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Transketolase is a convenient model system to study enzymatic thiamin catalysis. By using density func-
tional theory (DFT) method, the transfer mechanism of a 2-carbon fragment between a donor ketose
X5P and an acceptor aldose R5P catalyzed by transketolase has been studied on simplified models. The
calculation results indicate that the whole reaction cycle contains several proton transfer processes as
well as C—C bond formation and cleavage steps. Each C—C bond formation or cleavage step is always
accompanied by a proton transfer process, which follows a concerted but asynchronous mechanism. The
C—Cbond formation is always prior to the proton transfer, and the C—Cbond cleavage is always later than
proton transfer, suggesting that the C—C bond ligation facilitates the proton transfer, and proton transfer
promotes the C—C bond cleavage. In the first half- and second half-reactions, the energy barriers of C—C
bond formations are always higher than those of C—C bond cleavages. The 4-amino group of cofactor
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ThDP and histidine residue can act as the proton donor/acceptor during the catalytic reaction.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Transketolase (TK; EC 2.2.1.1) is an ubiquitous enzyme in cel-
lular carbon metabolism, which requires thiamine diphosphate
(ThDP), the biologically active form of vitamin B1, and Ca2* ion as
cofactors for enzymatic activity [1-4]. Transketolase was the first
ThDP-dependent enzyme that yielded to a crystallographic struc-
ture analysis [5,6]. It catalyze the reversible transfer of a two-carbon
fragment from a ketose to the C1 position of an aldose, as shown in
Scheme 1 [7,8]. Transketolase is found in the non-oxidative branch
of pentose phosphate pathway where it, together with transal-
dolase, creates a link to glycolysis. In plants and photosynthetic
bacteria, TK is involved in the Calvin cycle where ribulose-1,5-bis-
phosphate is regenerated from phosphoglycerate [9]. In addition,
recent studies show that TK appears to be an enzyme-crystallin [10]
and promising drug target, and relates to the reduction of cancer
growth [11] and alcohol-related brain damage [12].

Abbreviations: TK, transketolase; G3P, D-glyceraldehyde 3-phosphate; X5P,
D-xylulose 5-phosphate; R5P, D-ribose 5-phosphate; S7P, p-sedoheptulose 7-
phosphate; ThDP, thiamine diphosphate; DHE-ThDP, 1,2-dihydroxyethyl-ThDP;
X5P-ThDP, covalent adduct of X5P and ThDP; S7P-ThDP, covalent adduct of S7P
and ThDP.
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In the past decades, the structures of TK from several species,
including Saccharomyces cerevisiae, maize, Escherichia coli, Leish-
mania mexicana, Bacillus anthracis and Francisella tularensis, have
been solved [5,13-15], and the high resolution (1.75A) crystal
structure of human TK (PDB code: 3MOS), which was the first
structure of a mammalian, has also been determined in 2010 [16].
These determinations of three-dimensional structures provide sig-
nificant new insights into the fold of transketolases, binding mode
of cofactors, and information of catalytic reaction. All TKs are homo-
dimers and have two active sites of equal catalytic activity located at
the dimer interfaces [7]. Based on these crystallographic and muta-
genesis studies, a reaction cycle catalyzed by TK has been proposed
[14,16], as shown in Fig. 1. The reaction mechanism can be divided
into two half-reactions referred to as “ping-pong” mechanism. In
the first half-reaction, the covalent donor-ThDP adduct (X5P-ThDP)
is firstly formed by the attack of C; carbanion of ThDP ylide on the
carbonyl of donor X5P (step 1), then the scissile C;,—C3, bond of
X5P-ThDP is broke to generate 1,2-dihydroxylethyl-ThDP (DHE-
ThDP) carbanion/enamine intermediate and the first product G3P
is liberated (step 2). In the second half-reaction, DHE-ThDP inter-
mediate combines with the incoming second substrate R5P to yield
S7P-ThDP adduct (step 3), which further undergoes a cleavage of
C,—Cyq to release the final product S7P and regenerate the ThDP
ylide (step 4).

It is also noted that the amino acid sequences of TK
from various sources are rather similar to each other [9,17].
For example, the transketolase from E. coli and humans
show about 50% sequence identities to yeast enzyme [18-20].


dx.doi.org/10.1016/j.jmgm.2012.11.001
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
mailto:yongjunliu_1@sdu.edu.cn
dx.doi.org/10.1016/j.jmgm.2012.11.001

24 X. Sheng et al. / Journal of Molecular Graphics and Modelling 39 (2013) 23-28

,_—~ - - o
7 ——OHM HO——
! 1 ! 1
i ’ 3 ’
p e e S
transketolase
HO— t ) —/—=0— + - OH
——OH ——OH ——OH ——OH
R1 R2 R1 R2

Scheme 1. The catalytic reaction of transketolase.

Further studies on the active sites of TKs from various orga-
nisms reveal that most of the active site residues are strictly
conserved, and locate at almost the same position [17,21]. From
the active center of human TK (Fig. 2), one can see that a clus-
ter of histidines (His283/258/263 and His45/37/30 in TBTK/human
TK/yeast TK with PDB codes 3RIM/3MOS/1NGS) and aspartic acid
(Asp499/424/477) are involved in the formation of hydrogen
bonds with the substrate hydroxyl groups, and another clus-
ter of arginines (Arg378/318/359 and Arg552/474/528), histidine
(His491/416/169) and serine (Ser405/345/386) are likely to bind
with the phosphate group of the substrate [22]. The cofactor ThDP
maintains in a so-called “V” configuration by the hydrogen bonds
and hydrophobic interactions, which is proved to be an essential
prerequisite for catalysis [2,5].

Many experimental advances have been made in understanding
the catalytic mechanism of TK [4,15,17,22]. Up to now, the bind-
ing modes of ThDP and substrates, the activation mechanism of
ThDP, the function of various active site residues, and some inter-
mediates have been identified by using protein crystallography,
site-directed mutagenesis and biochemical analysis [23-27]. The
crystallographic and mutagenesis studies suggest that the histi-
dine residues participate in the transition state stabilization and
proton transfer [7,22,27,28]. In the first half-reaction, at least two
proton transfer steps have to occur. The first proton transfer corre-
sponds to the deprotonation of C2 carbon atom of the thiazolium of
ThDP, which is common to all ThDP dependent enzymes. The sec-
ond proton transfer occurs between the histidine residue and the
C3q hydroxyl group of the substrate (X5P), which is also common to
the catalytic reaction of TK. In the second half-reaction, the proton
transfer may occur between the histidine residue and the substrate

His258
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\-K Ser345

Arg318
Argd474

ThDP X5p

His416
Asp424

Gln42§w

Fig. 1. Proposed catalytic mechanism of TK for the conversion of X5P and R5P yield-
ing G3P and S7P.

(R5P). During these proton transfers, the cleavage and formation of
C—C bonds may take place simultaneously or successively.

Although a rough picture about the reaction mechanism of
transketolase has been obtained, as described in a review article [7],
open questions still remain. The detailed description of each indi-
vidual step, the roles of pocket residues involved in proton transfer
and stabilization of reaction intermediates and transition states,
the energetics of the whole reaction and so on, are still not fully
understood.

Several theoretical studies have focused on the catalytic mech-
anisms of some ThDP-dependent enzymes, such as pyruvate
decarboxylase (PDC) [29-31], pyruvate ferredoxin oxidoreductase
(PFOR)[32], and acetohydroxyacid synthase (AHAS) [33-35]. How-
ever, to our knowledge, the mechanistic research on the TK catalytic
reaction using theoretical approaches is still very limited. In the
present paper, the reaction mechanism of TK was investigated on
simplified models with the aim to understand the common steps
of TK catalysis by using hybrid density functional theory (DFT)
method [36-41], which has been successfully used to study enzyme
reaction mechanism [42]. The roles of pockets residues and the
influences of protein environments on the energetics will be stud-
ied in the future by using QM/MM method.

2. Computational details

All calculations presented here were performed by using hybrid
density functional theory method implemented in Gaussian 03
program package [43]. Geometrical structures were optimized at
B3LYP/6-31G(d,p) level of theory. The X5P molecule was sepa-
rately optimized and then deposited into the active pocket using
the Autodock program [44]. To obtain more accurate energies, sin-
gle point calculations on the optimized structures were performed
with the larger basis set 6-311++G(2d,2p), which includes diffuse
functions and double polarization functions on each atom. To con-
sider the effects of enzyme environment on the energetics of each
reaction step, we also used the polarizable-continuum model (PCM)
[45,46] to calculate the single point energies at 6-311++G(2d,2p)
level for each species on the optimized geometries. In this model,
the solvent is represented by a constant dielectric medium sur-
rounding a cavity containing the solute. The dielectric constant of
the enzyme environment is chosen to be 4. Frequency calculations
were performed with the 6-31G(d,p) basis set to obtain zero-point
vibrational energies (ZPEs) and to confirm that all the optimized
geometries correspond to a local minimum that has no imaginary
frequency or a saddle point that has only one imaginary frequency.
Since some atoms were frozen to their crystallographic positions,
a few small negative eigenvalues usually appear, typically in the
order of 10cm~!. These frequencies do not contribute significantly
to the zero-point energies and can be ignored. All the transition
states have been confirmed by intrinsic reaction coordinate (IRC)
calculations.
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Fig. 2. Crystal structure of the active site of TK with the cofactor ThDP (PDB code 3MOS). The X5P molecule was separately optimized and then deposited into the active

pocket using the autodock program.

3. Results and discussion

Since the activation mechanism of ThDP has been extensively
studied elsewhere [29,47-50], our calculations start from a model
that ThDP has been activated, i.e., the proton at the C2 carbon atom
has been abstracted and the ThDP ylide has been formed. In addi-
tion, experimental studies show that the 4-amino group of ThDP
and the histidine residue (His258 in human TK, PDB code 300Y)
are directly involved in the catalytic reactions [22,27,28], the other
residues mainly play a role in stabilizing the transition states and
intermediates. Therefore, our models only consist of the truncated
active form of ThDP (ThDP ylide), histidine residue His258 and sub-
strates. As for the glutamate residue (Glu366 in human TK), Li et al
have studied the effect of glutamate on the catalytic reaction of
pyruvate decarboxylase by using different models [29]. They found
that the barriers of ylide formation and product release processes
decreased obviously if the glutamate residue was included. In this
paper, the main aim is to study the reaction cycle after the activa-
tion of THDP. Therefore, to simplify the calculation, the glutamate
residue was not included in our model. We can conjecture that the
calculated energy barrier would be higher than that of the model
with the presence of glutamate residue. During the optimizations,
the truncated atoms were frozen to their crystallographic positions
to prevent unrealistic movements of the groups involved in the
model, and the fixed atoms were marked with asterisks in the cor-
responding figures. One can see that only few atoms were fixed in

the model during the optimizations, including the terminal carbon
atom of truncated residue His258 and the terminal carbon and oxy-
gen atom of truncated ThDP. Although the strategy of ThDP freeze
here is different from that adopted in earlier studies [29,31], it also
can keep the V-like conformation of the ThDP in all species in the
catalytic cycle. The characteristic torsion angles @1 and ®p for the
orientation of the ThDP rings [51,52] in all species will be given in
Figs. 3 and 5.

To clearly elucidate the whole catalytic cycle, the first half-
and second half-reactions are discussed in the following sections,
respectively.

3.1. First half-reaction

As shown in Fig. 1, in the first-half reaction, the intermedi-
ate X5P-ThDP and carbanion/enamine intermediate DHE-ThDP are
formed successively. In our calculations, IM1 and IM2 are the
simplified models of X5P-ThDP and DHE-ThDP, respectively. The
optimized structures of initial reactant (R), transition states (TS1
and TS2) and intermediates (IM1 and IM2) are shown in Fig. 3.

From Fig. 3 one can see that in reactant (R) the histidine residue
and the 4’-amino group of ThDP form two hydrogen bonds with
the substrate X5P. The hydrogen bond length between the histi-
dine residue and the C3, hydroxyl group of the substrate is very
short (r5, 1.83 A), while that of the 4’-amino group of thiazole ring
with the carbonyl oxygen atom of the substrate is long (r3, 2.81 A).
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Fig. 3. Optimized geometries for various species in the first half-reaction obtained at the B3LYP/6-31g(d,p) level. The key bond distances are shown in angstrom and
characteristic torsion angles @1 and @y for the orientation of the ThDP rings are shown in degree. The fixed atoms are labeled by asterisks.

The C, carbanion of thiazole ring is far from the C,, of the substrate
(r1, 4.31A). In transition state (TS1), the C;—Cy, distance changes
to 2.72A (r1) from 4.31A, and the distance of hydrogen atom of
4/-amino group with the carbonyl oxygen atom changes to 2.05 A
(r3) from 2.81 A. But the proton transfer from the 4’-amino group to
the carbonyl oxygen does not start yet, i.e., the proton to be trans-
fered is still at the 4’-amino group. In IM1, C,—Cy, single bond is
formed with distance of 1.53 A (r1), and the proton transfer from
the 4’-amino group to the carbonyl oxygen is completed. From the
structures of R, TS1 and IM1, one can see that the ligation of C;—Cy4
bond and the proton transfer of hydrogen atom of 4’-amino group
of ThDP is a concerted process but not precisely synchronous. The
start of proton transfer is much later than the ligation of C;—Cyq
bond. In addition, the C;—Cy, bond of X5P in IM1 is almost per-
pendicular to the thiazole ring of ThDP, which agrees well with the
experimental observations [14].

The energy profile is shown in Fig. 4. To examine the effect
of protein electrostatic surroundings on the energy barriers, the
polarizable-continuum model (PCM) single point calculations at

the level of 6-311++G(2d,2p) basis set were further performed on
the optimized structures. The calculated energy barrier on the PCM
model for the formation of IM1 is only 8.73 kcal/mol, implying
the formation of IM1 is facile. The energy barrier in gas phase is
6.68 kcal/mol, indicating that the enzyme environment has a sig-
nificant influence on the ligation step. The same effect was found
in the other steps.

The next step is the cleavage of C4—C3, carbon bond of
X5P-ThDP, and a proton transfer from the C3, hydroxyl group of
X5P to the proton acceptor (histidine residue) to generate DHE-
ThDP carbanion/enamine intermediate IM2 and the first product
G3P. From Fig. 3, one can see that in TS2 the C,,—C3, carbon bond
changes from 1.61A to 2.44 A. Meanwhile, the proton of the Coq
hydroxyl group transfers to histidine residue, in which r5 changes
from 1.85 to 1.10 A. In IM2, the Cy,—C3, carbon bond (r4) changes
to 3.11 A, meaning the Cy,—C3, bond has broken. We also notes
that this elementary reaction occurs in a concerted asynchronous
mechanism, in TS2 the proton transfer is almost finished while the
Cy4—C3q bond is on the way to be broken.
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Fig. 4. Energy profile for the whole TK catalytic process. The ZPE-corrected relative energies obtained at the B3LYP/6-311++g(2d,2p)//B3LYP/6-31g(d,p) level in solution

phase and gas phase (values in parentheses) are given in kcal/mol.



X. Sheng et al. / Journal of Molecular Graphics and Modelling 39 (2013) 23-28 27

1 1.35 r1 1.39
12 1.58 M3 121.57
13 1.03 3 1.03
Ip 140 15 1174
17 1.61 7133
18 3.81 fm 3B
@p -66 Dr-68
b 1107

*

12.39 TS4
2105
3164 )
15 1.89
17 0.99 .
18 1.54
op -77

92

l’l—)—\ 2
= 18 /13

TS3

rl 153
2 1.65 M4
13101
15177 *
17099
18159
e -62
@r107
o
5
=
rl 3.03 P
12 1.05
132.88 *
5188 %
170.99
18152

Fig. 5. Optimized geometries for various species in the second half-reaction obtained at the B3LYP/6-31g(d,p) level. The key bond distances are shown in angstrom and the
characteristic torsion angles @1 and @y for the orientation of the ThDP rings are shown in degree. The fixed atoms are labeled by asterisks.

From the energy point of view, we can see that the energy
barrier for the formation of DHE-ThDP carbanion/enamine inter-
mediate IM2 is higher than that of the formation of IM1
(15.31 vs. 8.73 kcal/mol). Moreover, the relative energy of IM2 is
13.67 kcal/mol higher than that of IM1, which means the reaction
will stop at the first step and IM1 will be obtained if the second
half-reaction could not occur. It agrees well with the experimen-
tal results of Asztalos et al. [14] that if only the donor substrate is
present, TK catalysis is restricted to the donor half-reaction. Their
intermediate studies on bacterial TK in the presence of 25 mM
X5P showed that under equilibrium condition, 90% of active sites
were occupied by X5P-ThDP, and no DHE-ThDP intermediate was
observed [14]. Mitschke et al. [16] also observed that the fraction of
the DHE-ThDP intermediate is too small (5% active sites) to allow a
reliable quantitative analysis by NMR spectroscopy.

3.2. Second half-reaction

As shown in Fig. 1, the second-half reaction is the reversal of the
first half-reaction. In the second half-reaction, the second substrate
R5P reacts with the intermediate DHE-ThDP to form the interme-
diate S7P-ThDP, which further undergoes an another cleavage of
C,—Cy4 carbon bond of S7P-ThDP and a proton transfer to generate
the second product S7P and regenerate ThDP ylide.

In the first step (step 3 in Fig. 1), the acceptor R5P replaces the
first product G3P, and complexes with the intermediate DHE-ThDP
to form intermediate S7P-ThDP. By using the simplified model, the
structures of transition state TS3 and intermediate IM4 were opti-
mized, as shown in Fig. 5. The energy profile is shown in Fig. 4. It
should be noted that IM4 is actually an analog of IM1, in which G3P
is replaced by R5P. We can see that in the step to form intermedi-
ate IM4 (S7P-ThDP), the energy barrier is 10.11 kcal/mol, and the
reaction energy is —9.73 kcal/mol, meaning S7P-ThDP is an even
more stable intermediate, which agrees well with the experimen-
tal observation that the S7P-ThDP has been isolated successfully
[16].

By checking the bonding distances (r8, r7 and r5), we found
that the formation of C—C bond and proton transfer also follow a

concerted asynchronous mechanism, in which the proton transfer
is relatively later.

We also note that IM4 undergoes a higher energy barrier
(18.31 kcal/mol) to generate the final product (S7P) and release the
catalyst ThDP ylide. It is mainly due to that this step corresponds
to the broken of C,—C,, carbon. The optimized structures in Fig. 5
indicates that, in TS4 the distance r2 is 1.05 A, meaning the proton
transfer from the C,, hydroxyl group to the imine group of ThDP has
been finished, while the distance r1 is 2.39 A, implying the proton
transfer process is prior to the cleavage of C;—Cy, carbon bond.

4. Conclusions

The transfer mechanism of a two-carbon fragment between a
donor ketose X5P and an acceptor aldose R5P catalyzed by trans-
ketolase has been studied by using density functional theory (DFT)
method. The calculation results indicate that the whole reaction
cycle contains four proton transfer steps, two C—C bond formation
and two C—C bond cleavage processes. Each C—C bond formation
or cleavage process is always accompanied by a proton transfer
between the substrates and ThDP or histidine residue. In the first
half- and second half-reactions, the energy barriers of C—C bond
formations are always larger than that of C—C bond cleavages. The
4-amino group of cofactor ThDP and histidine residue play key roles
in the proton transfer processes.

By comparing the energy barriers of four steps in gas phase and
in enzymatic environment by using polarizable-continuum model
(PCM), we found that the surrounding environment is crucial for
this enzymatic reaction. These simplified models only provide us a
rough picture of catalytic reaction, and the investigations that fully
consider the effect of enzymatic environment are further deserved.
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