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Abstract The generation of the highly reactive ylide in
thiamin diphosphate catalysis is analyzed in terms of the
nucleophilicity of key atoms, by means of density functional
calculations at X3LYP/6–31++G(d,p) level of theory. The
Fukui functions of all tautomeric/ionization forms are calcu-
lated in order to assess their reactivity. The results allow to
conclude that the highly conserved glutamic residue does not
protonate the N1′ atom of the pyrimidyl ring, but it partici-
pates in a strong hydrogen bonding, stabilizing the eventual
negative charge on the nitrogen, in all forms involved in the
ylide generation. This condition provides the necessary re-
activity on key atoms, N4′ and C2, to carry out the formation
of the ylide required to initiate the catalytic cycle of ThDP-
dependent enzymes. This study represents a new approach
for the ylide formation in ThDP catalysis.
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Introduction

Thiamin diphosphate (ThDP) is a cofactor that assists in the
catalysis of carbon-carbon bond-forming and bond-breaking
reaction in sugar metabolism. It is composed of two aromatic
rings, one 4′ aminopyrimidine ring and one thiazolium ring
bridged by a methylene group. According to the literature, in

the catalytic cycle the 4′-aminopyrimidine ring can interconvert
among four ionization/tautomeric states, Fig. 1, the 4′-
aminopyrimidine (AP), the N1′-protonated 4′-aminopyrimidium
(APH+), 1′,4′-iminopyrimidine (IP), and the C2-ionizated ylide
(Y1), whose formation is believed to activate the ThDP to
initiate the catalytic cycle in thiamin dependent enzymes
[1–6]. The general catalytic cycle for ThDP-dependent enzymes
has been extensively studied in literature, both empirically
[7–14] and theoretically [15–19]

In a recent paper [20], we reported a theoretical study on
the reaction between pyruvate and ylide leading to the for-
mation of the intermediate lactyl-ThDP. In this study it is
found that the participation of ThDP with the pyrimidyl ring
in its APH+ form is not supported by the quantum chemical
results. This finding motivated us to revisit the accepted
pathway leading to the activation of ThDP, formation of the
ylide, from the point of view of the nucleophilicity of the key
atoms involved in the formation of the ylide.

In this article, continuing with the theoretical studies on
ThDP catalysis, the nucleophilicity of the several species
involved in the activation of ThDP is addressed using density
functional theory (DFT) calculations at X3LYP/6–31++
G(d,p) level of theory. The study includes calculation of
Fukui functions and condensed-to-atom Fukui indices as a
means to assess the electrophilic and nucleophilic character
of key atoms in the pathway leading to the formation of the
ylide. Hybrid QM/MM calculations were also carried out for
the first stage.

Computational methods

The quantum chemical calculations were performed consider-
ing a reduced model consisting of ThDP and the conserved
chain of glutamic acid interacting with the N1′ atom of the
pyrimidyl ring. In order to simplify the calculations the
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diphosphate group of ThDP was replaced with a OH group,
since its primary function is to anchor the cofactor and it is not
involved in the catalytic mechanism; in addition the side chains
of the protein were ignored except for the above mentioned
glutamic residue which was replaced by acetic acid. The geom-
etries of all structures were optimized in gas phase using the
same level of theory X3LYP/6–31++G(d,p). This functional
has been reported to give very good geometries of hydrogen-
bonded complexes. All quantum chemical calculations in this
study were carried out using Jaguar 7.0 suite of programs [21].
HybridQM/MMcalculations were carried out usingQSite suite
of programs [22]. In these calculations ThDPwas considered in
the QM region, while the rest of the protein in the MM region.
The OPLS-2001 force field was used in the molecular mechan-
ics part of the calculation.

Global Fukui function of a molecule as a whole measures
the response of its ground-state electron density per unit shift
in the system number of electrons for constant external
potential due to the nuclei. The Fukui function and related
hardness/softness characteristics constitute important reac-
tivity criteria and give rise to corresponding contributions to
the interaction energy between reactants. Several calcula-
tions schemes have been formulated in order to obtain the
Fukui function within the molecular-orbital framework.
Within the finite difference approximation, for example the
Fukui function is calculated in terms of finite density differ-
ences between charged species [23]. Differential and varia-
tional approaches have also been reported [24, 25]. In Jaguar
the regional Fukui functions f+(r) and f -(r) are calculated as
differences in the electron density between the N-electron
system on one hand, and the N+δ and N-δ systems on the
other hand. A script runs all three calculations and generates
the electron difference densities, which can be visualized as
an isosurface.

Atomic Fukui indices, on the other hand, are an attempt to
quantify the anticipated reactivity of a molecule in various

types of reactions. These indices, based on Fukui functions,
are calculated in Jaguar within the frozen-orbital approxima-
tion. In this approach the Fukui functions may be simply
calculated from the frontier molecular orbital coefficients and
overlap matrix. The condensed-to-atom index is readily
obtained by summing over the atomic orbitals associated with
each atomic center in the molecule [26, 27].

Results and discussion

According to the literature the sequence of reactions leading
to the formation of the ylide begins with the protonation of
the N1′ atom of the pyrimidyl ring, by the highly conserved
glutamic acid residue to form the 4′-amino pyrimidium
(APH+) intermediate.

In order to investigate the reactivity of the N1′ atom, the
Fukui f -(r) function as well as the atomic Fukui index on
this atom were calculated. The f -(r) function is considered
as a measurement of the nucleophilic character of the atom.
The results, shown in Fig. 2, indicate the negligible nucle-
ophilic character of the N1′ atom; on the other hand, the
respective atomic Fukui index fN1

− is just 0.01. Both results
indicate that the protonation of the N1′ atom by the carbox-
ylic group should not proceed, in agreement with the
expected protonation state of glutamic acid from the values
of its pKa and the physiological pH. On the other hand, the
optimization of the APH+ structure without constraints
leads to the AP structure because of the high nucleophilic
character of the carboxylic oxygens, Fig. 3. Energetically
the AP structure is stabilized in about 23 kcal mol−1 respect
to the APH+ structure. Similar computations considering
the enzymatic ambient, QM/MM calculations, for the first
stage do not show significant changes in the values of the
atomic Fukui indices. These results support the hypothesis
that the deprotonation of glutamic acid does not occur,

Fig. 1 Activation of ThDP
according to the literature
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instead the carboxylic hydrogen participates in a strong
hydrogen bond with the N1′ atom located at a distance of
about 1.7 Å.

The imino form, IP, is formed by the abstraction of a
proton from the 4′-amino group of the pyrimidyl ring by a
Lewis base whose identity is quite unknown so far. In the
case of PDC, the residue glutamate 473 has been suggested
as the possible base able to abstract this proton. However, in
other ThDP-dependent enzymes, namely acetohydroxyacid
synthase (AHAS), such residue is not present and no species
has been suggested to play this role. Summarizing, the reac-
tion of formation of IP remains as a chemical mystery and
therefore it can not be addressed further.

The generation of the ylide requires the proton abstraction
from the C2 atom by the N4′ atom of the IP form. Therefore,

the nucleophilic character of the N4′ atom plays a fundamen-
tal role in the formation of the ylide. In order to address the
proton transference, the Fukui function and the atomic Fukui
indices on this atom were calculated for two alternative
forms of IP, those showing the N1′ atom protonated and
deprotonated, respectively. The nucleophilic character of
the N4′ atom as expressed by f - Fukui functions is showed
in Figs. 4 and 5. It is observed that the f – isosurface is
negligible in the structure having the N1′ atom protonated;
while the other form, N1′ atom deprotonated, shows an
important nucleophilic character as required for the proton

Fig. 2 Nucleophilic character of the AP form as expressed by the f –

Fukui function (red lobe)

Fig. 3 Nucleophilic character of the APH+ form as expressed by the f –

Fukui function (red lobe)

Fig. 4 Nucleophilic character of the N1′-protonated IP form as
expressed by the f – Fukui function.

Fig. 5 Nucleophilic character of the N1′-deprotonated IP form as
expressed by the f – Fukui function
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abstraction. The respective condensed–to-atom Fukui indi-
ces are 0.00 and 0.41, respectively. These results suggest that
the imino form should be with the N1′ atom deprotonated in
order to favor the proton abstraction. The optimized struc-
tures of both IP forms show the N4′ atom and the H-C2 atom
at close distance, 2.39 Å. The search of the transition sate for
this transference led to a structure, Fig. 6, having one and
only one imaginary frequency, 893.2 cm−1, corresponding to
the stretching of the H←→ C2 bond. The respective ϕt and
ϕp dihedral angles are 67.1 and −70.4. In this distorted V
structure the N4′ atom is just at only 1.45 Å from the proton,
which in turn is bonded to the C2 atom by means of a rather
long bond, 1.25 Å, accounting for the proton transfer in prog-
ress. The calculated activation barrier is just 0.7 kcal mol−1, as
expected for a rapid proton transference. The results also show

that the reaction of formation of the ylide is exergonic with a
standard free energy change of −35.19 kcal mol−1.

The ylide so formed initiates the catalytic cycle with the
nucleophilic attack on the Cα atom of the pyruvate molecule to
form the intermediate lactyl-ThDP. The reaction is strongly
dependent on the nucleophilic character of the C2 atom. To
address this point the f - Fukui functions on this atom were
calculated. The results are shown in Figs. 7 and 8, it is observed
that the ylide form having the N1′ atom deprotonated show an
important nucleophilic character on the C2 atom, unlike the
case in which the N1′ atom of the ylide is protonated, where the
C2 atom does not show any tendency to carry out a nucleo-
philic attack. Instead, themost important nucleophilic reactivity
is lying on the oxygen atoms of the carboxylate group, evidenc-
ing the stronger Lewis basicity of these atoms compared to the
N1′ atom, and suggesting in this way that the N1′ atom should
be deprotonated. The respective atomic Fukui indices on the
C2 atom are 0.00 and 0.34 for the protonated and deprotonated
N1′ atom forms, respectively.

Conclusions

The results of this study allow to conclude that the formation
of the ylide requires an important nucleophilic character on the
two key atoms, N4′ and C2; condition which is reached only
when the N1′ atom is deprotonated, and whose eventual
negative charge is stabilized by a strong hydrogen bonding
with the carboxylic group, located at close distance. This
status confers the N4′ atom with nucleophilic character nec-
essary to abstract the proton from the C2 atom and in this way
to form the ylide. On the other hand, it assists the C2 atom to
perform the nucleophilic attack on the carbonyl atom of the
pyruvate molecule to form the lactyl-ThDP intermediate.
Summarizing, the results suggest that in all stages leading to

Fig. 6 Optimized structure of the transition state for the proton abstrac-
tion from the C2 atom

Fig. 7 Nucleophilic character of the N1′-protonated ylide form as
expressed by the f – Fukui function

Fig. 8 Nucleophilic character of the N1′-deprotonated ylide form as
expressed by the f – Fukui function
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the formation of the ylide, the N1′ atom is deprotonated, in
agreement to that expected from the pKa of the glutamic
residue in the proteic ambient and the physiologic pH.
Hybrid QM/MM calculations for the first stage support the
above DFT results for the reduced model. This finding has not
been reported earlier and represents a new approach for the
ylide formation.
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