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ABSTRACT: Quantum chemical calculations are used to investigate the detailed reaction
mechanism of 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic-acid
(SEPHCHC) synthase (also known as MenD), a thiamin diphosphate-dependent
decarboxylase that catalyzes the formation of SEPHCHC from 2-ketoglutarate and
isochorismate. This enzyme is involved in the menaquinone biosynthesis pathway in M.
tuberculosis and is thought of as a potential drug target for anti-tuberculosis therapeutics. In
addition, MenD shows promise as a biocatalyst for the synthesis of 1,4-functionalized
compounds. Models of the active site are constructed on the basis of available X-ray
structures, and the intermediates and transition states involved in the reaction mechanism
are optimized and characterized. The calculated mechanism is in good agreement with
prior kinetic studies and gives new insights into the mode of action of the enzyme. In
particular, the structure and role of the tetrahedral post-decarboxylation intermediate observed in X-ray structures are discussed.
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1. INTRODUCTION

MenD, formally known as 2-succinyl-5-enolpyruvyl-6-hydroxy-
3-cyclohexene-1-carboxylic-acid (SEPHCHC) synthase, is a
thiamine diphosphate (ThDP)-dependent enzyme found in
the menaquinone biosynthetic pathway that has attracted
interest for more than 30 years. Initially, MenD was reported
to have unusual bifunctional activity, catalyzing both the 1,4-
addition of 2-ketoglutarate (2KG) to isochorismate (IC) and
the subsequent δ-elimination of pyruvate to form 2-succinyl-6-
hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC).1,2 Some
time later, the pyruvate elimination was shown to require a
second enzyme, MenH,3−5 and it is now accepted that the
native reaction catalyzed by MenD yields only SEPHCHC
(Scheme 1).
In more recent times, interest in MenD has not waned;

rather, it has taken two distinct directions. First, gene knockout
studies showed MenD to be essential in B. subtilis,6 as well as

the human pathogens H. influenzae7 and M. tuberculosis.8

Furthermore, it has been proposed that selective inhibition of
the menaquinone biosynthesis pathway in M. tuberculosis may
provide a novel approach to anti-tuberculosis therapeutics.9,10

The fact that it catalyzes the first committed step in that
pathway, when combined with the knockout results, has seen a
number of studies focusing on the structure and mechanism of
MenD as an aid to inhibitor design.
In addition to its potential as a drug target, MenD has found

use as a biocatalyst due to its relatively unusual ability to
catalyze 1,4-addition reactions. 1,4-Functionalized compounds
have attracted interest because of their utility as synthetic
intermediates,11 but this is tempered since their preparation is
challenging. One reaction that gives access to these molecules
is the addition of activated aldehydes or ketoacids to α,β-
unsaturated carbonyl substrates, best known as the Stetter
reaction.12 Several variations of this reaction have been
developed, all based on the use of a nucleophilic catalyst to
reverse the polarity of the carbonyl, thereby rendering the
carbon center nucleophilic, that is, umpolung chemistry. MenD
is one of a small group of enzymes termed “stetterases” that
can catalyze both 1,4- and 1,2-addition reactions, the latter
providing access to C4-selective chain elongation of carboxylic
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Scheme 1. Reaction Catalyzed by MenD
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substrates.13,14 This potential industrial utility has provided
additional impetus for structural and mechanistic studies of
MenD.
As with those of other ThDP-dependent decarboxylases, the

MenD reaction mechanism can be divided into two half-
reactions: (1) the reaction of ThDP with the first or donor
substrate (here, 2KG) to form a tetrahedral ThDP adduct
which subsequently decarboxylates to form the Breslow
(carbanion−enamine) intermediate and (2) the reaction of
the Breslow intermediate with the second or acceptor substrate
(here, IC) to form a second tetrahedral intermediate, which
then breaks down to release the product and regenerate the
cofactor (Figure 1). While most of the key aspects of the
mechanism of MenD are typical, the structural studies have
provided some anomalies which bear closer examination.
To date, X-ray structures have been obtained of the MenD

from three sources, B. subtilis,15,16 Escherichia coli,17,18 and M.
tuberculosis.19,20 These enzymes share only ∼30% sequence
identity but, typical of many ThDP-dependent enzymes, the
cofactor- and substrate-binding sites of the three isozymes are
virtually superimposable. Not surprisingly, the steady-state
kinetic data reported for the BsMenD and EcMenD isozymes
are also very similar.3,16 Additional steady-state kinetics studies
also revealed that MenD operates by a ping-pong mechanism
in which decarboxylation of 2KG occurs prior to, and without
the need for, IC binding.21 This finding prompted experiments
in which crystals of both EcMenD and MtMenD holoenzymes
were soaked with 2KG for various time periods before being
flash-frozen. X-ray analysis of the 2KG-soaked crystals revealed
the development of new electron density indicative of the
formation of an adduct between 2KG and ThDP. As no
density was observed for the C2α carboxylate of 2KG, the
adduct was assumed to be the post-decarboxylation inter-
mediate.17−19 In other experiments, the crystals of MtMenD
were also soaked with IC alone and with both 2KG and IC.18

The former provided a structure of the holo MenD/IC

complex and the latter resulted in an intermediate which was
identified as the covalent donor−acceptor−ThDP adduct,
commonly referred to as the second tetrahedral intermediate
(Figure 1).18

Ultimately, soaking of the crystals with 2KG alone has
provided the most intriguing of these structures. The resultant
tetrahedral adduct was found in both MtMenD and EcMenD
and was postulated to be either the carbanion or, more likely,
the C2α-protonated form of the Breslow intermediate (here,
HSThDP, Figure 1).17,18 Unfortunately, the resolution of the
X-ray structure was not sufficient to determine the exact
protonation state of the intermediate but, regardless, the
observation of a tetrahedral Breslow intermediate was unusual
in that previously identified protonated carbanion−enamine
intermediates were generally found to be planar.22 This
structure was later combined with stopped-flow and muta-
genesis experiments to prompt the suggestion that MenD may
operate in a novel catalytic mode, one quite distinct from the
canonical enamine chemistry.23

Despite the plethora of X-ray structures, mutagenesis, and
kinetic investigations, the MenD reaction mechanism has not
been fully established. A number of questions are still open, the
most important of which relates to the catalytic competence of
the post-decarboxylation tetrahedral species.
We have previously used density functional theory (DFT)

calculations to investigate the mechanism of the ThDP-
dependent enzyme benzoylformate decarboxylase
(BFDC).24−26 In doing so, we not only established the utility
of this methodology for ThDP-dependent enzymes but also,
unexpectedly, were able to identify a stable yet off-pathway
intermediate that had implications for the overall rate of the
reaction. Here, we describe the use of the DFT methodology
to investigate the reaction mechanism of MenD and show,
inter alia, that it is unlikely to operate by the proposed
noncanonical pathway.

Figure 1. Proposed mechanism and observed intermediates for the MenD reaction.
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2. COMPUTATIONAL DETAILS

2.1. Computational Methods. All calculations were
performed using the B3LYP-D3(BJ) method27 as implemented
in the Gaussian 09 package.28 This method has been used
extensively to study a wide variety of enzymatic systems.29 For
the geometry optimizations, the 6-31G(d,p) basis set was used,
and the electronic energies of the stationary points were
corrected by single-point calculations using the larger 6-
311+G(2d,2p) basis set. These electronic energies were further
refined with single-point solvation corrections using the SMD
implicit solvent method30 and a dielectric constant of ε = 4 and
with the zero-point energy corrections, both terms calculated
with the same basis set as the geometry optimizations.
Following the procedure used in previous computational
investigations of decarboxylating enzymes,24,31 the entropy
gain of the CO2 release is approximated to be equal to the
translational entropy of the free gas molecule (calculated to be
11.1 kcal/mol at room temperature). This value is therefore
added to the energy of Int2 (see below).
2.2. Active-Site Models. The active-site model used to

study the first half-reaction was built on the basis of the X-ray
structure containing the post-decarboxylation intermediate
bound to MenD from E. coli (PDB 5EJ5). For the second half-
reaction, the model was based on the X-ray structure of the
donor−acceptor adduct bound to MenD from M. tuberculosis
(PDB 5ESU), since no comparable complex with EcMenD was
available. This is a reasonable approach because, as noted
above, the structures of the EcMenD and MtMenD post-
decarboxylation adducts were virtually identical. In particular,
superposition of the active-site residues of these structures
shows minimal movements between them (see Supporting
Information), in line with the least motion mechanism
proposed for other ThDP-dependent enzymes.32,33

The same residues were included in both models (numbered
according to the E. coli sequence): Ala29, Pro30, Gly31, Ser32,
Arg33, Glu55, Thr78, Ser79, Gly80, Arg107, Asn117, Gln118,
Glu172, Arg395, Arg413, Ser416, Gly417, Ile418, Ile474,
Phe475, and Leu478. Two crystallographic waters, w873 and
w886, were also included in the model. Of these residues, the
only difference between the Ec and Mt variants are Ala29 and
Ser416, which correspond to cysteine and alanine in MtMenD,
respectively. For the calculations reported here, Ala416 was
manually mutated to Ser, while only the Cα of Ala29 is
included in the model, rendering modification of Cys29
unnecessary. The X-ray structures show that the arginines in
the active site are engaged in salt bridges with neighboring
residues and they were therefore modeled in their protonated
forms. Similarly, Glu172 was modeled in the deprotonated
form to keep the salt bridge to Arg33. Glu55, which interacts
with the N1′ of the cofactor, was modeled in the neutral form.
However, the proton moves to the nitrogen in some steps of
the mechanism (see below). The residues were truncated, as
shown in Figure 2, and the atoms where the truncation is made
were kept fixed at their crystallographic positions. Overall, the
model for the first half-reaction comprises 319 atoms and the
second half-reaction 345 atoms.
To model the first half-reaction, several different binding

modes of 2KG in the enzyme−donor complex were initially
considered. The reaction was then followed from the lowest-
energy conformation, optimizing the subsequent transition
states and intermediates along the reaction pathway. Special
attention was paid to the rotatable bonds in Int1 to identify the

structure with the lowest energy. For the second half-reaction,
models with several enzyme−acceptor (IC) complexes were
built based on the crystal structure of the second covalent
intermediate. All optimizations converged to the same
geometry, reported below as Int3, and the reaction pathway
was then followed starting from this structure.
A final modeling point to be made here concerns the

carboxylate group of the enolpyruvyl moiety of the acceptor. In
the active site of MtMenD, this group forms a salt bridge with
an arginine residue (Arg282), an interaction that presumably is
maintained in EcMenD through a lysine residue (Lys292).
Regardless, in both cases, the residues are remote from the
donor moiety and were therefore not included in the model.
Instead, the carboxylate group of the IC acceptor was modeled
in the protonated form in the second-half reaction to
compensate for the loss of the salt bridge.

3. RESULTS AND DISCUSSION
3.1. Initial State of the Cofactor. The ThDP cofactor can

exist in a variety of forms depending on the protonation states
of N1′, N4′, and C2 (Scheme 2). Moreover, two tricyclic states
can also exist. As shown in our previous work on BFDC, the
energies of these states depend strongly on the local
environment.24,25 In MenD, an important, and potentially
consequential, consideration is that the active site does not
contain any ionizable residues in the vicinity of N4′ and C2.
This is highly unusual for a ThDP-dependent enzyme and, as a
result, these two groups can only interact with each other.

Figure 2. (A) Schematic and (B) structure of the active-site model
used in this study. The asterisks indicate atoms constrained at their
crystallographic positions. The cofactor is shown in green and the
2KG substrate in orange.
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Prior to investigating the detailed reaction mechanism, it is
necessary to examine the various states ThDP may adopt with
the 2KG substrate bound in the MenD active site so that the
most stable form of the cofactor can be identified.
We use the iminopyrimidine state (IP, Scheme 2) as a

starting point for examining the stabilities of the various
cofactor states. From here, N4′ can either extract the C2
proton to form the ylide (YIH+) or perform an intramolecular
attack on C2 to yield the catalytically unproductive tricyclic
state (TCH+). Both states can then transfer a proton from N1′
to Glu55 to form YI and TC, respectively.25 The formation of
TCH+ is associated with a barrier of 11.0 kcal/mol, and its
energy is calculated to be 2.2 kcal/mol higher than IP (Scheme
2). The energy of TC is calculated to be −1.5 kcal/mol relative
to IP. This result is consistent with the calculated mechanism
for BFDC, in which the off-cycle tricyclic species were also
found to be more stable than the IP form.24,25 The formation
of YIH+ is associated with a barrier of 7.6 kcal/mol relative to
IP, and the resulting species is calculated to be +1.4 kcal/mol.
On the other hand, YI is calculated to be −1.8 kcal/mol.
Overall, we found the YI and TC forms to be of similar
energies and can interconvert readily via the IP state.
One somewhat surprising observation from the study of

MenD-bound ThDP states was that neither the energies of the
ylide and tricyclic states nor the associated barriers to form
these states depended significantly on the protonation state of
N1′ (see Supporting Information). Likewise, the IP → YI
energies calculated using a model with a protonated Glu55 and
deprotonated N1′ were comparable to those obtained when
the proton resided on N1′. In general, it has been established
that the acid/base equilibrium established by N1′ and its
vicinal glutamic acid residue (Glu55 in MenD) affects the
ability of the cofactor to form the ylide that is required for
catalysis.34 However, the catalytic power of glyoxylate
carboligase, a ThDP-dependent enzyme which lacks the
analogous glutamic acid residue, mitigates against this being
an absolute.35

3.2. First Half-Reaction. The reaction mechanism of
MenD based on the calculations reported here is shown in

Scheme 3. The associated energy profile is given in Figure 3,
and optimized geometries of transition states and intermedi-
ates are displayed in Figures 4 and 5.
For this half-reaction, the Michaelis complex between the

ylide (YI) and the donor (2KG) (Scheme 3) provides the
starting point for the calculations and the energy of the
complex is set to zero in Figure 3. The first catalytic step is the
nucleophilic addition of the C2 of the cofactor to the carbonyl
of the donor substrate. As the reaction proceeds, the
developing negative charge on the C2α-alkoxide group is
stabilized by hydrogen bonds with active-site water and with
the N4′H2 group of ThDP. The calculated barrier for this step
is 10.6 kcal/mol (TS1) and the energy of the resulting
tetrahedral (pre-decarboxylation) intermediate Int1 is −6.6
kcal/mol.
Proton transfer from the N4′ of the cofactor to the C2α-

alkoxide results in the formation of the OC species, whose
energy is calculated to be 1.6 kcal/mol lower than that of Int1.
No transition state could be located for this proton transfer,
but given the short N4′H···C2αO hydrogen-bonding distance
and the similar energies of Int1 and OC, the barrier is expected
to be very low with the two species being in rapid equilibrium.
As will become apparent in the later discussion, it is significant
that the cofactor in Int1 is in the AP tautomer, whereas in OC,
it adopts the IP tautomer, generally expected for ThDP
intermediates with sp3-hybridized C2α substituents.34,36,37

Furthermore, the relative stability of the OC species is
consistent with experimental investigations which suggested
that protonation of the nascent alkoxide is a driving force in
the formation of the ThDP−donor adduct.38
Previous computational studies have shown that the

protonation state of N1′ can also affect the energy of the
nucleophilic addition step.39,40 Accordingly, to explore this
possibility in MenD, the energy of this step was calculated
using different protonation states of N1′ and Glu55. Again, as
with the IP → YI transformation, we found that the energies
do not change significantly (see Supporting Information).
The next step in the catalytic cycle is decarboxylation which,

conceivably, could occur from either (or both) Int1 and OC.

Scheme 2. Calculated Energies (kcal/mol) for the IP, TC, and YI States and the Barriers for Their Formationa

aThe energy of IP is set to 0. The asterisk indicates that the N1−H bond distance was constrained in the geometry optimization of these species,
see Supporting Information for discussion.
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Scheme 3. Mechanism of MenD Based on Calculations Described in This Worka

aMovement of electrons is highlighted in blue, while the newly formed bonds are in red.

Figure 3. Calculated energy profile for the reaction mechanism starting from the Michaelis complex containing the ylide. Asterisks indicate that the
energies of these structures are estimated from constrained optimizations (see text).
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The calculations show that decarboxylation from OC cannot
take place, as all attempts to locate the associated transition
state resulted in the deprotonation of the C2α-OH by N4′. On
the other hand, decarboxylation from Int1 is feasible and
proceeds with a barrier of 14.9 kcal/mol (TS2) relative to Int1.
Following the release of CO2 from the active site, the resultant
carbanion−enamine (Breslow) intermediate Int2 is calculated
to have an energy of −7.6 kcal/mol. Taken together, the
calculations indicate that, even though OC is more stable than
Int1, it must be considered to be an off-cycle species.
Furthermore, even off-cycle, its presence effectively increases
the barrier of the decarboxylation step to 16.5 kcal/mol (OC
→ TS2).
As described in the Introduction, soaking of MenD crystals

with 2KG results in the formation of an unusual tetrahedral
post-decarboxylation intermediate.17,18 It was suggested that
this arose from the transfer of a proton from N4′ of ThDP to
the C2α-carbanion form of Int2.17,23 Scheme 4 shows that
such a transfer would produce Int2-Td, that is, the cofactor
would be in its N4′ imino (IP) form. We have evaluated this
possibility and found the IP form to be ca. 11 kcal/mol higher
than Int2. Moreover, the associated barrier TS-Td is calculated
to be 25.9 kcal/mol. Intriguingly, during the geometry
optimization of Int2-Td, it was found that the C2α-alkoxide

group abstracts a proton from a nearby crystallographic water
molecule (w873). This implies that the energy of the Int2 →
Int2-Td reaction could be sensitive to the protonation state of
the C2α-O group. Given also that the acidity of N4′ can
potentially be affected by the protonation state of N1′,39 we
calculated the energy of the Int2→ Int2-Td step using models
with different protonation states of C2α-O and N1′ (see
Supporting Information). Overall, the calculations show that
the Int2 → Int2-Td reaction is always endothermic by a
minimum of 6 kcal/mol.
The relatively high energetic cost of forming Int2-Td is not

entirely surprising as the formation of a tetrahedral post-
decarboxylation ThDP intermediate previously had been found
to be thermodynamically unfavorable unless the amino form
could be recovered by reprotonation of N4′ by a neighboring
residue.24,41−44 Unusually, the MenD active site does not
contain any ionizable residues in the vicinity of N4′ or C2α, so
the recovery of the amino form requires that a proton comes
from bulk solution (Scheme 4). This is true regardless of
whether protonation occurs at N4′ (Int2-Td, Path A) or C2α
(Int2, Path B). While conceding that the Int2-Td → Int2-
TdH+ energy cannot be calculated with the same accuracy as
other steps in the mechanism, all estimates of the energy
confirm that this process is exothermic (see Supporting
Information). To ensure a comprehensive examination, one
further possibility was investigated, that is, that C2αO is
protonated (Int2′) prior to the formation of the IP form of the
tetrahedral intermediate (Int2-Td′, Path C). This pathway was
also found to be endothermic. Overall, the calculations are
consistent with the formation of a stable post-decarboxylation
intermediate, such as that observed in the X-ray structures, but
that it will be in the AP rather than the IP form.
To continue the reaction, Int2-TdH+ could either undergo

the C2−C2α bond cleavage, which would lead to the succinic
semialdehyde, or it could react with the acceptor, IC. The
former is seemingly eliminated as it requires C2αO to be
within the hydrogen-bonding distance of either an ionizable
residue or N4′,24,42 and these interactions are not observed in
either Int2-TdH+ or in the X-ray structures. The latter
possibility is discussed in more detail in the next section.

3.3. Second Half-Reaction. The second half-reaction
comprises the binding of the acceptor, IC, and the steps
leading to product formation and release. Steady-state kinetic
studies have shown that MenD operates by a ping-pong
mechanism in which productive binding of IC does not occur
until CO2 has been released,

21 that is, IC binds to an active site
in which the post-decarboxylation intermediate is already in
place. What is not known is whether that intermediate will be
in the planar form of a typical carbanion−enamine or in the
tetrahedral form exhibited by the post-decarboxylation
intermediate in the X-ray structures. To address this question,
the structure of the calculated Int2-TdH+ intermediate was
superimposed on the X-ray structure of the MtMenD−ThDP−
IC ternary complex (PDB 5ESO18). It was immediately
apparent that binding of the acceptor would be significantly
impeded, as the C2α alkoxide (or alcohol) occupies part of the
cavity in which the acceptor binds (see Supporting
Information). Therefore, the only practical way for the
reaction to proceed is for Int2-TdH+ to revert to the planar
Int2, an equilibrium process that H/D solvent exchange
experiments have shown to be feasible, albeit slow, in
EcMenD.17

Figure 4. Optimized geometries of intermediates and transition states
along the reaction pathway. For clarity, the figures show only a part of
the active-site model used in the calculations.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02292
ACS Catal. 2021, 11, 12355−12366

12360

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02292/suppl_file/cs1c02292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02292/suppl_file/cs1c02292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02292/suppl_file/cs1c02292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02292/suppl_file/cs1c02292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02292/suppl_file/cs1c02292_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02292?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02292?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02292?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02292?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The optimized geometries of the intermediates and TSs of
the second half-reaction are shown in Figure 5, and the
corresponding energy profile, with the energy of Int3 set to
zero, is provided in Figure 3.
The calculations show that if the reaction with IC proceeds

directly from Int2, high energy barriers are observed for the
subsequent steps (see Supporting Information). However, if

the C2α-O alkoxide is protonated, thereby forming C2α-OH
(as in Int3), lower barriers were found in the later steps. In
these calculations, we have assumed that the proton comes
from the bulk solvent (i.e., via Path C, Scheme 4), since there
is no obvious proton source in the active site.
As mentioned above, the carbanion−enamine Int2 and

C2α-H forms of the Breslow intermediate Int2-TdH+ are in

Figure 5. Optimized geometries of intermediates and transition states of the second half-reaction. For clarity, only a part of the active site model is
shown in the figures. Note that the geometries of TS6 and EP are derived from constrained optimizations, as discussed in the text.
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equilibrium. Furthermore, the model of Int2 shows that C2α
and C2α-O are both poised for rapid proton transfer from N4′,
and thus, it could be possible that Int3 and Int2-TdH+ can
also interconvert via a proton exchange with the bulk solvent,
as shown in Scheme 4.
From Int3, the reaction proceeds by the addition of the C2α

carbanion to the β-carbon of IC (Scheme 3). The barrier for
this step (TS4) is 5.8 kcal/mol and the resulting intermediate
Int4 is +2.5 kcal/mol relative to Int3. As seen from Scheme 3,
Int4 has two resonance forms, that is, a carbanion and an α-
carboxylate dianion. The deviation from planarity of the
carbon vicinal to the newly formed C−C bond (Figure 5)
indicates that the carbanion form contributes to its reactivity.
Next, a proton is transferred from the C2α-OH group to the

α-carbon of the acceptor (TS5). This process has a calculated
barrier of 8.3 kcal/mol and affords Int5 with a relative energy
of −0.4 kcal/mol. Int5 has some analogy with Int1 in the first
half-reaction in which the C2α-alkoxide is stabilized by a
hydrogen bond with the N4′ amino group. Proton transfer
from the N4′ amino group to the alkoxide provides OC2, a
species in which the cofactor is in the IP form and whose
energy is calculated to be very similar to that of Int5. This
ready formation of OC2 is again consistent with the
observation that tetrahedral intermediates are accompanied
by the formation of the IP state.36,37

It is important here to note that the addition of the enamine
to the acceptor (TS4) and the subsequent protonation (TS5)
take place on the same face of the acceptor, that is, in a relative
syn disposition (see Figure 5). Protonation on the other face is
not possible, as there are no ionizable residues on that face.
In the final step, Int5 undergoes C−C bond cleavage to

form the enzyme−product complex EP. Despite many efforts,

the transition state for this step could not be located, as the
geometry optimization always resulted in the (re)formation of
Int5. Moreover, if the geometry of the EP complex was
optimized, it too fell back to Int5. As a consequence, we
sought an alternative means of estimating the energy barrier for
this bond cleavage. To this end, we conducted a series of
constrained optimizations, gradually increasing the distance of
the scissile C2−C2α bond. The highest point in the series has
an energy of ca. 7 kcal/mol relative to Int3. Using a similar
approach, this time constraining the carbonyl group of the
SEPHCHC product to be planar, the energy of the EP
complex could be estimated to be ∼3 kcal/mol relative to Int3.
Regardless of any error brought about by constraints in the
geometry optimizations, these energies show that the final step
is very feasible, with a very low barrier.
Close examination of the geometry of the constrained EP

complex (Figure 5) sees that the region of SEPHCHC derived
from IC is anchored in the active site by numerous hydrogen
bonds to surrounding residues, such as Arg107, Thr78, and the
backbone NHs of Ser32 and Arg33. At the same time, the
succinyl side chain of SEPHCHC is bound to Arg395 and
Arg413. The strength of these interactions is, presumably, the
reason why the geometry of EP could not be optimized
without constraints. Breaking all these interactions will
undoubtedly be associated with a substantial energy penalty,
one that could reasonably be expected to be higher than any
other energy barrier found for the second half-reaction. On
that basis, we predict that product release will be rate-
determining for the second half-reaction.

3.4. Comparison of Computational and Experimental
Results. Given the variety of assumptions and constraints
involved, to assess the utility of the computational approach, it
is incumbent upon us to compare the calculated energies
(Figure 3) and structures (Figures 4 and 5) with available
experimental data. Perhaps, the most obvious requirement is
that calculations based on structures of native reaction
intermediates will result in a product whose structure is
consistent with that of the native product. Comfortingly, the
calculations show that the enamine addition and the proton
transfer to IC take place in a syn relative disposition. This
results in the formation of the (1R,2S,5S,6S)-diastereoisomer
of SEPHCHC obtained experimentally.18 The same selectivity
was observed for the addition of 2KG to the non-natural
substrate (2S,3S)-2,3-dihydroxy-2,3-dihydrobenzoate (2,3-
CHD) providing a product with (1R,5S,6S) stereochemistry.45

Since it provided the most informative structures, it is
unfortunate that very little kinetic data are available for the
MtMenD isozyme. Fortunately, steady-state kinetic analyses
have been carried out on wild-type and site-directed variants of
both EcMendD21,23 and BsMenD.15 Since their active sites
were almost identical, it was not surprising that the kinetic data
were very similar, with apparent kcat values of ∼20 min−1, along
with Km values in the low micromolar range for 2KG, and the
submicromolar range for IC. The active site of MtMenD is
virtually superimposable on those of the better characterized
isozymes (see Supporting Information), so it is not
unreasonable to expect the kinetic data to be comparable
and that any conclusions drawn from models based on
MtMenD structures should be generally applicable.
In addition to the steady-state studies, the individual half-

reactions of EcMenD have been examined using pre-steady-
state kinetics.23 For the first half-reaction, it was concluded that
the rate-determining step was associated with the binding of

Scheme 4. Formation of the Post-decarboxylation
Tetrahedral Intermediatea

aNote that the formation of the IP form is accompanied by a proton
transfer from Glu55 to N1′. The different colors indicate the different
groups involved in the proton-transfer events of the various pathways.
Energies (kcal/mol) are given relative to the starting YI.
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2KG, with a measured rate constant of 83.8 s−1.23 This
corresponds to an energy barrier of ∼15 kcal/mol and serves as
an upper limit for the first half-reaction. Although our
calculations indicate that the decarboxylation step (OC →
TS2) has the highest barrier, the calculated energy of 16.5
kcal/mol for the overall half-reaction is quite good agreement
with the experimental value.
For the second half-reaction, product release was reported to

be the slow step, although the possibility that the rate-
determining formation of the EP complex could not be ruled
out.23 The measured rate constant, 0.3 s−1, correlates well with
steady-state kcat values of 20 min−1 and implies a barrier of ∼18
kcal/mol, which is considerably higher than the 8.3 kcal/mol
the calculations provide for the highest barrier of the second
half-reaction (Int3 → TS5). While, in themselves, these results
may seem at odds, the fact that a much lower barrier was
calculated for the chemical steps provides indirect evidence for
the proposition that the release of the product from the active
site is rate-limiting.23 Moreover, the fact that Int5, identified in
this work as the resting state of the second half-reaction, has
been isolated and characterized crystallographically18 lends
additional credence to these calculations.
Ultimately, the aim of this work was to test the proposition

that MenD operated by a novel mechanism, distinct from that
of a canonical ThDP-dependent enzyme.17,23 This hypothesis
centered around the appearance of a tetrahedral hydrox-
ysuccinyl ThDP adduct when crystals of MenD were soaked
with 2KG in the absence of IC (HSThDP, Figure 1).17−19,23 It
was presumed that HSThDP was an intermediate formed by
protonation of the carbanion−enamine formed by decarbox-
ylation of the initial 2KG−ThDP adduct. Superficially,
HSThDP was not dissimilar to tetrahedral post-decarbox-
ylation intermediates/analogues found on other ThDP-
dependent decarboxylases. However, the stereochemistry at
C2α was such that the C2α−O pointed away from N4′,
thereby preventing the typical intramolecular hydrogen
bonding that promotes C2−C2α bond cleavage. The fact
that HSThDP was found on wild-type MtMenD,18,19 as well as
on wild-type and site-directed variants of EcMenD,17,23

indicated that it was not simply a crystallographic artifact
and opened the possibility that it could play an important role
in the MenD catalytic mechanism.
Although the overall structure of HSThDP was clear from

the X-ray studies, the resolution of the structures was not
sufficient to determine whether C2α was the carbanion or its
C2α-hydroxyalkyl derivative.17,18 Similarly, the protonation
states of N1′ and N4′ were also uncertain,17 so the initial
assignments of these states were based primarily on CD
spectra.23 In the absence of IC and in the presence of
saturating 2KG, the CD spectrum of EcMenD showed a
maximum around 303 nm and a broad minimum around 320−
330 nm. The spectrum was unchanged even after 30 min.
These bands are consistent with an equilibrium between the IP
(imino) and AP (amino) forms of the cofactor, respec-
tively.34−36 Subsequently, pre-steady-state experiments showed
that the formation of the signals occurred in two phases, a
rapid increase in the positive signal at 302 nm followed by a
slower decay with concomitant formation of a broad minimum
at 320 nm. This was attributed to the initial rapid formation of
the carbanion form of the post-decarboxylation intermediate
followed by a slower conformational change to form the more
stable HSThDP.23 This slower change was not observed in the
presence of high concentrations of IC. In light of these results,

it was proposed that following decarboxylation of 2KG and
protonation of C2α by N4′, an equilibrium was established
between the neutral tetrahedral HSThDP and the planar
carbanion/enamine. Additional evidence for the equilibrium
came from experiments showing that C2α of HSThDP
possessed an exchangeable proton and that the addition of
IC to the EcMenD/HSThDP complex gave rise to
SEPHCHC.17 The combined results led to the proposition
of a novel mechanism in which HSThDP was a stable, on-
pathway intermediate to be accumulated and used at low (i.e.,
nanomolar) concentrations of IC.23

The current calculations confirm that the formation of
HSThDP is indeed possible but, rather than the IP state (i.e.,
Int2-Td, Scheme 4) suggested by Song et al.,17 the cofactor
adopts the AP state (i.e., Int2-TdH+, Scheme 4). To explore
this apparent contradiction, we first superposed the optimized
structure of Int2-TdH+ with the X-ray structure of the post-
decarboxylation intermediate and found that the overall
differences to be quite minor. Of these, perhaps the most
important was the N4′-C2α distance of 3.0 Å observed in the
X-ray structure and which had been used as secondary
evidence in assigning the IP form to HSThDP. In Int2-
TdH+, this was found to be 3.4 Å. Subsequently, we performed
a geometry optimization of Int2-TdH+ in which the N4′-C2α
distance was constrained to 3.0 Å. The results show that this
structure is only 2 kcal/mol higher in energy than the
unconstrained Int2-TdH+ intermediate and still more than 10
kcal/mol more stable than the IP forms of HSThDP.
Overall, the calculations provide a viable pathway for an

equilibrium mixture of AP and IP forms of the cofactor under
steady-state conditions as well as the two-phased formation of
HSThDP under pre-steady-state conditions. The rapid
increase in the signal at 302 nm could stem from the
formation of the pre-decarboxylation species OC (Scheme 3),
in which the cofactor is in the IP state and whose formation is
associated with low barriers. The subsequent slower decrease
in ellipticity at 303 nm and concomitant formation of the
broad minimum at around 320−330 nm would arise from the
formation of Int2-TdH+. Importantly, the similar energies of
OC (−8.2 kcal/mol) and Int2-TdH+ (−9.0 kcal/mol) are in
line with the coexistence of the AP and IP forms of the
cofactor under steady-state conditions.
While it could be argued that the assignments of AP and IP

forms are merely semantic considerations, there is no doubt
that the main tenet of the proposed noncanonical mechanism
is that HSThDP will directly react with IC. Superposition of
available X-ray structures of the MtMenD−ThDP−IC ternary
complex and the MenD−HSThDP complexes shows that
although the conformation of the IC ring changes due to
changes in bond hybridization, its overall position and most of
its interactions change only marginally when HSThDP is
formed (see Supporting Information).18 This is consistent with
the least motion mechanism found in BFDC and other ThDP-
dependent enzymes.32,33 Conversely, superposition of the
experimental and calculated structures of HSThDP with the
MtMenD−ThDP−IC ternary complex showed that there were
significant steric clashes between its C2α-O moiety of
HSThDP and the acceptor (see Supporting Information).
On this basis, it was apparent that if IC was present, neither
HSThDP nor Int2-TdH+could form without considerable
movement of either the cofactor or other active-site residues.
Similarly, IC could not bind if the tetrahedral intermediates
were present. At a minimum, the binding affinity of IC would
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be considerably reduced. On this basis, it is highly unlikely that
either Int2-TdH+ or HSThDP (Int2-Td) is a catalytically
active species. In fact, the only clearly viable scenario for the
formation of SEPHCHC from Int2-TdH+ requires the
reformation of the enamine. As shown in Scheme 4, the
formation of Int2′ (which eventually leads to the formation of
Int3 upon binding of IC) from Int2-TdH+ is thermodynami-
cally feasible as the two species are of similar energy.
A comparison of computational and experimental results

would not be complete without some discussion of the
mechanistic roles of Arg395 and Arg413. A decade ago,
mutagenesis showed that these two residues were important
for catalysis.16,21 More recently, X-ray structures have provided
more detailed explanations of those results. In MtMenD, for
example, no movement of either arginine was observed when
the substrate was bound,18 indicative of a preorganized active
site. Structures of site-directed EcMenD variants showed that
replacement of either Arg395 or Arg413 with alanine disrupted
that site leading to both non-native binding of 2KG, as well as
multiple conformations of the succinyl side chain of HSThDP
and a concomitant reduction in catalytic activity.46 The current
calculations show that Arg395 and Arg413 interact with the
carboxylate group of the succinyl moiety throughout the entire
reaction pathway, which is consistent with all experimental
data thus far reported. An interesting sidelight of the EcMenD
X-ray study was that one of the variants, R413A, exhibited only
a small effect on 2KG binding and much greater effect on IC
binding. The X-ray structure of R413A showed that the
succinyl side chain of HSThDP adopted two different
conformations, one of which protruded into the IC-binding
site. Overall, this variant showed reduced binding affinity for
both substrates but the reduction was significantly greater for
IC. This observation lends support to the suggestion that the
unfavorable interactions between the C2α-O moiety of
Int2Td/Int2Td-H+ and IC will result in an increase in the
Km value for the latter. The net result will be that nanomolar
concentrations of IC will be less rather than more likely to bind
to the HSThDP/MenD complex.
In summary, the present computational results support the

proposition that the formation of HSThDP provides a viable
mechanism to protect the reactive enamine. However,
HSThDP will not react directly with IC; rather, it will revert
to the enamine and thence to Int3 before the reaction takes
place.

4. CONCLUSIONS
We have used the quantum chemical-cluster approach to
investigate the mechanism of the reaction catalyzed by MenD.
Two models of the active site were constructed on the basis of
the X-ray structures of the post-decarboxylation tetrahedral
intermediate and the donor−acceptor adduct. These models
were used to study the first and second halves of the reaction
mechanism, respectively. The reaction mechanism obtained
from the calculations is consistent with the previously reported
kinetic measurements and provides new insights into the
reactivity of MenD. For the first half-reaction, the decarbox-
ylation step is associated with the highest barrier, while for the
second half-reaction, all barriers are considerably lower than
the estimated barrier for product release, therefore providing
indirect evidence that the latter is the rate-determining step of
the reaction. The mechanism is also consistent with the
observed stereochemistry of the product, which requires that
the enamine addition to the acceptor and the subsequent

proton transfer from the donor to the acceptor both occur at
the same face of the acceptor.
Overall, the calculations show that tetrahedral post-

decarboxylation intermediate, HSThDP, observed in X-ray
structures is indeed stable and is likely to be protonated at
C2α. However, in contrast to previous reports, the calculations
suggest that the cofactor is in the AP rather than IP state.
Moreover, it cannot play any direct role on the reaction path,
and the formation of HSThDP needs to be reversible to allow
for the recovery of the enamine intermediate before the
reaction can proceed. Thus, while HSThDP may provide a
novel means by which the reactive carbanion intermediate is
protected, the fundamental mechanism of MenD remains that
of a canonical ThDP-dependent decarboxylase.
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