reactive en- 
zymic thiol groups with bramopyruvamide (data not 
shown). 

Table 1 

In&grated ‘H NMR peak arcas for acetaldchyde” formed by PDC in 
‘Hz0 and in 50% ?HaO 

Atom fraction of Integrated oeak arca 
?H in enzymic. peak position at 

Ratio methyl/ 
carbonyl 

rcaction mixlure” protons 
I A ppm 9.2 ppm 

0.00 0.197 0.063 3.13 ;: 0.06 

0.50 1.139 0.200 5.71 
2.570 0.454 5.66 
0.955 0.175 5.45 

average: 5.61 f 0.11 
protonation extent 3t Cl: 0.56 f 0.02 

*Acetaldehyde concentrations, 2-10 mM. 
“0.1 M sodium citrate pL 6.3, 50 mM pyruvare, 0.15 mdml PDC (40 

Ulmg), 25°C. 
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Fig. 3. Suggested ‘partially concerted’ mechanism for PDC reaction 
steps following decarboxylation. 

4. DISCUSSION 

The ‘H content of 56% for the Cl proton of acetal- 
dchyde formed by PDC in 50% “Hz0 demonstrates a 
specific protonation of the enaminela-carbanion inter- 
mediate by the enzyme. This result is in agreement with 
observations of optically active a-hydroxyethyl-TPP 
isolated from enzymic reactions [4,5] and with the sig- 
nificant hypercurvature of the proton inventory graph 
for the maximum velocity. This kinetic parameter is 
related to the reactant state of the enzyme bound a- 
lactyl-TPP and the transition state of’decarboxylation, 
and to the reactant state of the enamine/cr-carbanion 
intermediate and all following transition states (includ- 
ing protonation and acetaldehyde release). This hyper- 
curvature indicates the involvement cf a functional 
group with low fractionation factor [9,10] in the 
reactant state (Fig. 2, curves c). Assuming such a group 
as the proton donor in the PDC reaction, a deuterium 
discrimination in the corresponding position will occur. 

Low fractionation factors in enzymic reaction are 
commonly reported to thiol groups [9,10]. However, in 
our case after modification of the six reactive thiol 
groups of PDC with bromopyruvamide the hypercurva- 
ture in the proton inventory remained, excluding these 
groups as its cause. 

Model investigations with IV-l’-methylthiamine [I l] 
as well as the influence of electronic alterations of the 
pyrimidine ring on the 4’ amino group [ 121 suggest an 
immonium structure in the enzyme bound cofactor. 
This positively charged group could have a low 
fractionation factor. The spatial proximity of the 4’ 

substituent to the a-C atom of the enamine/czcarbanion 
intermediate [2,3,13,14] could enable a direct proton 
transfer. 

In accordance with these results, we suggest for PDC 
reaction steps following decarboxylation a ‘partially 
concerted’ mechanism (Fig. 3). First, protonation by 
the 4’ immonium group results in a high-energy 2-hy- 
droxyethyl-4’.imino-TPP (Fig. 3, sequences 12). The 
second step, a basic attack of the 4’-imino group on the 
a-hydroxyl proton leads to the acetaldehyde elimina- 
tion (Fig. 3, sequences 3-5), in accordance with the 
inverse 15N isotope effect for 4’-“NH?-TPP [IS]. Such 
an immonium-imine interconversion during the en- 
zymic action of PDC would rule out the main objection 
of the low pK, value of the 4’ amino group functioning 
as an acid-base catalyst. 
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