
Theoretical and Experimental Determination on Two Substrates Turned over by
4-Oxalocrotonate Tautomerase†

G. Andrés Cisneros,§,‡ Min Wang,§ Peter Silinski,§ Michael C. Fitzgerald,*,§ and
Weitao Yang*,§

Department of Chemistry, Duke UniVersity, Box 90346, Durham, North Carolina 27708-0346, and Laboratory
of Structural Biology, National Institute of EnVironmental Health Sciences, Research Triangle Park (RTP),
North Carolina 27707

ReceiVed: August 4, 2005; In Final Form: September 9, 2005

Quantum mechanical/molecular mechanical (QM/MM) calculations and experimental kinetic studies have
been performed on 4-oxalocrotonate tautomerase (4OT) for two different substrates, 2-hydroxymuconate (2HM)
and 2-oxo-4-hexenedioate (2o4hex). Potential (∆E) and free energy (∆G) paths for both steps of the reaction
using both substrates were calculated to determine the free energy barriers and compared to the experimental
values obtained from the kinetic studies via the transition state theory. In the first step, a proton from the
hydroxyl oxygen on the second carbon of 2HM, or from the third carbon of 2o4hex, is abstracted by Pro-1.
In the second step, the proton is transferred to the fifth carbon of the substrate to form the product, 2-oxo-
3-hexenedioate (2o3hex). For both substrates we obtain a calculated∆G of ≈ 13 kcal/mol, in agreement with
experimental determinations. The calculated free energy barrier difference∆G2o4hex- ∆G2HM (∆∆G) is 0.87
kcal/mol. We obtained an experimental∆∆G of 0.85 kcal/mol. These results suggest that 2HM is turned
over faster than 2o4hex by 4OT. However, these energy differences are so small that both 2HM and 2o4hex
need to be taken into account in considering the mechanism of catalysis of 4OT.

I. Introduction

4-Oxalocrotonate tautomerase (4OT) is a homo-hexameric
bacterial enzyme with 62 residues per subunit. It is part of a
degradative metabolic pathway that converts various aromatic
hydrocarbons to intermediates in the Krebs cycle. The plasmid
that encodes 4OT has been determined to be the TOL plasmid
pWW0.1 This plasmid encodes the entire pathway and enables
the bacteria to utilize various aromatic hydrocarbons as their
sole sources of energy.2 There are a total of six active sites in
this protein, located in hydrophobic regions around the Pro-1
of each subunit. In particular, 4OT is responsible for the
ketonization of 2-hydroxymuconate (2HM) and 2-oxo-4-
hexenedioate (2o4hex) to its conjugated isomer 2-oxo-3-
hexenedioate (see Figure 1).

Recent theoretical studies have shown that the reaction
catalyzed by 4OT proceeds via a general acid-base mechanism
without a general acid as shown in Figure 2.3,4 In the first step,
Pro-1 acts as the general base to abstract a proton from the
hydroxyl oxygen on the second carbon of 2HM, or from the
third carbon on 2o4hex. This results in the formation of a
negative charge on the hydroxyl(carbonyl) oxygen that is
stabilized by electrostatic interactions from Arg-39′′ and an
ordered water in the active site.3 In the second step the proton
is returned from Pro-1 to the fifth carbon of the product. The
electrostatic stabilization role of Arg-39′′ has been confirmed
in recent experimental studies.5

This system presents an interesting case study since it is part
of a cascade of reactions that enablesPseudomonas putida mt-
2, a soil bacterium, to biodegrade aromatic compounds.

Furthermore, several additional features make 4OT a particularly
interesting system: it has a small monomer size (62 residues),
4OT catalyzes a proton-transfer reaction without the aid of any
metal ion or cofactor, and the amino terminal Pro-1 acts as the
general base, presenting a pKa 3 units lower than that of the
model compound. The reduction in the pKa of proline has been
explained by the fact that this residue is surrounded by
hydrophobic residues, which produces a site with a low dielectric
constant.6,7

Previous experiments to determine which substrate is turned
over faster by 4OT have pointed to 2o4hex.8 However, this is
a difficult experiment since this substrate has never been isolated
or synthesized. The determination of the kinetic parameters for
2o4hex have to be done indirectly. These parameters are
obtained from an equilibrium experiment where 2HM is the
substrate and a nonequilibrium experiment where both 2HM
and 2o4hex are allowed to reachkineticequilibrium. By using
a velocity equation derived for a model in which two substrates
compete for the same active site, the kinetic parameters for
2o4hex can be determined.8

In this contribution we have used a joint theoretical and
experimental approach: a combined QM/MM method9 devel-
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Figure 1. Isomerization reaction catalyzed by 4-OT.
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oped recently in our laboratory,10-14 and experimental deter-
minations of kinetic parameters on 4OT to study both substrates
in relation to each other, to obtain a better understanding of
this enzyme’s catalytic mechanism, and substrate turnover
proficiency.

II. Methods

We now proceed to the description of the methods employed
to determine the activation energies for both substrates. In
subsection IIA we describe the computational methods as well
as preparation of structures required for the QM/MM calcula-
tions. Subsequently, in subsection IIB the experimental methods
are explained.

A. Computational Methods. 1. The QM/MM Potential
Energy of ActiVation.Our approach uses the pseudobond model
of the QM/MM interface developed by Zhang et al.10 All
calculations were performed using QM/MM methodology11,12

that has been implemented in a modified version of Gaussian
98,15 which interfaces to a modified version of TINKER.16 The
AMBER95 all-atom force field parameter set17 and the TIP3P
model18 for water were used.

A very important part of this QM/MM implementation is the
use of the pseudobond model for the QM/MM boundary as
developed in ref 10, which provides a smooth connection be-
tween the QM and the MM subsystems as well as an integrated
expression for the potential energy of the overall system.

In the QM/MM potential energy model, the total energy of
the system is

The QM/MM interactions (EQM/MM) are taken to include
bonded and nonbonded interactions. For the nonbonded interac-
tions, the subsystems interact with each other through Lennard-

Jones and point charge interaction potential. When the electronic
structure is determined for the QM subsystem, the charges in
the MM subsystem are included as a collection of fixed point
charges in an effective Hamiltonian which describes the QM
subsystem. That is, in the calculation of the QM subsystem we
determine the contributions from the QM subsystem (EQM), as
well as the electrostatic contributions from the interaction
between the QM and MM subsystems as explained by Zhang
et al.11

The reaction paths are calculated by an iterative QM/MM
procedure, developed by Cisneros et al.,14 that combines two
“chain of states” methods, the nudged-elastic-band (NEB)
method14,19,20and the parallel path optimizer method.13 In this
procedure, the reaction paths are represented by a discrete set
of structures which are optimized to the minimum energy path
(MEP) in parallel. Initially only the reactant and product
information are needed and the rest of the images are obtained
by a linear interpolation between the end points. This parallel
optimization is possible since any point on the MEP is a
minimum in all directions except for the reaction coordinate.
Thus, the energy gradient for any point is parallel to the local
tangent of the reaction path.

In the QM/MM context, because of the large number of
degrees of freedom, the system is partitioned into a core set
and an environmental set.13 For convenience the core set is
defined by the atoms in the QM subsystem and the environment
set is defined by the atoms in the MM subsystem. However,
we note that these subsystems do not need to match. The systems
are optimized iteratively with the core set being optimized first.
At each point the subsystem not being optimized is held fixed
at the geometry obtained from the previous iteration. Note that
QM/MM interactions are also included at each iteration. The
iterations are continued until the geometries of both systems
no longer change.

Figure 2. Proposed mechanism for 4-OT.3,31

ETotal ) EMM + EQM + EQM/MM (1)

4-Oxalocrotonate Tautomerase J. Phys. Chem. A, Vol. 110, No. 2, 2006701



The overall combined path optimization procedure is carried
out in two steps. In the first step, the path is initially
approximated by a series of structures obtained from a linear
interpolation between the reactant and product structures using
the core set of atoms. The environment set of one of these end
points is employed for all the images on the path and the path
is optimized with the NEB method for the core set with a loose
convergence criteria. After each iteration on the core set, a
restrained MM optimization as developed by Xie et al.21 is
carried out. Here, restraints are applied initially on the atoms
of the environment set. These restraints are gradually reduced
after each NEB/MM iteration until no restraints remain. The
object of this restrained minimization is to ensure a smooth
change in the environment set so that there are no sudden
fluctuations which may cause one of the structures to move to
a different minimum, which would result in the path being
discontinuous.

In the second step, the converged path from the previous part
is used as an initial guess for the parallel path optimizer method
calculation to obtain the final optimized MEP. In this step the
path is again iteratively optimized. However the restrained MM
optimization is no longer performed, since the initial guess to
the path is a much better approximation to the MEP.

2. Initial Structure Selection and Reaction Path Calculation.
Preparation of the 4OT-substrate complexes as well as the details
for the MD simulations have been explained in detail previ-
ously.3,4 Briefly, the QM subsystem is composed of the substrate,
Pro-1, and a water molecule in one of the active sites. These
correspond to all molecules in a single stage in Figure 2
excluding the Arg residues. This results in a QM subsystem
with 36 atoms including the pseudobond. The MM subsystem
consists of 13161 atoms that include the rest of the enzyme
and a 30 Å water sphere. This produces a total of 13197 atoms.
Since our interest focuses on the selected active site, only atoms
within 20 Å of the QM subsystem are allowed to move.

The initial structure for the determination of the potential
energy paths for both 2HM and 2o4hex substrates was obtained
from the calculated intermediate structures from our previous
studies. For 2o4hex the intermediate was that obtained from3

and for 2HM the intermediate was taken from.4

In principle, the absolute energy of the intermediate structures
obtained from both reactants should be the same. In practice

we found that the intermediate obtained from the 2o4hex path
was 4.5 kcal/mol more stable than the one calculated from 2HM.
This energy difference could be attributed to the influence that
the enzyme environment plays on the energy in QM/MM
calculations. For example, Zhang et al. have recently reported
the effect of enzyme dynamics on QM/MM calculations on
acetylcholinesterase (AChE).22 They have determined that the
enzyme environment may account for a change of(2 kcal/
mol to the overall energy barrier on AChE.

On the basis of this fact we decided to study the effect of the
enzyme environment on our calculations. To this end we
generated 40 enzyme-substrate conformations by performing
a 200 ps MD simulation on each intermediate structure (180 ps
for 2o4hex). The structures for each substrate were obtained
by choosing 20 equally spaced snapshots (including our initial
structures) at 0, 10, 20, ..., 200 ps from our 200 ps MD
simulation. Each structure was iteratively optimized using QM/
MM methodology at the HF/3-21G level of theory. Figure 3
shows the calculated QM/MM energies of each structure for
both MD simulations.

After this MD and minimization procedure we decided to
employ the lowest calculated energy structure from both
simulations as the initial MM environment. The reason is that,
by definition, the lowest energy point will be the most probable
structure from the ensemble and hence the most favored along
the path. Also, our calculations provide only an upper bound
to the true energies of the minimum points along the path, which
justifies the use of the lowest calculated energy structure as a
starting point for the determination of the reaction paths. This
structure corresponds to the 180 ps snapshot of the 2HM MD
simulation.

Three paths were approximated by linear interpolation using
the intermediate structure with the lowest energy. The first path
corresponds to the first step of the reaction with 2HM as the
substrate, the second corresponds to the first step with 2o4hex,
and the third corresponds to the second step of the reaction. In
all cases the MM subsystem of the lowest intermediate was
employed as the environment set for all the points on the paths.
Note that for this reaction we only need to calculate the second
step once because it is the same regardless of the initial substrate.
Seven images were used for the representation of the first step
of 4OT with 2o4hex as the substrate and for the representation

Figure 3. Relative energies for each snapshot in the MD simulation for 2o4hex and 2HM. All energies are relative to the initial energy of the
2o4hex intermediate.
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of the second step. In the case of the first step with 2HM as the
substrate, 13 images were used to approximate the path (see
Results section).

All paths were initially optimized in a series of NEB/MM
optimization cycles employing the restrained MM optimization.
After each NEB/MM cycle was completed, the convergence
criteria for the core set was reduced. In the first cycle of the
NEB optimization the path was considered converged when the
gradient of the core set of atoms for all the points on the path
was below 0.04 au. This criteria was reduced by 0.005 au in
each cycle without going below 0.01 au for the last stages. In
this case, since NEB is known to show fast convergence in the
initial cycles, the maximum number of path optimization steps
per cycle was set to 10.

In each NEB/MM cycle, a restrained minimization was
performed on the environment set. In all cases, the environment
set was required to converge to a gradient RMS of 0.1 kcal/
mol Å2 for all points. The positions of the active atoms in the
environment set were restrained with a force constant of 500
kcal/mol in the first cycle, which was reduced in each
subsequent cycle to 200, 100, 50, 25, and 10 kcal/mol. In the
final cycle all restraints were removed to relax the environment.

Once the paths had converged with NEB, they were employed
as an initial guess for the parallel path optimizer method. In
this case we used the same convergence criteria as in our
previous work.13,14 All the points optimized to critical points
were converged to the default criteria in Gaussian98. In the case
of the uphill and downhill points the displacement criteria was
reduced to half of the default.

The energies and gradients for the path optimizations were
determined at the HF/3-21G level of theory for the NEB and
parallel path optimizer method calculations. After the paths were
optimized, a single point calculation on all images along the
path was performed at the B3LYP/6-31G* and MP2/6-31G*
levels. All paths have been optimized only at the HF level since
the number of optimization iterations for a single elemental
reaction step is relatively high, at least 300 steps,14 which would
be computationally expensive at the higher levels of theory.

For all calculations involving the MM subsystem (MM
optimizations and MD simulations), because we do not simulate
an infinite system, the conformational fluctuations of atoms near
the boundary will not be realistic and thus were ignored. An
active sphere with a radius of 20 Å centered around C-3 of the
substrate in the QM subsystem was selected. All atoms outside
this active sphere were constrained to their crystal structure
positions. The twin range cutoff method23 was used for
nonbonded interactions with a long-range cutoff distance of 15
Å and a short-range cutoff of 8 Å. All MD simulations were
carried out with a time step of 2.0 fs, maintaining a constant
temperature of 300 K. In all cases the SHAKE24 algorithm was
employed to constrain all bond lengths of bonds involving
hydrogen atoms.

To perform free energy perturbation (FEP) calculations on
the optimized paths, points were added and optimized with a
modified NEB method recently developed in our group.25 In
this method, after a path with a small number of images has
been optimized, extra images are added between the optimized
points. These images are optimized to the MEP with a modified
NEB method, while the previously optimized points remain
fixed. For the first step with 2o4hex, 19 points for the path,
including the previously converged points, were used. In the
case of the first step with 2HM as well as for the second step,
25 points were employed for the FEP determinations overall.
Once the paths were converged with the modified NEB method,

each point was allowed to equilibrate for 40 ps, followed by a
period of 20 ps for the sampling of the free energy contributions.

The FEP calculations at the stationary points were further
improved by determining the contributions from the fluctuations
of the QM subsystem to the free energy difference.11,12 These
contributions were obtained by calculating the Hessian matrices
of the stationary points for the core set of degrees of freedom
and hence the vibrational frequencies with the quantum me-
chanical harmonic approximation. Once the vibrational frequen-
cies were determined, the free energies for the stationary points
and the free energy differences between them were obtained.
All vibrational frequencies were calculated at the HF/3-21G
level, with a scaling factor of 0.9409.26

B. Experimental Methods.1. Materials.Sodium dihydrogen-
phosphate was purchased from Sigma-Aldrich. The 2HM was
kindly provided by Professor Christian P. Whitman (University
of Texas at Austin), and wt-4OT was overexpressed inEscheri-
chia colicells and purified by reversed-phase high performance
liquid chromatography (RP-HPLC).27 The RP-HPLC purified
material was folded by dissolving approximately 0.5-1.0 mg
of material in 10-20 µL of 50 mM phosphate buffer (pH 8.5)
containing 6.0 M guanidine hydrochloride (GuHCl). This
solution of chemically denatured protein was diluted 50-fold
into a 50 mM phosphate buffer (pH 8.5) and allowed to refold
for at least 1 h at room temperature. Insoluble material was
removed by centrifugation, and the folded 4OT hexamer was
further purified by size exclusion chromatography (SEC).

The SEC was performed on a Dynamaz HPLC system using
a superdex 75 HR 10/30 column (Pharmacia Biothech) and a
flow rate of 1 mL/min. The mobile phase was 20 mM sodium
phosphate buffer (pH 8.5) and the detector was set at 214 nm.
The eluant from the 4OT hexamer peak in the SEC experiment
was collected, and the pH adjusted to pH 7.0. the resulting 4OT
sample was used directly for catalytic activity measurements.

2. Catalytic ActiVity Measurements.Catalytic activity mea-
surements using 2HM as the enzyme substrate were performed
as described in ref 8 with exception that absorbance measure-
ments were made at 232 nm and not 236 nm. This was because
theλmax of the enzyme-reaction product, as determined on our
Hewlett-Packard 8452A diode array UV-vis spectrophotometer,
was 232 nm (4 nm lower than the sameλmax measured in ref
8).

Briefly, in the nonequilibrium experiments, a 1µL aliquot
of a 1-5 µM 4OT solution was added to 1 mL of 20 mM
phosphate buffer (pH 7.0). Variable amounts (i.e., 0.5-20 µL)
of a 20 mM 2HM stock solution in ethanol was immediately
added to the assay solution. In the equilibrium experiments, the
variable amounts of the 2HM stock solution were first added
to the 1 mL of 20 mM phosphate buffer (pH 7.0), and then
after a 4 min equilibration time, an aliquot of the 4OT stock
solution (the same stock solution as the nonequilibrium experi-
ments) was added to the assay solution. In both the equilibrium
and nonequilibrium experiments, changes in absorbance at 232
nm were collected in 1 s intervals over a time period of 5 s.

The catalytic rate was determined in absorbance units per
second by linear least-squares analysis of the raw absorbance
data. The 20 mM phosphate buffer (pH 7.0) was used as blank
in both experiments. In our enzyme assays, the final concentra-
tion of the enzyme was typically between 1 and 5 nM (as
determined using the Waddell method28), and the final concen-
tration of substrate was 10-400 µM. Initial velocity measure-
ments were recorded in triplicate at least at five different
concentrations of 2HM.
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III. Results and Discussion

A. QM/MM Potential Energies of Activation. The calcu-
lated reaction paths for both substrates are shown in Figures 4
and 5 for 2o4hex and 2HM, respectively. In all cases the
calculated paths are reported relative to the corresponding
reactant state. That is, the points along the paths for 2o4hex
are reported relative to the reactant structure obtained from the
calculation of the first step reaction for 2o4hex. For the 2HM
paths all points are reported relative to the calculated 2HM
reactant. For all paths, the reaction coordinates correspond to
the distance difference between the breaking and forming bonds
for each of the steps.

Tables 1 and 2 show the calculated potential energy barriers
and the respective free energy barriers at three different levels
of theory: HF/3-21G, B3LYP/6-31G*, and MP2/6-31G*. For
the last two levels, single point calculations were performed at
the higher levels of theory on the HF/3-21G optimized stationary

points, to obtain the respective potential and free energy barriers.
It is important to mention that since all structures were optimized
at the HF/3-21G level, the determination of the frequencies and
the contributions of the QM subsystem fluctuations to the free
energy are only significant if they are done at at this level of
theory. Thus, these were not calculated at the higher levels of
theory (see Tables 1 and 2).

In the case of 2o4hex, the potential energy barrier for the
first step is 16.85(14.32, 15.06) kcal/mol at the HF/3-21G(B3LYP/
6-31G*, MP2/6-31G*) level and is centered aroundR1 ) 0.16
on the reaction coordinate as shown in Figure 4A. In the second
step, the calculated potential energy barrier corresponds to
20.60(17.69, 20.47) kcal/mol (see Figure 4B) and is centered
aroundR2 ) -0.2. These results suggest that the second step
is the rate-limiting step, in agreement with experimental
findings.8,29 The associated free energy barrier corresponds to
13.69(11.19, 11.36) and 13.67(10.76, 13.60) kcal/mol for the

Figure 4. Relative potential and free energy paths for the first and second steps, A and B respectively, of the 4OT isomerization of 2o4hex.
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first and second steps, respectively. In this case the calculated
energy barrier difference is too small to determine which step
is rate determining, except for the MP2 result (see Table 1).

For 2HM, we found that the first step presents two barriers
of 6.59(7.50, 7.60) and 9.42(7.43,8.19) kcal/mol at the HF/3-
21G(B3LYP/6-31G*, MP2/6-31G*) level (see Figure 5A). The
first barrier is centered aroundR1 ) 0.1 along the reaction
coordinate and corresponds to the proton transfer from the
substrate to Pro-1.4 However, immediately after this transfer
takes place, a stable intermediate (I1, see Table 2) is formed
centered aroundR1 ) 0.5; this intermediate is characterized by
a hydrogen bond (H-bond) between the three atoms involved
in the reaction. The second barrier is centered aroundR1 ) 1.2
and corresponds to the breaking of this H-bond and the
subsequent rearrangement of the substrate in the active site. In
this case, 13 images were required to approximate this path for
the combined path optimization procedure in order to correctly
map both energy barriers associated with this step.

The calculated potential energy barrier for the second step
with 2HM is 18.61(10.18, 12.55) kcal/mol, and is centered
aroundR2 ) -0.2 as shown in Figure 5B. The calculated results
for 2HM also show that the second step is the rate-limiting step,
in agreement with 2o4hex and experimental determinations.
Note that for both substrates, the second step is centered around
the same place in the reaction path. This is because the second
step for both substrates is the same since we start the reaction
from the same intermediate as noted previously. However, the
energy barriers for the second steps are calculated relative to
the reactants. Since the reactants for the 2o4hex and 2HM
reactions differ, they have different energies. Hence we observe
a difference in the calculated energy barriers for the second steps
between the two substrates.

An interesting feature arises when the associated free energy
is calculated for the 2HM paths, in that the first step presents a
single barrier of 12.82(7.60,8.36) kcal/mol centered on the first
intermediate for HF and on the second TS for B3LYP and MP2

Figure 5. Relative potential and free energy paths for the first and second steps, A and B respectively, of the 4OT isomerization of 2HM.
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(see Table 2). In this case the contributions of the MM
environment produce the stabilization of the first transition state
for this step and result in the appearance of only one barrier in
the free energy regime. The associated free energy for the second
step is 12.17(3.75,6.13) kcal/mol. The free energy barrier
determined with QM energy differences at the HF level is too
close to the energy barrier of the first step to determine which
step is rate determining in the free energy landscape, as was
the case for 2o4hex. For the free energy barriers determined
with the higher levels of theory, we observe a switch in the
rate-limiting step for this substrate to the first step of the reaction.

As can be seen from Tables 3 and 4, the calculated structures
for the reactant, product, and intermediates correspond to true
minima along the PES since there are no imaginary frequencies.

In the case of the transition states, a single negative frequency
was observed, which shows that these structures are true first-
order saddle points.

The difference between the potential energy barriers for the
rate-limiting steps for 2o4hex and 2HM yield∆∆Es of 1.99,
7.51, and 7.92 kcal/mol at the HF/3-21G, B3LYP/6-31G*, and
MP2/6-31G* levels, respectively. In the case of the barrier
differences for the associated free energies at the three levels
of theory, the calculated∆∆G including the fluctuations of the
QM subsystem are 0.87, 3.59, and 5.24 kcal/mol. These results
show that all three methods qualitatively agree on 2HM as the
substrate which is turned-over faster by 4OT than 2o4hex. These
results also agree with our experimental free energy difference
(∆∆G) of 0.85 kcal/mol (see Subsection IIIB). It is important
to note, however, that these energy differences are very small
at the HF/3-21G level at which all structures were optimized,
which indicates that both substrates should be considered.

A large energy difference is observed between the∆∆Es and
∆∆Gs calculated with B3LYP and MP2 compared with the HF
results. In both cases these differences come from the QM
contributions to the energy. These differences may be due in
part to the fact that the structures were optimized only at the
HF/3-21G level; only a single point calculation at the higher
level was performed on these geometries.

Note that the calculated rate-limiting free energy barriers for
2HM and 2o4hex at the HF/3-21G level, 12.82 and 13.69 kcal/
mol, respectively, are both in better agreement with the
experimental activation barrier of 13 kcal/mol30,31 than our
previously calculated free energy barrier for 2o4hex of 16.45
kcal/mol.3 This lowering in the free energy barrier is explained
by the use of a much more relaxed initial enzyme environment
for the path determinations, and by the use of a better MEP
solver in the present work. The good agreement of the calculated
energy barriers with the experimental one shows that the
determination of reaction mechanisms at a relatively low level
of theory (HF/3-21G) produces good theoretical results. This
is most likely due to error cancellation.

Our calculations for the reaction paths for both substrates
starting from the same intermediate are in agreement with our
previous calculations for the reaction mechanism of 4OT.3,4 In
the first step, we observe a water molecule that approaches the
carbonyl (hydroxyl) oxygen in the intermediate, where the
negative charge is formed. This water molecule, labeled H2O-2
as in our previous studies, is observed to come within a distance
of ≈3 Å from the oxygen where the negative charge is formed
in the intermediate structure (see Figure 5 in ref 3) regardless
of the substrate. In the second step, this water molecule gets
further away from the site of the negative charge as the product
is formed.

B. Experimental Results. A nonequilibrium experiment
where 2HM is the substrate and an equilibrium experiment
where both 2HM and 2o4hex are substrates are performed to
determine which substrate is better for 4OT catalysis. In
accordance with Michaelis-Menten kinetics, the kinetic pa-

TABLE 1: Calculated Potential and Free Energy
Differences for the Isomerization of 2o4hex by 4OT (in
kcal/mol)a

structure ∆E ∆EQM ∆FQM/MM ∆FQM/MM
fluct ∆F

TS1b 16.85 32.75 -18.30 -0.76 13.69
Ib 9.34 37.50 -33.79 2.48 6.19
TS2b 20.60 33.38 -19.19 -0.52 13.67
Pb 0.99 0.69 -1.46 0.47 -0.30
TS1c 14.32 30.25 -18.30 -0.76 11.19
Ic 11.64 39.81 -33.79 2.48 8.50
TS2c 17.69 30.47 -19.19 -0.52 10.76
Pc 1.76 1.47 -1.46 0.47 0.48
TS1d 15.06 30.42 -18.30 -0.76 11.36
Id 13.82 42.06 -33.79 2.48 10.75
TS2d 20.47 33.31 -19.19 -0.52 13.60
Pd 2.42 2.23 -1.46 0.47 1.24

a All energies are relative to the reactant.∆E is the total potential
energy difference, and∆EQM refers to the QM energy difference
between two QM subsystems.∆FQM/MM is the free energy change in
the QM/MM interaction,∆FQM/MM

fluct refers to the contribution of the
QM subsystem fluctuations to the free energy, and∆F ) ∆EQM +
∆FQM/MM + ∆FQM/MM

fluct . b Values determined at the HF/3-21G level for
the QM energy.c Values determined at the B3LYP/6-31G* level.
d Values determined at the MP2/6-31G* level.

TABLE 2: Calculated Potential and Free Energy
Differences for the Isomerization of 2HM by 4OT (in
kcal/mol)a

structure ∆E ∆EQM ∆FQM/MM ∆FQM/MM
fluct ∆F

TS1b 6.59 15.50 -9.41 -1.40 4.69
I1b 6.57 28.68 -16.67 0.81 12.82
TS2b 9.42 36.44 -27.75 0.92 9.61
I2b 7.45 38.50 -33.79 -0.01 4.70
TS3b 18.61 34.33 -19.19 -2.97 12.17
Pb -0.99 1.65 -1.46 -1.99 -1.80
TS1c 7.50 16.43 -9.41 -1.40 5.62
I1c 6.59 23.31 -16.67 0.81 7.45
TS2c 7.43 34.43 -27.75 0.92 7.60
I2c 4.13 35.31 -33.79 -0.01 1.51
TS3c 10.18 25.91 -19.19 -2.97 3.75
Pc -5.74 -3.08 -1.46 -1.99 -6.53
TS1d 7.60 16.56 -9.41 -1.40 5.75
I1d 7.46 23.62 -16.67 0.81 7.76
TS2d 8.19 35.19 -27.75 0.92 8.36
I2d 5.90 37.06 -33.79 -0.01 3.26
TS3d 12.55 28.29 -19.19 -2.97 6.13
Pd -5.49 -2.77 -1.46 -1.99 -6.22

a All energies are relative to the reactant.∆E is the total potential
energy difference, and∆EQM refers to the QM energy difference
between two QM subsystems.∆FQM/MM is the free energy change in
the QM/MM interaction,∆FQM/MM

fluct refers to the contribution of the
QM subsystem fluctuations to the free energy, and∆F ) ∆EQM +
∆FQM/MM + ∆FQM/MM

fluct . b Values determined at the HF/3-21G level for
the QM energy.c Values determined at the B3LYP/6-31G* level.
d Values determined at the MP2/6-31G* level.

TABLE 3: Lowest Vibrational Frequencies for Stationary
Points on the Paths for 4OT with 2o4hex, Frequencies in
cm-1

reactant TS1 I1 TS2 product

60.65 -1417.71 62.40 -1392.72 68.34

TABLE 4: Lowest Vibrational Frequencies for Stationary
Points on the Paths for 4OT with 2HM, Frequencies in cm-1

reactant TS1 I1 TS2 I2 TS3 product

66.12 -949.20 63.64 -100.98 62.40 -1392.72 68.34
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rametersKM, kcat, andkcat/KM for 2HM and for the mixture of
2HM and 2o4hex were determined from the data collected in
both the nonequilibrium and the equilibrium experiments (Table
5). Note that the spectrophotometric enzyme assay used in this
work involved monitoring the rate of product formation. In the
nonequilibrium experiment 2HM was assumed to be the only
substrate. However, in the equilibrium experiment both 2HM
and 2o4hex were assumed to be present as substrates. The
kinetic parameters for 2o4hex were determined using the
velocity equation derived from a model in which two substrates
(2HM and 2o4hex) compete for the same active site of enzyme
(Table 5).8 The activation energy barriers (∆Gq) obtained using
the transition state theory are also listed in Table 5. The
calculated free energy barrier difference∆∆G (∆G2o4hex -
∆G2HM) is 0.85( 0.1 kcal/mol. This is in good agreement with
the theoretical calculations reported above.

Our experimental results indicate that 2HM is turned over
by 4OT faster than 2o4hex is turned over by 4OT. It is
noteworthy that this is different from the conclusion reached in
ref 8. In ref 8, 2o4hex was found to be a slightly better substrate
than 2HM. The enzyme assay conditions and experimental
protocols used in the present work were identical to those used
in ref 8 with only two minor exceptions. One exception was
that the enzyme concentration was calculated based on the active
enzyme complex being a hexamer (not as a tetramer as it was
thought to be at the time ref 8 was published). These different
methods for enzyme quantitation are expected to impact the
relative magnitudes of thekcat parameters measured in the two
studies; but they are not expected to impact the relative
measurements made within each study. The second exception
was that absorbance measurements at 232 nm were performed
in the enzyme assay instead of absorbance measurements at 236
nm. This change was made to ensure that the absorbance
measurements in the current work were being conducted at the
λmax of the product, which was 232 nm as measured using the
spectrophotometer in this work and 236 nm as measured using
the spectrophotometer in ref 8.

It is also noteworthy that the techniques we have employed
for enzyme purification and characterization are different from
those employed in ref 8. One notable difference is that our
purification and characterization of the 4OT material used in
the current work, included a RP-HPLC purification and an
electrospray ionization mass spectrometry analysis to confirm
the enzyme’s purity. Unfortunately, the high sensitivity of
electrospray ionization was not exploited in ref 8 as the field
of protein mass spectrometry was only in very early stages of
development at the time the work in ref 8 was performed. The
discrepancy between the experimental results reported here and
those reported in ref 8 could be explained by the presence of
protein impurities with 2o4hex isomerization activity in the
enzyme preparation used in ref 8.

IV. Conclusions

We have studied which substrate, 2o4hex or 2HM, is turned
over faster by 4OT by means of a combined QM/MM method
and experimental kinetic determinations. Reaction paths for both
steps of the reaction, with both substrates, have been theoreti-
cally calculated to obtain the energy barriers for the reactions.

Catalytic determinations were done experimentally for both
substrates, and energy barriers were obtained with the transition
state theory to compare with theoretical results.

Theoretically, the rate-limiting energy barrier (∆∆E) differ-
ence between 2o4hex and 2HM at three different levels of
theory, 1.99, 7.51, and 7.92 kcal/mol, as well as the calculated
free energy barrier difference of 0.87, 3.59, and 5.24 kcal/mol,
point to 2HM as the substrate which is turned over faster by
4OT. Our experimental kinetic studies yield a∆∆G ) 0.85 kcal/
mol, in qualitative agreement with our theoretical determina-
tions. These results suggest that both substrates need to be taken
into account.

The calculated reaction paths for both substrates were
determined from the same initial intermediate. In both cases,
the calculated paths agree with the previously determined
paths.3,4 Our calculations confirm that no residue or water
molecule act as a general acid in the reaction. The negative
charge formed in the intermediate state is stabilized by Arg-
39′′ and an ordered water in the active site.
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