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ABSTRACT: Pyruvate dehydrogenase multienzyme complex
(PDHc) is @ member of a family of 2-oxo acid dehydrogenase
(OADH) multienzyme complexes involved in several central
points of oxidative metabolism, and the E1 subunit is the most
important component in the entire PDHc catalytic system,
which catalyzes the reversible transfer of an acetyl group from
a pyruvate to the lipoyl group of E2 subunit lipoly domain. In
this article, the catalytic mechanism of the E1 subunit has been
systematically studied using density functional theory (DFT).
Four possible pathways with different general acid/base
catalysts in decarboxylation and reductive acylation processes
were explored. Our calculation results indicate that the 4'-
amino pyrimidine of ThDP and residue His128 are the most
likely proton donors in the decarboxylation and reductive acylation processes, respectively. During the reaction, each C—C and
C—S bond formation or cleavage process, except for the liberation of CO,, is always accompanied by a proton transfer between
the substrates and proton donors. The liberation of CO, is calculated to be the rate-limiting step for the overall reaction, with an
energy barrier of 13.57 kcal/mol. The decarboxylation process is endothermic by 5.32 kcal/mol, whereas the reductive acylation
process is exothermic with a value of 5.74 kcal/mol. The assignment of protonation states of the surrounding residues can greatly
influence the reaction. Residues His128 and His271 play roles in positioning the first substrate pyruvate and second substrate
lipoyl group, respectively.
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in the following overall reaction 1:

pyruvate + CoA + NAD" the acetyl—lipoyl adduct to the acyltransferase domain of the
E2 subunit, where the acetyl group further transfers to cofactor
CoA. In the final step, the lipoyl domain of the E2 subunit visits
the active site of the E3 subunit where the dithiolane ring of the

lipoyl group is regenerated along with the reduction of NAD™.

— acetyl-CoA + CO, + NADH + H* (1)

Three different enzymatic components are required in the
above challenging reaction (ie, a thiamine diphosphate

(ThDP)-dependent decarboxylase (EC1.2.4.1; E1), a lipoate-
dependent acyltransferase (EC2.3.1.1; E2), and a flavin-
dependent dihydrolipoyl dehydrogenase (EC 1.8.1.4; E3)).°”°
The overall reaction can be divided into four steps. The first
two steps are catalyzed by the E1 subunit, which involves the
reversible transfer of a two-carbon fragment (acetyl group)
from pyruvate to the lipoyl group of the E2 subunit’s lipoly
domain, as shown in Scheme 1. The third step is a transfer of
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Three components are assembled around a central core formed
by multiple copies of the E2 subunit with either octahedral or
icosahedral symmetry, depending on the organism.'”"" The
lipoyl domain of the E2 subunit is tethered to the peripheral
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Figure 1. (a) Activation of ThDP and (b) the proposed catalytic mechanism of the PDHc El subunit.

subunit binding domain (PSBD) by means of a ~50-residue
flexible linker, which is highly mobile and can shuttle between
all three subunits to enable communication among the catalytic
active sites.">"?

The PDHc provides a link between glycolysis and the
tricarboxylic acid (TCA) cycle. PDHc deficiency is one of the
major genetic disorders leading to lactic acidosis'*'® and is also
found to be related to various types of brain damage and
neurolo_%ical symptoms, such as epilepsy16 and infantile
spasm.'” The PDHc has been shown to be a therapeutic target
for gene therapy.'®'” More importantly, abundant evidence
indicates that deficiency of the Ela subunit is the principal
cause of PDHc deficiency.”* > Therefore, the E1 subunit is
suggested to be the most important subunit in the entire
multienzyme catalytic system, and understanding of the
catalytic mechanism of the E1 subunit is enormously significant
for regulating the activity of the PDHc and for designing novel
drugs that have high efficiency.

The reaction catalyzed by the El subunit consists of the
decarboxylation of pyruvate and the reductive acylation of the
lipoyl group.**** As shown in Figure 1, after activation of the
cofactor ThDP, a-lactyl-ThDP is first formed by the attack of
the C, carbanion of the ThDP ylide (active form of ThDP) on
the C,, atom of the substrate pyruvate. Then the scissile C,,—
Cys bond of a-lactyl-ThDP is broken to generate the 1,2-
dihydroxylethyl- ThDP (DHE-ThDP) carbanion/enamine in-
termediate, and the first product CO, is liberated. Sub-
sequently, DHE-ThDP intermediate combines with the
incoming second substrate lipoyl group of the E2 subunit
lipoyl domain, which further undergoes a cleavage of the C,—
C,, bond to release the final product (the acetyl—lipoyl adduct)
and to regenerate the ThDP ylide. As shown in Figure 1, two
general acid/base groups, namely, B1 and B2, are required for
the whole reaction; B1 is responsible for the protonation of C,,
carbonyl of pyruvate, and B2 is functional to protonate one
sulfur atom (Sg) of the lipoyl group.

Over the past decades, several crystal structures of the PDHc
El subunit from different s6pecies, such as Pyrobaculum
aeroé)hilum,25 Escherichia coli,®® and Bacillus stearothermophi-
lus”>*” have been solved. These 3D structures provided
significant information for understanding the catalytic reaction.
By comparing the obtained structures of the PDHc E1 subunit
from different species, it was found that their active sites show
high similarity. For example, all active sites of the PDHc El
subunit are formed by a and f subunits and are located at the
interfaces; like other ThDP-dependent enzymes, the cofactor
ThDP maintains a so-called “V” configuration through
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surrounding hydrogen bonds and hydrophobic interactions,
which is considered to be an essential prerequisite for
catalysis.”*® Furthermore, the cofactors are almost completely
buried, but the C2 atom is accessible from solution through the
active-site clefts.

Until now, the reaction mechanism of PDHc El,
role of some key residues,””**~>* the communication amon
the active sites,>”>® and some reaction intermediates>>”>
have been explored by experimental approaches. For example,
Fries et al. carried out site-directed mutagenesis of a loop at the
active site of the B. stearothermophilus E1 subunit and suggested
that residue Arg267 is involved in the binding of the carboxyl
group of the substrate and that other residues, including
Tyr281, Asp276, and Arg282, have great influence on the
decarboxylation and reductive acylation reactions.’” Later, by
examining the structure of the E. coli PDHc E1 subunit and
yeast transketolase,> they proposed that a histidine residue is
an important contributor for the reductive acylation. Further
mutations of H271A and H128A indicated that His271 may be
functional in the proton transfer and stabilization of the
transition states during decarboxylation, whereas His128 may
act as the proton donor in the subsequent reductive
acylation.”>** In addition, Jordan et al. identified the various
tautomeric forms of the 4’-aminopyrimidine ring using
electronic spectroscopy and suggested the 1’,4’-imino tautomer
of ThDP to be the first general acid/base group in the ThDP
catalytic reactions.*”*’

Although a rough picture of the catalytic mechanism of the
PDHc E1 subunit has been obtained, as described in a review
article,” open questions still remain. The detailed reaction
pathway, the roles of pocket residues involved in proton
transfer and stabilization of reaction intermediates and
transition states, and the energetics of the whole catalytic
cycle are still not fully understood. In addition, an explicit
description of an enzymatic mechanism is crucial for exploring
the biochemical role of enzymes and for designing novel drugs
that have a high efficiency. Furthermore, some valuable
information cannot be acquired by experimental data alone.
Therefore, theoretical studies at the atomic level are required.
However, in contrast to the extensive theoretical studies on the
catalytic mechanism of some other ThDP-dependent enzyme,
such as pyruvate decarboxylase (PDC),*'™* pyruvate feredoxin
oxidoreductase (PFOR),** acetohydroxyacid synthase
(AHAS),*™* and transketolase (TK)," theoretical study of
the reaction mechanism of the PDHc E1 subunit is still limited.
Li et al. investigated the mechanism of ThDP activation and the
decarboxylation reaction of the PDHc E1 subunit from E. coli
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by DFT methods.*” Useful information was obtained; for
example, two glutamate residues were considered to play
essential roles in the ThDP ylide formation and in the
orientation of the carboxyl of pyruvate. However, they
suggested that after the decarboxylation of a-lactyl-ThDP the
formed intermediate DHE-ThDP was subsequently protonated
and was followed by the release of acetaldehyde. It is different
from the generally accepted catalytic mechanism in which
DHE-ThDP is bound with the lipoyl group of the E2 subunit
lipoyl domain, which was then followed by the formation of
final product, the acetyl—lipoyl adduct.>****** In their study,
the reductive acylation of the second substrate lipoyl group was
not included. In addition, the model used was based on a crystal
structure without any substrate, which may not be a good
model for the study of a catalytic reaction, and a more detailed
study is necessary.

In this article, the catalytic mechanism of the PDHc El
subunit has been studied using DFT methods>>" with cluster
models, which has been widely applied in recent years in
qualitatively elucidating enzymatic reaction mechanisms.*> > It
is noted that combined quantum mechanics and molecular
mechanics (QM/MM) methods have been increasingly
developed in recent years for investigating the fundamental
and practical problems of enzymology.””~>® This should be the
preferred approach for our study. However, the available QM/
MM methods are usually more expensive than the simple QM
calculation. Our aim is to solve the controversial question of
mechanism and to understand qualitatively the transition-state
structures and energetics of the catalytic reaction. Therefore, for
such a complex system, the DFT method with cluster models
was selected. The detailed energetic profile of the overall
reaction as well as the structures of all of the intermediates and
transition states along the reaction pathway are presented. The
general acid/base groups and the roles of key pocket residues
were determined.

B COMPUTATIONAL METHODS

Cluster Models. The models used in this work are based on
the recently obtained crystal structure of the PDHc E1 subunit
from B. stearothermophilus (PDB code: 3DV0).> In this crystal
structure, the PDHc E1 subunit is bound with a pyruvate and a
ThDP analogue, 3-DEAZA-ThDP. The enzyme was recovered
to its wild type by manually modifying the thiophene ring of 3-
DEAZA-ThDP to thiazole ring. Each E1 subunit includes more
than 20 000 atoms after adding hydrogen atoms. To improve
computational efliciency, our model only contains the
substrates, coenzyme ThDP, and some key residues, including
His271 and His128, which are considered to act as the catalyst
and/or to orientate substrate, Ile142, which forms a hydrogen
bond with the 4’-amino group of ThDP, and Ile143, as shown
in Figure 2. Residues Ile142, Ile143, and His271 and cofactor
ThDP come from the same chain, and residue His128 comes
from the neighboring chain. The second substrate lipoyl group,
coenzyme, and all residues are truncated so that only important
side chains or peptide backbones are included. During the
optimizations, the truncated atoms and their H-link atoms were
frozen to their crystallographic positions to prevent unrealistic
movements of the groups involved in the model, and the fixed
truncated atoms were marked with asterisks in the correspond-
ing figures. One can see that only a few atoms were fixed in the
model during the optimization, including the terminal carbon
atoms and their H-link atoms of truncated residue His271,
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Figure 2. Crystal structure of the active site of the PDHc E1 subunit
(PDB code: 3DV0) with substrate pyruvate and cofactor ThDP. The
atoms used in our computational models are indicated by ball-and-
stick.

Pyruvate Tyr102

His128, Tle142, and Ile143 as well as the terminal carbon and
oxygen atoms and their H-link atoms of truncated ThDP.

Because the activation mechanism of ThDP has been
extensively studied experimentally and computationally else-
where,4l’49’60_62 our calculations start from a model in which
ThDP has been activated (i.e., the proton at the C, carbon
atom has been abstracted, and the ThDP ylide has been
formed). It is well-known that a glutamate (GluS9 in PDHc E1
subunit from B. stearothermophilus) is significant in the catalytic
reaction.*"**** However, our test calculations (shown in Figure
S1) indicated that this residue is less important in the reaction
after the activation of ThDP. The crucial role of this glutamate
is mainly in the activation process of ThDP, and our study
focuses on the remaining steps; therefore, GluS9 was not
included in our model.

Ionizable residues in the active sites exhibit significant
influence on the substrate—enzyme interaction and catalytic
reaction. To determine the protonation states of ionizable
residues in the active site, preliminary calculations on the basis
of mutational studies were first carried out. It is known that
both His128 and His271 are located at the active site and that
the lipoyl group is highly flexible; thus, both of the histidine
residues are possible proton donors for the protonation of the
lipoyl group. However, the complete inactivation of the H128A
mutant and partial inactivation of H271A for the whole reaction
in the experimental study strongly suggests that His128 is the
sole proton donor in the reductive acylation process.”* What is
the reason that His271 cannot act as the proton donor in the
reductive acylation process of the H128A-mutant-catalyzed
reaction? One possibility is that the energy barrier of the rate-
limiting step is greatly increased for the H128A mutant. We
optimized the structures of the species involved in reductive
acylation process catalyzed by the H128A (Path-H128A)
mutant, and the obtained energy profile is shown in Figure
S2 of the Supporting Information. From the energy profile, one
can see that the highest energy barrier of this process is only
10.15 kcal/mol, which is still favorable. Thus, this possibility is
excluded. Another possibility is that the residue His271 exists in
its deprotonated state in the PDH E1 subunit. To examine this
possibility, we employed the PROPKA 3.1 programés’é6 to
estimate the pK, value of the involved residues with the initial
structure. The pK, value of residue His271 was calculated to be
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Figure 3. Four possible reaction pathways catalyzed by PDHc E1 subunit. (a) In Path-1, the 4’-amino of the ylide acts as B1, and residue His128 acts
as B2 with His271 in a deprotonated state (Path-14, in bule) or in a protonated state (Path-1B, in red). (b) In Path-2, the 4’-amino of ylide functions
as B, and residue His271 functions as B2 with His128 in a deprotonated state (Path-2A, in blue) or a protonated state (Path-2B, in red). (3) In
Path-3, residues His271 and His128 are B1 and B2, respectively. (d) In Path-4, residue His128 serves as B1 and His271 serves as B2.

Table 1. Protonation States of Two Histidine Residues, Identities of Two General Acid/Base Groups, and Number of Atoms

and Total Charge of Computational Models in Four Pathways

Path-1A
Path-1B
Path-2A
Path-2B
Path-3
Path-4

protonation state of residues

general acid/base group

His128 His271 B2
protonated deprotonated 4’-amino of ThDP His128
protonated protonated 4’-amino of ThDP His128
deprotonated protonated 4’-amino of ThDP His271
protonated protonated 4'-amino of ThDP His271
protonated protonated His271 His128
protonated protonated His128 His271

number of atoms
87, 107°
88, 108
87, 107
88, 108
88, 108
88, 108

charges
+1, +1°
¥2, 42
+1, +1
+2, 42
+2, +2
+2, 42

“The two numbers represent the number of atoms from computational models in the decarboxylation and reductive acylation processes, respectively.
YThe two numbers represent the total charge from computational models in the decarboxylation and reductive acylation processes, respectively.

4.6, which is lower than the pH value of 7.0 under physiological
conditions, indicating that residue His271 is in the deproto-
nated state. The pK, value of residue His128 was calculated to
be 7.4, meaning that it is in the protonated state. In addition, it
has been reported that the active ThDP and a-lactyl-ThDP in
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the 2-oxo acid dehydrogenases may exist in their protonated

forms.*°
here.

Therefore, the protonated ylide form was adopted

Recent experimental study suggested that the 4’-amino
pyrimidine of ylide is the general acid/base group (BI, as

dx.doi.org/10.1021/bi400577f | Biochemistry 2013, 52, 8079—8093



Biochemistry

Path-1A

la1A=3.46
'b1A=3.04
rc1A=1.04*

1A =3.
1A =2.99 9=
. Tk1A=1.05

Fare, - foia A l’é’
* HEZA?;N P_1

la1a=2.21
[b1A=1.64
lc1A=1.04

[a1A=1.56
'b1a=1.04
lc1A=1.52
rdia=1.57

rd1a=2.39 rd1A=3.37

TS2 1A IM2_1A

o2

d1a; \
_

ra=2.11

I[1A=1.65

Ik1A=1.04
e

1A =2.49
lg1A=1.97

rh1A=1§9r§~

le1A=3.74
Mfa=2.17
lg1A=2.23

ra=1.04
oo
179 d :

IM3_1A

Figure 4. Optimized geometries for various species involved in Path-1A obtained at the B3LYP/6-31g(d,p) level. The key bond distances are shown
in angstroms, and the fixed terminal atoms are labeled by asterisks in R_1A.

shown in Figure 1b) in the decarboxylation process and that
residue H128 is the general acid/base (B2, as shown in Figure
1b) in the reductive acylation process.”> In this pathway
(named Path-1) and to investigate the influence of protonated
states of surrounding residues on the catalytic reaction, residue
His271 in the deprotonated (Path-1A) and protonated states
(Path-1B) were both considered. Because the lipoyl group is
highly flexible, it is also possible that residue His271 functions
as the B2 if it is in the protonated state. Thus, the pathways
with 4’-amino pyrimidine of the ylide acts as B1 and residue
His271 acts as B2, where residue His128 in the deprotonated
(Path-2A) and protonated states (Path-2B) were also studied
here. Furthermore, in ref 24, residues His271 and His128 were
suggested to be Bl and B2, respectively (Path-3), which was
also included in this study. In addition, if both histidine residues
exist in their protonated states, it is also possible that residues
His128 serves as Bl and His271 serves as B2 (Path-4). The
four possible pathways are shown in Figure 3. The protonation
states of the two histidine residues, the identities of two general
acid/base groups, the number of atoms, and total charge of
computational models are summarized in Table 1.
Computational Details. All calculations presented here
were carried out by means of the Gaussian 09 program
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package®” using a hybrid density functional theory method.
Geometrical structures were optimized at the B3LYP/6-
31G(d,p) level of theory. To obtain more accurate energies,
single-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 consider the effects of the rest of enzyme that
were not included in our models on the energetics, we used the
polarizable-continuum model (PCM)®*® to calculate the
single-point energies at the 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 surrounding a
cavity containing the solute. The empirical dielectric constant
of the enzyme environment is chosen to be 4, which has been
used in many studies.”””' Frequency calculations were
performed with the 6-31G(d,p) basis set to obtain zero-point
vibrational energies (ZPE) and to verify that all of the
optimized geometries correspond to a local minimum that has
no imaginary frequency or a saddle point that has only one
imaginary frequency. Because some atoms were forced to their
crystallographic positions during the structure optimization, a
few small negative eigenvalues usually appear, typically in the

1

order of 10 cm™. These frequencies do not contribute
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significantly to the zero-point energies and thus can be
tolerated. In addition, freezing of some atoms reduces the
freedom of a molecule, resulting in the model being slightly
more rigid, and this can increase or decrease the energetics.
However, it was demonstrated that no alterations on the
conclusions were observed concerning the investigation of the
catalytic mechanism caused by these effects. All of the transition
states have been confirmed by intrinsic reaction coordinate
(IRC) calculations.”>”® The calculated IRC profiles for Path-1A
are given in Figure S3 of the Supporting Information.

B RESULTS AND DISCUSSION

Reaction Pathways. During the reaction, ThDP is well
kept in its V-like conformation. The characteristic torsion
angles @1 and ®,”*7* for the orientation of the ThDP rings in
all species are given in Table S1. To clearly elucidate the
catalytic reaction, four pathways are discussed in the following
sections. All of the reported energies are obtained in the solvent
phase (PCM, ¢ = 4) at the B3LYP/6-311++g(2d,2p)//
B3LYP/6-31g(d,p) level.

Path 1: ThDP as B1 and His128 as B2. The catalytic
mechanism of Path-1 is shown in Figure 3a. First, the C,
carbanion of the ThDP ylide attacks the C,, atom of pyruvate,
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which is accompanied by a proton transfer from the 4’-amino
of ThDP to the C,, carbonyl of pyruvate, generating the a-
lactyl- ThDP intermediate. Then, the DHE-ThDP intermediate
is generated, and the first product CO, is liberated by the
cleavage of the C,,—C,; bond. The following elementary
reaction is the attack of the C,, atom of DHE-ThDP on the Sq
atom of the lipoyl group coupled with the protonation of the Sg
atom by His128. After the formation of C,,—S¢ bond, the C,—
C,, bond is broken to release the second product, the acetyl—
lipoyl adduct, and to regenerate the ThDP ylide. We will first
discuss the decarboxylation process and the reductive acylation
process of Path-1A with His271 in the deprotonated state.
The optimized structures and key parameters of the reactant
(R_1A represents the reactant in Path-1A, which is used
similarly hereafter), transition states (TS1_1A and TS2_1A),
and intermediates (IM1_ 1A and IM2 1A) in the decarbox-
ylation process are shown in Figure 4. In the optimized
structure of reactant R 1A, the proton of His128 has been
transferred to the carbonyl group of pyruvate. Some hydrogen
bonds (not shown in the figure) are formed between the
substrate pyruvate, surrounding residues, and cofactor ThDP.
The reactive C, atom of thiazolium ring positions a distance
(raa) of 3.46 A from the C,, of pyruvate. This optimized
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structure is favorable for the covalent addition of pyruvate.
From R 1A to TS1 1A, r,;, and 1y, are shortened to 2.21 and
1.64 A, respectively, whereas the length of the N—H bond of
the 4’-amino of ThDP (r.,) is still 1.04 A, indicating that the
proton transfer has not started, whereas the C—N bond is on
the way to be broken. Downstream from TS1 1A to IM1_1A,
1,14 and ry;, change to 1.56 and 1.04 A, respectively, indicating
the completion of the ligation of the C,—C,, bond and proton
transfer. Therefore, it can be concluded that this elementary
reaction occurs in a concerted asynchronous mechanism and
that the linkage of the C—C bond occurs prior to proton
transfer. It can be seen from IM1_ 1A that two oxygen atoms of
the carboxyl group of a-lactyl-ThDP form two hydrogen bonds
with residues His128 and His271, respectively. Thus, these two
residues may play important roles in the following decarbox-
ylation. During the formation of CO,, the hydrogen bond
between the carboxyl group and His128 is disrupted, whereas
the other hydrogen bond between the carboxyl group and
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His271 is maintained. Instead, His128 forms a hydrogen bond
with the C,, hydroxyl oxygen atom, as evidenced by the
O(DHE-ThDP)—H(His128) distance of 1.79 A in IM2_1A.
The optimized structures and key parameters of the
intermediates, transition states. and product in the reductive
acylation process of Path-1A are also shown in Figure 4. In
IM3_1A, the hydrogen atom attached to nitrogen atoms of
His128 interacts with the Sg atom of the lipoyl group. From
IM3 1A to TS3 1A, the distance between the C,, atom of
DHE-ThDP and the S¢ atom of the lipoyl group (r.;,) are
shortened to 2.40 A from 3.74 A. Meanwhile, the S,—Sg bond
of the lipoyl group is broken with a change of distance (ry,)
from 2.17 to 2.49 A. In the intermediate IM4 1A, the C,,—Sq
bond is formed, and proton transfer is completed. One can see
that the ligation of the C,,—S¢ bond occurs prior to proton
transfer in this step. In the last step of the reaction from
IM4_1A to P_1A via TS4 1A, the C,—C,, bond is broken
with the distance between the two carbon atoms (r;,)
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changing from 1.52 to 3.89 A via 2.11 A. Simultaneously, the
hydrogen atom of the C,, hydroxyl transfers to the 4’-amino of
the thiazolium ring. The distance between the hydrogen atom
of the C,, hydroxyl and the nitrogen atom of the 4’-amino of
the thiazolium ring (ry;,) is 1.59, 1.04, and 1.05 A in IM4_1A,
TS4 1A, and P_ 1A, respectively, indicating the proton transfer
occurs prior to the cleavage of the C,—C,, bond.

To investigate the influence of the protonated state of
residue His271 on the reaction, Path-1B with His271 in the
protonated state was also studied. The optimized structures and
key parameters of all species involved in this pathway are
shown in Figure S. It can be seen that the structures of the
species in this pathway are not significantly different from those
in Path-1A. However, in Path-1B, there was no proton transfer
from His128 to the carbonyl group of pyruvate during the
optimization of the reactant. This may be due to the fact that
the deprotonated carbonyl group of pyruvate can be greatly
stabilized by the two protonated histidine residues.

The energy profiles of Path-1A and Path-1B are shown in
Figures 6 and 7, respectively. From Path-1A, one can see that
the formation of IM1_1A is calculated to be slightly exothermic
by 1.78 kcal/mol with an energy barrier of 8.57 kcal/mol. The
subsequent CO,-liberation process corresponds to largest
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energy barrier of 13.57 kcal/mol in this pathway. In addition,
a-lactyl-ThDP is relatively stable in the reaction, and the
relative energy of IM2_1A is 7.10 kcal/mol higher than that of
IM1_1A, meaning that the reaction will stop at the first step
and that IM1 1A will be obtained if the reductive acylation
process could not occur, which is consistent with the theoretical
and experimental results of another ThDP-dependent enzyme,
TK.**7577 In the reductive acylation process, the calculated
energy barrier of the ligation of the C,,—S4 bond and the break
of the C,—C,, bond are 10.26 and 7.14 kcal/mol, respectively.
Earlier experimental studies suggested that the catalyzed
reaction of the PDHc E1 subunit determines the overall rate
of the whole PDHec reaction.”* ° Here, we further confirm that
the liberation of CO, is the rate-limiting step for the overall
activity of the PDHc E1 subunit. In the study of another ThDP-
dependent enzyme, PDC,* this step was also proved to be rate-
limiting. In addition, the decarboxylation process is endother-
mic by 5.32 kcal/mol, whereas the reductive acylation process is
exothermic with a value of 5.74 kcal/mol.

In Path-1B, the energy barriers of the formation of IM1_1B
and IM2_1B is 10.35 and 14.98 kcal/mol, respectively, which
are both are a little higher than that of Path-1A. However, in
the following reductive acylation process, the ligation of the
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C,,—Ss bond is calculated to be 6.09 kcal/mol, which requires
less energy than that of Path-1A. These barrier reductions are
possibly due to the different charge distribution in the species
of the two pathways. The protonation of residue His128 can
greatly stabilize the structure of TS3_1B. Thus, we can
conclude that the protonation of surrounding residues can
influence the reaction greatly. As the energy barrier of the rate-
limiting step in Path-1B is only 1.41 kcal/mol higher than that
of Path-1A, it is also possible for the reaction to proceed via
Path-1B. However, from the above discussion, we conclude that
protonating residue His271 is difficult. Thus, the more
favorable pathway is Path-1A. In addition, the entropy changes
in all pathways are given in Table S2. The results indicate that
the entropy effect only slightly influences the energies and
cannot change the reaction pathways.

To examine the effect of the protein’s electrostatic
surroundings on the energy barriers, we also calculated the
single-point energies in the gas phase and in water (PCM,
dielectric constant & = 80) for each species on the optimized
geometries. These two energy profiles for Path-1A are shown in
Figure S4. Compared with the energy profile in the surrounding
enzyme, clear differences can be observed in the energy barriers
of every step. Therefore, the enzyme environment can influence
this enzymatic reaction. The same effects were found in the
other pathways.

Path 2: ThDP as B1 and His271 as B2. In above Path-1B,
both His128 and His271 are in their protonated states. It is also
possible for residue His271 to function as B2 because the lipoyl
group is highly flexible. Thus, the pathway in which the 4'-
amino pyrimidine of the ylide acts as B1 and residue His271 as
B2 with residue His128 in deprotonated (Path-2A) and
protonated states (Path-2B) was also studied here. The only
difference between Path-1B and Path-2B is the identity of the
general acid/base that protonates the second substrate lipoyl
group. Therefore, Path-1B and Path-2B share the same
decarboxylation process.

The optimized structures and key parameters of all species in
Path-2A and in the reductive acylation process of Path-2B are
shown in Figures 8 and 9, respectively. The details of Path-2 is
similar to that of Path-1 (i, the formation of the C,—C,,
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bond and proton transfer from the 4'-amino to the C,,
carbonyl oxygen of pyruvate also occur in a concerted
asynchronous mechanism, and the proton transfer occurs
later than the formation of the C,—C,, bond). In the following
reductive acylation process and similar to Path-1, both the
formation of the C,—S4 bond and the cleavage of the C,—C,,
bond are accompanied by a proton transfer in a concerted
asynchronous manner. However, clear structural difference can
be found between IM3 2A and IM3 2B of Path-2 and
IM3_1A and IM3_1B of Path-1 in the moiety of dithiolane and
in residue His128. In IM3 of Path-1, residue His128 interacts
with the Sg atom of dithiolane by a hydrogen bond, meaning
dithiolane locates in a favorable position for the protonation of
the Sy atom by His128. However, in IM3 (IM3 2A and
IM3 2B) of Path-2, His128 forms a hydrogen bond with the
C,, hydroxyl oxygen atom, and the orientation of dithiolane is
changed to facilitate proton transfer from His271 to the Sq
atom.

The energy profiles of Path-2A and Path-2B are shown in
Figures 6 and 7, respectively. In the decarboxylation process,
the calculated energy barriers for the formation of two
intermediates IM1 and IM2 in Path-2A are 1.43 and 2.20
kcal/mol lower than those of Path-2B, respectively. Although in
the reductive acylation process, the energy barriers of the
formation of intermediates IM4 and product P in Path-2A are
6.11 and 1.12 kcal/mol higher than those in Path-2B,
respectively. Thus, the protonation state of His128 influences
the elementary reactions of the reductive acylation process
moreso than those of the decarboxylation process. The reason
may be that in the later process His128 forms strong hydrogen
bond with the C,, hydroxyl oxygen atom, which is bonded with
the reactive C,, atom directly. In Path-2A, the rate-limiting step
is the ligation of the C,—S4 bond, with an energy barrier of
14.42 kcal/mol. In Path-2B, the liberation of CO, is calculated
to be the rate-limiting step, with an energy barrier of 14.98
kcal/mol. The energy barriers of the limiting steps of both
Path-2A and Path-2B are slightly higher than that of Path-1A.
In addition, our calculations also reveal that R_2A is only 0.36
kcal/mol higher than R _1A. Considering that the energy
profiles of decarboxylatlon of Path-1A and Path-2A are very
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similar, we concluded that the different protonation states of
His128 and His271 have minor influence on the decarbox-
ylation of the substrate. In the reductive acylation process,
IM3 2A is calculated to be 3.63 kcal/mol more stable than
IM3_1A. However, Path-2A corresponds to the larger energy
barrier in this process. Furthermore, residue His271 is difficult
to protonate. Thus, the pathway will proceed in Path-1A. In
addition, we can also conclude that the protonation of
surrounding residues can greatly influence the catalytic reaction.

Path-3: His271 as B1 and His128 as B2. In the crystal
structure used in our study, the first substrate pyruvate is
located in the same position as in Path-1 and Path-2. However,
the orientation of the pyruvate was not definitively assigned
using electron density maps.”® The pyruvate can also exist in a
conformation in which the C,, carbonyl oxygen atom is
hydrogen-bonded with His271. Furthermore, residue His271
was proposed to be a proton donor in the decarboxylation
process in earlier studies.”* Thus, the pathway with protonated
His271 as B1 and protonated His128 as B2 (Path-3) is also
considered, and the catalytic mechanism is shown in Figure 3c.
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The optimized structures and key parameters of the reactant,
transition states, intermediates, and product in Path-3 are
shown in Figure 10. In reactant R 3, pyruvate is stabilized by
some hydrogen bonds, one of which is formed by the C,,
carbonyl of pyruvate and by the imidazole ring of His271 with a
distance of 2.50 A, which is crucial for proton transfer. During
the ligation of the C,—C,, and C,,—Ss bonds in the
decarboxylation process and the cleavage of C,—C,, in the
reductive acylation process, proton transfer also occurs in a
concerted but asynchronous manner. The hydrogen bond
between the carboxyl group and His128 is well kept in the
whole decarboxylation process, which may play a role in
stabilizing the transition states and intermediates.

From the energy profile of Path-3 (Figure 7), we can see that
the formation of the C,,—Ss bond is the most energy-
demanding reaction. The calculated energy barrier of this step
is 26.14 kcal/mol, which is much higher than that of the earlier-
discussed pathways. Thus, the reaction would not proceed via
Path-3. Compared with the optimized structures of the
transition states in Path-1A, the increase of the energy barriers
can be explained from their structures. For instance, in the
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transition-state structures of the liberation of CO, in Path-1A
and Path-3, several hydrogen bonds are observed in both
species (as shown in TS2 1A and TS2_3 in Figures 4 and 10).
However, in TS2 1A, ThDP, Ile142, His128, and His271 form
five hydrogen bonds, which can greatly stabilize the transition
state and reduce the energy barrier.

Path-4: His128 as B1 and His271 as B2. In addition to the
above pathways, the pathway (Path-4) with His128 as B1 and
His271 as B2 was also studied. The optimized structures of all
involved species are shown in Figure 11. Different from the
reactants in the above pathways is that the R_4 residue His128
forms a hydrogen bond with the C,, carbonyl oxygen of
pyruvate instead of the carboxylic oxygen, which provides a
necessary condition for proton transfer from His128 to
pyruvate. After completion of the proton transfer, the
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deprotonated His128 is always hydrogen bonded to the C,,
hydroxyl group. Similar to other pathways, the ligation of the
C,,—Ss bond and cleavage of the C,—C,, bond are also
companied by proton transfer in a concerted but asynchronous
manner. However, different from the decarboxylation process
in other pathways, the ligation of the C,—C,, bond and the
proton transfer proceed in a stepwise manner. The energy
profile of Path-4 is shown in Figure 7. For comparison, the
relative energies of different pathway were also calculated. R_3
and R_4 are higher than R 1B in energy by 1.52 and 6.97 kcal/
mol, and IM3 2B, IM3_ 3, and IM4 4 are 7.13, 20.59, and
22.13 kcal/mol more stable than IM3_ 1B. In the decarbox-
ylation process, Path-4 corresponds to the lowest energy
barrier. However, in the reductive acylation process, the energy
barriers of Path-4 are high. In particularly, the ligation of the
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lipoyl group and DHE-ThDP corresponds to an energy barrier
of 27.61 kcal/mol, indicating that Path-4 is unfavorable in
energy.

Roles of Some Key Residues. Site-directed mutation is an
effective tool to identify the roles of residues in substrate
recognition, transition-state stabilization, conformational
changes of active-site loops, and general acid/base functionality.
Several mutational studies on the PDH E1 subunit have been
carried out,”>***" including H128A, H128N, H128Q, and
H271A. Valuable information on the roles of residues H271
and HI128 has been obtained, as mentioned above. To
understand further the roles of these two residues, we
optimized the structures of four pyruvate-bound mutants,
namely, R_H271A, R_HI128A, R_HI28N, and R_H128Q as
well as two lipoyl-bound mutants, IM3 HI128A and
IM3 H271A. Optimized geometries of all mutants are shown
in Figure 12. In reactant R_1A of Path-1A for the wild-type
enzyme, the distance between the C, atom of ThDP and the
C,, atom of pyruvate is 3.46 A. However, in mutants H128A
and HI128N, these distances (r,_. for all structures here)
changed to 4.61 and 4.51 A, indicating an unfavorable position
of pyruvate for the reaction. In contrast, r,_, only slightly
changes to 3.56 A in the H271A mutant and to 3.57 A when
HI128 was substituted by glutamine (which still forms a
hydrogen bond with the substrate). Thus, our calculations
proved that residue H128 rather than H271 plays an important
role in positioning the first substrate. In addition, the distance
between the C, atom of DHE-ThDP and the S4 atom of the
lipoyl group (r,_y for all structures here) is 3.46 A in
IM3_HI128A. The substrate still locates at the favorable
position for the ligation of DHE-ThDP and the lipoyl group,
which indicates that His128 plays minor role in positioning
lipoyl. However, in the H271A mutant, r.,_ is lengthened to
4.99 A. Therefore, one can deduce that the low activity of the
H271A mutant may be caused by the influence of the “open—
close” transitions of the El subunit active-site loops, as
suggested in previous studies,”’ and the mutated Ala271 that
orients the lipoyl group in the unfavorable position.

B CONCLUSIONS

In this article, the catalytic mechanism of the E1 subunit of the
pyruvate dehydrogenase multienzyme complex has been
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investigated using DFT. Four possible pathways with different
general acid/base catalysts in the decarboxylation and reductive
acylation processes were considered. By calculating the reaction
pathway of the H128A mutant and the pK, value of ionizable
residues, residue His271 is suggested to be in its deprotonated
form during the reaction. The most possible reaction pathway,
the detail of each elementary step, the energetics of the whole
catalytic cycle, and the roles of some key residues were
determined. Our calculation results indicated that Path-1A is
the most favorable pathway, where the 4’-amino pyrimidine of
ThDP and residue His128 act as the acid/base catalysts in the
decarboxylation and reductive acylation processes, respectively.
Except for the formation of CO,, each C—C or C—S bond
formation or cleavage process is always accompanied by a
proton transfer. More importantly, the C—C or C—S bond
formation always occurs prior to the proton transfer, and the
C—C bond cleavage always occurs after proton transfer,
suggesting that C—C or C—S bond ligation promotes the
proton transfer and that proton transfer facilitates C—C bond
cleavage. On the basis of our models, the liberation of CO, is
calculated to be rate-limiting for the overall reaction with an
energy barrier of 13.57 kcal/mol. The decarboxylation process
is endothermic by 5.32 kcal/mol, whereas the reductive
acylation process is exothermic with a value of 5.74 kcal/mol.
Our calculations on the reaction pathways with different
protonation states of His271 and Hisl128 reveal that the
protonation states of the surrounding residues can greatly
influence the reaction. By optimizing the structure of the
pyruvate-bound and lipoyl-bound mutants, residues His128 and
His271 are proved to play roles in positioning the first substrate
pyruvate and the second substrate lipoyl group of the E2
subunit lipoly domain, respectively. In addition, by comparing
the energy barriers of each step using a polarizable-continuum
model (PCM), we found that the surrounding environment is
crucial for this enzymatic reaction. Our results may provide
useful information for the design of novel drugs that have high
efficiency and for the redesign of enzyme activities for
biocatalytic applications.
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