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ABSTRACT: The fermentation—respiration switch
(FrsA) protein in Vibrio vulnificus was recently reported
to catalyze the cofactor-independent decarboxylation of
pyruvate. We now report quantum mechanical/molecular
mechenical calculations that examine the energetics of C—
C bond cleavage for a pyruvate molecule bound within the
putative active site of FrsA. These calculations suggest that
the barrier to C—C bond cleavage in the bound substrate is
28 kcal/mol, which is similar to that estimated for the
uncatalyzed decarboxylation of pyruvate in water at 25 °C.
In agreement with the theoretical predictions, no pyruvate
decarboxylase activity was detected for recombinant FrsA
protein that could be crystallized and structurally
characterized. These results suggest that the functional
annotation of FrsA as a cofactor-independent pyruvate
decarboxylase is incorrect.

A recent report identified the fermentation—respiration
switch (FrsA) protein in Vibrio vulnificus to be a cofactor-
independent pyruvate decarboxylase (Scheme 1)." Indeed, FrsA
was reported to exhibit a k,, of approximately 1400 s™" at 37 °C,
which is considerably greater than the value observed for the
turnover number of the thiamin-dependent pyruvate decarbox-
ylase from Saccharomyces cerevisiae.” This remarkable finding, if
correct, would imply a significant shift from the current paradigm
that Nature evolved the thiamin cofactor to generate resonance-
stabilized acyl carbanion equivalents in all kingdoms of life when
catalyzing the oxidative and nonoxidative decarboxylation of a-
ketoacids. The X-ray crystal structure of unliganded FrsA,' which
revealed a putative active site containing residues similar to those

Scheme 1. Cofactor-Independent Decarboxylation of
Pyruvate Showing the Putative Acyl Anion Intermediate
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present in orotidine 5’-monophosphate decarboxylase
(OMPDC),”>"® provided a chemical rationale for the unexpected
functional assignment of FrsA. Thus, it was argued that the
catalytic power of the enzyme derived from electrostatic
repulsion between pyruvate and the negatively charged side
chain of Asp-203 in FrsA." We were intrigued by these
conclusions for two reasons. First, the three-dimensional fold
of FrsA 6places it within the a,f-hydrolase superfamily of
enzymes,” which are known to catalyze a diverse array of
reactions,” including the decarboxylation of -ketoacids to yield
methylketones.8 OMPDC has a different fold, however, and this
lack of structural similarity precludes any direct evolutionary
relationship between the two enzymes.®> Second, considerable
evidence exists to suggest that stabilization of the carbanion
intermediate formed in the OMPDC-catalyzed reaction is
enabled by binding energy obtained from the extensive set of
interactions of the protein and the sugar—phosphate moiety of
the OMP substrate.”'® On the other hand, the energy released by
the interaction of the methyl substituent with FrsA and the small
number of hydrogen bonds to the carbonyl group seem
insufficient for stabilization of any acyl anion intermediate
formed during FrsA-catalyzed decarboxylation. We therefore
used advanced computational methods to evaluate the energetics
of the proposed mechanism for FrsA-catalyzed conversion of
pyruvate to acetaldehyde and also prepared and assayed
recombinant V. vulnificus FrsA to determine whether the
reported activity could be reproduced.

The model of the FrsA—pyruvate complex used in our
computational studies was based upon the “open” monomer in
the crystal structure of the free enzyme (Protein Data Bank entry
3MVE). After hydrogen atoms had been added, the protein was
placed in a box of TIP3P water molecules'' containing two
chloride ions to yield a neutral system. The resulting structure
was energy minimized and equilibrated by molecular dynamics
(MD) simulation. Parameters for pyruvate were obtained from
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Figure 1. Equilibrated model of pyruvate (orange) docked into the
putative active site of FrsA. Pyruvate is hydrogen bonding to the
backbone NH group of Leu-202 and the side chains of Tyr-316 and Arg-
273. Color scheme: cyan for C, white for H, blue for N, and red for O.
Active site water oxygen atoms are rendered as red spheres.

the generalized AMBER force field,"*~'* and the substrate was
docked into the putative enzyme active site using GLIDE."
Energy minimization and MD equilibration of several model
complexes with pyruvate in different orientations within the
putative active site all gave the same final position for the
substrate (Figure 1). The final equilibrated structure of the
pyruvate—FrsA complex resembled the one proposed previ-
ously,' with pyruvate forming hydrogen bonds to the side chains
of the backbone NH group of Leu-202, and the side chains of Arg-
272 and Tyr-316. In addition, three active site water molecules
associated strongly with bound pyruvate throughout these MD
simulations. This solvated model of the pyruvate—FrsA complex
proved to be stable in an unconstrained NPT MD simulation
over a period of 20 ns and was used in a series of quantum
mechanical/molecular mechanical (QM/MM) simulations of
the C—C bond cleavage reaction employing an extension of the
Car—Parrinello MD (CPMD) methodology.'® The QM region
consisted of pyruvate, the Tyr-316 side chain up to the Cg atom,
and three active site waters. These atoms were described by the
BLYP functional'”'® and norm-conserving Martins—Trouiller
pseudopotentials' with dispersion-corrected atom-centered
dispersion potentials.”*>* The remaining atoms, comprising
the rest of the protein and explicit water molecules, were
described by the classical AMBERY9 force field.">'* The side
chains of the hypothetical “catalytic residues”, Asp-203 and Arg-
272, were not included in the QM region because their putative
electrostatic contributions to catalysis could be adequately
represented using an MM description. In the CPMD calculations,
the C1—C2 bond distance in pyruvate was chosen as the reaction
coordinate; hence, constraints were employed at distances of
1.55—4.24 A (in increments of 25 pm). The QM/MM system
was equilibrated for 2 ps at constant pressure and temperature
before constrained MD simulations were performed for
thermodynamic integration®** in the NPT ensemble. Each
system was sampled for 1 ps, and the free energy profile was
computed by integrating the constraint forces over the respective
distances (Figure 2). These simulations gave an estimated free
energy barrier of 28.1 + 0.2 kcal/mol for the conversion of FrsA-
bound pyruvate into acetaldehyde and CO,, corresponding to a
first-order rate constant of 1.1 X 107 s™! at 25 °C, assuming
transition state theory and the absence of recrossing,*® This value
is very similar to the experimental estimate of the first-order rate
constant for the uncatalyzed decarboxylation of pyruvate, which
has an upper limit of approximately 107° s™" at this temperature
and pH 7.2 The calculated value should be considered as a lower
bound given that BLYP is known to underestimate activation
barriers, especially those for proton transfer steps.”” For example,
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Figure 2. Free energy profile for cleavage of the C1—C2 bond in FrsA-
bound pyruvate, as computed by thermodynamic integration. Error bars
show the statistical sum of errors associated with the calculated free
energy. The inset shows the active site configuration at the transition
state (C—C bond length of 3.3 A) and the transfer of a proton from a
hydronium ion to the acyl anion.
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Figure 3. Molecular events observed during the cleavage of the C1—-C2
bond in FrsA-bound pyruvate. (a) Protonation of the substrate
carboxylate by the side chain of Tyr-316. (b) Deprotonation of the
carboxylic acid via a nearby water molecule. (c) Formation of a
hydronium ion during decarboxylation, which then acts to quench the
developing anionic charge on C2, thereby yielding acetaldehyde (d).
Atoms in the QM and MM regions are rendered as “ball-and-stick” and
licorice representations, respectively. Proton transfers are shown using
“dynamic bonds”. Color scheme for the QM atoms: gray for C, white for
H, and red for O.

“benchmark” studies give an estimate of 23.0 + 3.1 kcal/mol for
the uncatalyzed reaction in water, which is consistent with that for
the putative FrsA-catalyzed reaction when error estimation is
taken into account. Certainly, both computed barriers are
inconsistent with the reported" turnover number of 1400 s™* for
FrsA-catalyzed decarboxylation. Furthermore, the notion that the
FrsA protein environment does not catalyze C—C bond cleavage
is supported by the fact that the QM/MM simulations suggest
that a nearby tyrosine residue (Tyr-316) protonates pyruvate
during the reaction mechanism (Figure 3 and the Supporting
Information). This proton is subsequently transferred to a nearby
water molecule at the transition state (C—C bond length of 3.1
A). The resulting hydronium ion stabilizes the developing
anionic charge on the central carbon atom when the C—C bond
in the substrate is elongated to 3.3 A and protonates the acyl
anion, thereby giving acetaldehyde (Figure 3). Both the initial
deprotonation of tyrosine by substrate and the subsequent
transfer of a proton to water are counterintuitive on the basis of
standard pK,, values, and calculations™® do not support any large
pK, shifts for either Tyr-316 or bound pyruvic acid (Supporting
Information). These computational findings again argue that
FrsA is unlikely to be a cofactor-independent decarboxylase.
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Figure 4. Close-up of the putative FrsA active site with unknown ligand
density, approximated by hexanoate (rendered in PYMOL). The omit
electron density map (F, — F.) is contoured at 3.56.

To evaluate the conclusions about the QM/MM and pK, shift
calculations, the gene encoding V. vulnificus FrsA was expressed
in Escherichia coli and purified via two different procedures. In
agreement with the computational results, neither preparation
exhibited detectable pyruvate decarboxylase activity (acetalde-
hyde production or CO, evolution) in a coupled-enzyme
spectrophotometric assay (alcohol dehydrogenase), by 'H
NMR spectroscopy, or by membrane-inlet mass spectrometry
(Supporting Information).> The purified protein was, however,
crystallized and its structure determined at 1.95 A resolution; our
structure was essentially identical to that reported earlier except
an unknown ligand, modeled as hexanoate, was located in the
putative active site (Figure 4). Given that a,f-hydrolase
superfamily members are functionally diverse,® it is difficult to
predict in vitro activity solely from sequence homology.
However, these computational, structural, and experimental
results do not support the claim that FrsA is a cofactor-
independent pyruvate decarboxylase.
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Procedures for the CMPD simulations and pK, estimates, and
details of the purification, assays and new X-ray crystal structure
of FrsA. This material is available free of charge via the Internet at
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