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a b s t r a c t

Thiamin diphosphate (ThDP), the biologically active derivative of vitamin B1, is an important cofactor of
several enzymes that catalyze the oxidative and non-oxidative conversion of �-keto acids. The final step
of non-oxidative decarboxylation of pyruvate by pyruvate decarboxylase – the liberation of acetaldehyde
– requires deprotonation of the �-hydroxyl group and cleavage of the C2–C2� bond of the transitory 2-
(1-hydroxyethyl)-ThDP intermediate. It has been proposed that the cofactor 4′-amino/imino function is
essentially involved in the deprotonation of the �-hydroxyl group. Proton transfer and C2–C2� cleavage
ntermediates
may occur in a stepwise manner, or, alternatively in a concerted mechanism. Here, density functional
theory (DFT) calculations as well as second order Møller–Plesset perturbation theory (MP2) studies were
performed on a simple model for the enzyme using the program package Gaussian 03. Calculations favor

ith in
a stepwise mechanism w

. Introduction

The general principles of enzymic and non-enzymic thiamin
atalysis have already been revealed by many studies [1–5]. That
otwithstanding, there still remain open questions in the mecha-
istic understanding of some elementary steps of catalysis taking
lace in the protein environment. X-ray structural analysis of
hiamin diphosphate (ThDP)-dependent enzymes [6–8], 1H NMR-
ased analysis of reaction intermediates [9], proton/deuterium
xchange experiments [10], infrared difference spectroscopic [11]
nd mutagenesis data [12] have consistently supported a model in
hich the interaction of a strictly conserved glutamate (Glu) side

hain with N1′ atom of ThDP triggers activation of the cofactor. Most
otably in that concern, the reactivity of the exocyclic 4′-amino
roup is controlled by this protein-cofactor proton shuttle in a way
hat it can act both as proton donor (aminopyrimidine or aminopy-
imidinium forms) and as proton acceptor (1′,4′-imino form) in the
arious steps of enzymatic catalysis. Here, we have performed den-
ity functional theory (DFT) calculations on the B3LYP/6-31G(d) and
-311G(p,d) levels as well as second order Møller-Plesset pertur-

ation theory (MP2) studies within a 6-31G(d) basis set using the
rogram package Gaussian 03 [13]. The three methods include the
ffect of electron correlation on different levels. The consideration
f this effect in calculations is crucial for describing chemical phe-
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itial formation of the C2� alkoxide, followed by C2–C2� bond cleavage.
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nomena, e.g. linkage and cleavage of bonds. It should be verified
by the comparative studies if the DFT method with the standard
6-31G(d) basis set describes the biochemical model systems in a
sufficient way. This would be a justifiable argument to extend the
studies on this level to larger systems including important amino
acid residues of the protein environment with maintainable effort.

2. Results and discussion

Calculations were started from the N1′-deprotonated form of
1′,4′-imino 2-(1-hydroxyethyl)-ThDP (HEThDP), which is assumed
to be a key-intermediate in the catalytic cycle of pyruvate decar-
boxylase, and will be generated from 1′,4′-imino HEThDP involving
proton transfer to the conserved Glu in the active site (Fig. 1).
Although we are aware that (i) deprotonation of N1′ will generate
a high-energy N-based anion (a seemingly unlikely prospect), and
that thus (ii) deprotonation of N1′ is likely coupled to protonation
of N4′, we have – for the sake of clarity – decided not to include
protein side chains in this first approach.

Since the early theoretical studies on thiamine model systems by
Jordan [14], several independent quantum chemical studies on the
electronic structure of thiamin and of related compounds have been
performed [15–21]. So far, there are only scarce quantum chem-
ical studies on key-intermediates employing more sophisticated
methods including for instance electron correlation effects. There-

fore, we have conducted systematic calculations including one- and
two-fold potential energy surface (PES) scans in order to charac-
terize microscopic steps of acetaldehyde liberation as being part
of the catalytic sequence in pyruvate decarboxylase. From X-ray
studies on enzyme-bound ThDP and functional investigations it is

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:rudolf.friedemann@chemie.uni-halle.de
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option in Gaussian 03 [13] were carried out for C2–C2� bond
cleavage. This procedure optimizes a transition state (TS) based
on the structures of the reactant, the product and an initial TS as
ig. 1. Microscopic steps of acetaldehyde liberation in pyruvate decarboxylase catal-
sis.

stablished [22] that the diphosphate moiety has an anchor func-
ion for cofactor binding and is essentially not involved in catalysis.
herefore, we have restricted our model calculations to the cor-
esponding thiamin (Th) systems to reduce computational effort.

oreover, we have modeled the influence of the apoenzyme
nvironment in a very simple way by fixing the values of the char-
cteristic torsion angles ˚T = 93◦ and ˚P = −68◦ as observed in the

nzyme-bound state [7]. The enforced V-like conformation is a sig-
ificant feature of enzyme-bound ThDP and fixes the amino/imino
roup in the immediate vicinity of the thiazolium C2. As stated
bove, no active site residues were included within the simplified

ig. 2. Analysis of proton transfer from O2�–H· · ·4′N in the N1′ deprotonated form
f 1′ ,4′-imino HETh by different methods (constraints with respect to C2–C2� bond

ength).
Fig. 3. Reaction coordinate for cleavage of the C2–C2� bond in the 4′-amino HETh
alkoxide calculated by different methods.

model. In a first step, we have calculated the reaction coordinate of
the O2�–H· · ·4′N proton transfer from the tautomeric hydroxyethyl
to the oxyethyl anion form of the 1′,4′-imino HETh anion with a
constraint of 155 pm imposed on the C2–C2� bond. The results are
illustrated in Fig. 2.

The calculations with all three methods consistently indicate
that proton transfer is energetically favorable by about 7–15 kJ/mol.
The pathways exhibit either no (DFT) or a small barrier (MP2). Next,
cleavage of the C2–C2� bond was investigated starting from the
final oxyethyl anion structure of the proton transfer as considered
above. The results of the calculations are summarized in Fig. 3.

The three methods indicate significant activation barriers for
the liberation of acetaldehyde, though slightly different barriers
were calculated: 23 kJ/mol (B3LYP/6-31G(d)), 28 kJ/mol (B3LYP/6-
311G(d,p)) and 35 kJ/mol (MP2/6-31G(d)), respectively. Major
deviations in the shape of the curves were found for bond dis-
tances larger than 280 pm, especially evident for the DFT and
MP2 data. Transition state searches embedded within the QST3
input. These data are available from the results in Fig. 3. The three

Fig. 4. Two-fold PES scan for the liberation of acetaldehyde in thiamin catalysis
(a → b proton transfer, b → c C2–C2� cleavage, numbers of the lines with same
relative energy in kJ/mol).
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ethods characterize the transition state structure by the follow-
ng values for the C2–C2� bond length and activation barriers:
13 pm/16 kJ/mol (B3LYP/6-31G(d)), 208 pm/21 kJ/mol (B3LYP/6-
11G(d,p)), and 215 pm/27 kJ/mol (MP2/6-31G(d)). The results are
n good agreement with the findings presented in Fig. 3. A two-
old PES scan of the two-step mechanism was performed on the
3LYP/6-31G(d) level to elucidate the reaction pathway for the lib-
ration of acetaldehyde in thiamin catalysis in a more complex way.
he distances O2�-H (100–450 pm) and C2–C2� (150–350 pm)
ere stepwise changed in 10 pm increments. The findings of the
artial optimization procedure with constraints to the O2�–H and
2–C2� bonds are shown in Fig. 4.

The starting point a corresponds to the N1′-deprotonated form
f 1′,4′-imino HETh. The downhill O2�–H· · ·4′N transfer yields the
′-amino HETh alkoxide and is indicated as minimum b on the PES.
he reaction coordinate of the C2–C2� cleavage goes from b over a
addle point of approximately 20 kJ/mol to the product state c. At
his point the acetaldehyde is liberated with concomitant forma-
ion of the C2 carbanion of 4′-amino Th. The results of the reaction
oordinates within the simple model thus suggest a two-step mech-
nism for the liberation of acetaldehyde in thiamin catalysis.

. Conclusions

Both the DFT calculations with different basis sets and the MP2
tudies indicate qualitatively comparable findings for the charac-
erized transition states. The results of the reaction coordinates
ithin the simple model suggest a two-step mechanism for the

iberation of acetaldehyde in thiamin catalysis. For a further under-
tanding of the mechanistic aspects more specific environmental
ffects will have to be included. Moreover, the findings foreshadow
hat this aim could be achieved on the B3LYP/6-31G(d) level with
ufficient quality and maintainable effort. Finally, a comparison of
he results obtained by the simple non-enzymic model with those
f an enhanced one would pave the way for understanding specific
ffects of the enzyme environment on elementary steps in thiamin
atalysis.
cknowledgements

The authors are grateful to the Deutsche Forschungsgemein-
chaft and Fonds der Chemischen Industrie for financial support
f this work.

[

talysis B: Enzymatic 61 (2009) 36–38

References

[1] R. Breslow, J. Am. Chem. Soc. 80 (1958) 3719–3726.
[2] R. Kluger, Chem. Rev. 87 (1987) 863–876.
[3] F.J. Alvarez, G. Hübner, A. Schellenberger, R.L. Schowen, J. Am. Chem. Soc. 117

(1995) 1678–1683.
[4] A. Schellenberger, in: H. Bisswanger, A. Schellenberger (Eds.), Biochemistry

and Physiology of Thiamin Diphosphate Enzymes, A.u.C. Intemann, Wis-
senschaftlicher Verlag, Prien, 1996, pp. 3–17.

[5] R. Kluger, K. Tittmann, Chem. Rev. 108 (2008) 1797–1833.
[6] F. Dyda, W. Furey, S. Swaminathan, M. Sax, B. Farrenkopf, F. Jordan, Biochemistry

32 (1993) 6165–6170.
[7] Y.A. Muller, G.E. Schulz, Science 259 (1993) 965–967.
[8] Y. Lindqvist, G. Schneider, U. Ermler, M. Sundström, EMBO J. 11 (1992)

2373–2379.
[9] D. Kern, G. Kern, H. Neef, K. Tittmann, M. Killenberg-Jabs, C. Wikner, G. Schnei-

der, G. Hübner, Science 275 (1997) 67–70.
10] G. Hübner, K. Tittmann, M. Killenberg-Jabs, J. Schäffner, M. Spinka, H. Neef, D.

Kern, G. Kern, G. Schneider, Ch. Wikner, S. Ghisla, Biochim. Biophys. Acta 1385
(1998) 221.

[11] G. Wille, M. Ritter, R. Friedemann, W. Mäntele, G. Hübner, Biochemistry 42
(2003) 14814–14821.

12] K. Tittmann, R. Golbik, K. Uhlemann, L. Khailova, S. Schneider, M. Patel, F.
Jordan, D.M. Chipman, R.G. Duggleby, G. Hübner, Biochemistry 42 (2003)
7885–7891.

13] Gaussian 03, Revision D.1, M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuse-
ria, M.A. Robb, J.R. Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C.
Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G.
Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.
Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W.
Ochterski, P.Y. Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G.
Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D.
Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford,
J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challa-
combe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople,
Gaussian, Inc., Wallingford, CT, 2005.

14] F. Jordan, J. Am. Chem. Soc. 96 (1974) 3623–3630.
15] W. Shin, D. Oh, Ch. Chae, T. Yoon, J. Am. Chem. Soc. 115 (1993) 12238–

12350.
16] S. Sakaki, Y. Musashi, K. Ohkubo, J. Am. Chem. Soc. 115 (1993) 1115–1519.

[17] R. Friedemann, C. Breitkopf, Int. J. Quantum Chem. 57 (1996) 943–948.
18] R. Friedemann, Neef.F H., Biochim. Biophys. Acta 1385 (1998) 245–250.
19] M. Lobell, D.H.G. Crout, J. Am. Chem. Soc. 118 (1996) 1867–1873.
22] Y.A. Muller, Y. Lindqvist, W. Furey, G.E. Schulz, F. Jordan, G. Schneider, Structure
1 (1993) 95–103.


	DFT and MP2 studies on the C2C2alpha bond cleavage in thiamin catalysis
	Introduction
	Results and discussion
	Conclusions
	Acknowledgements
	References


