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ABSTRACT: It is hoped that artificial enzymes designed in
laboratories can be efficient alternatives to chemical catalysts that
have been used to synthesize organic molecules. However, the
design of artificial enzymes is challenging and requires a detailed
molecular-level analysis to understand the mechanism they
promote in order to design efficient variants. In this study, we
computationally investigate the mechanism of proficient Morita−
Baylis−Hillman enzymes developed using a combination of
computational design and directed evolution. The powerful
transition path sampling method coupled with in-depth post-
processing analysis has been successfully used to elucidate the
different chemical pathways, transition states, protein dynamics,
and free energy barriers of reactions catalyzed by such laboratory-optimized enzymes. This research provides an explanation for how
different chemical modifications in an enzyme affect its catalytic activity in ways that are not predictable by static design algorithms.

■ INTRODUCTION
Naturally occurring enzymes are evolved to catalyze various
chemical reactions of biological importance with enhanced
rates compared to the corresponding uncatalyzed reactions.1−3

However, natural enzymes cannot catalyze many chemical
reactions of relevance in organic synthesis and industrial
applications.4,5 In this case, the strategy of computational
design followed by directed evolution of proteins is
applicable.6,7 Evolution often results in proteins with catalytic
mechanisms that are distinct from those present in the original
design model, highlighting the complexities of predicting and
designing optimal active site arrangements for performing new
chemistries.8,9

One of the important organic transformations catalyzed only
by synthetic proteins is the Morita−Baylis−Hillman (MBH)
reaction.10−12 This reaction is useful for C−C bond formation
between an activated alkene and a carbon electrophile
promoted by small nucleophilic catalysts such as DABCO
(triethylenediamine), DMAP(4-dimethylaminopyridine), DBU
(diazabicycloundecene), and imidazole.13−15 However, the use
of these catalysts results in very low conversions (<0.5% after
22 h).16 Designing enzymes that can catalyze MBH-type
reactions can be quite useful for the organic synthesis of
natural products.
Bjelic et al. used the Rosetta18 software to computationally

design 48 proteins which contain active sites that were
predicted to catalyze a MBH reaction, out of which two
variants showed catalytic activity.17 One particular variant

called BH32 [Protein Data Bank (PDB) ID: 3U26] showed
modest catalytic activity and was crystallized. With the BH32
variant as the starting point, Crawshaw et al. used a
combination of computational design and directed evolution
to obtain an efficient and enantioselective enzyme (BH32.14)
that catalyzes the same MBH reaction.16 The BH32.14 variant
exhibited very high conversion (>80% after 22 h). This protein
takes 2-cyclohexen-1-one and 4-nitrobenzaldehyde as sub-
strates and catalyzes the formation of 2-[hydroxy(4-
nitrophenyl)methyl]cyclohex-2-en-1-one. To understand the
mechanism promoted by this protein, Crawshaw et al.
performed computational analysis of this system by building
a density functional theory (DFT) cluster model. They picked
273 atoms from the active site of the crystallized BH32.12
variant (PDB ID: 6Z1L) and docked the substrates and a water
molecule as part of their model. They reported a mechanism
that involved a histidine residue (His23) acting as a
nucleophile, an arginine residue (Arg124) playing a key role
in stabilizing some of the intermediates, and a rate-limiting
chemical step that involved two proton transfers between the
substrate and a water molecule. Although these theoretical
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cluster model studies have been highly helpful in under-
standing electronic structures and suggesting reaction mech-
anisms, the dynamics of these systems has not been
investigated. The approach is restricted to the analysis of
chemical structure snapshots. Therefore, the use of dynamics
techniques could offer new insights into the ways in which
different protein mutations affect their ability to function.
Further studies by Crossley et al. showed that a greater

increase in the catalytic activity of this protein can be achieved
by replacing the His23 residue with a non-canonical amino
acid MeHis (Nδ-methylhistidine).19 This mutation followed by
directed evolution resulted in the BHMeHis1.8 enzyme that is an
order of magnitude more active than the BH32.14 enzyme.
Significantly altered catalytic mechanisms were suggested for
this enzyme because the Arg124 residue was selected out of the
structure in favor of a glutamic acid residue (Glu26). Apart
from a water-mediated reaction mechanism, depending on the
protonation state of Glu26, there is a possibility of direct
proton transfers between the substrates and Glu26. Crossley et
al. also created mutations of the BHMeHis1.8 enzyme by
replacing the Glu26 with a glutamine residue to understand its
role in catalysis and observed a 20-fold reduction in reaction
rates. From these studies, it is evident that small changes to the
protein alter its catalytic activity significantly, and so further
investigation is required to understand the exact mechanistic
details of this enzyme-catalyzed reaction.
In this article, we employ molecular dynamics (MD)

simulations with quantum mechanics/molecular mechanics
(QM/MM) potentials and the transition path sampling (TPS)
method20,21 to elucidate the mechanisms of the MBH reaction
catalyzed by several variants of this enzyme. TPS has proven to
be a powerful tool to characterize enzyme-catalyzed reactions
and has been extensively employed to calculate their transition
states, reaction coordinates, and free energies.22−26 The
mechanisms that we investigated include the water-mediated
proton transfers promoted by the BH32.14 variant and four
different pathways promoted by the BHMeHis1.8 enzyme, three
of which involve a water-mediated mechanism, while the
fourth is a direct proton transfer mediated by the GluH26
residue. By analyzing the trajectories in the TPS ensemble to
calculate the transition states and free energies, we find that the

most efficient mechanism involves the direct transfer of the
two protons between the substrate and the enzyme.

■ COMPUTATIONAL METHODS
The BH32.12 and BHMeHis1.8 enzymes take in 2-cyclohexen-1-
one and 4-nitrobenzaldehyde as substrates (see Figure 1) and
lead to the formation of 2-[hydroxy(4-nitrophenyl)methyl]-
cyclohex-2-en-1-one. The rate-determining step is the con-
version of intermediate 2 to intermediate 3, which involves the
transfer of two protons between the substrate and either a
water molecule or an enzyme variant with a suitable residue.
The computational study of each system was carried out in

three steps. First, the crystal structures of BH32.12 and
BHMeHis1.8 are modified by changing the substrates with which
they were crystallized at the active site to intermediate 2 and
using the His23 residue and the MeHis23 residue as
nucleophiles, respectively. This was followed by solvating,
heating, and equilibrating the enzymatic systems. The second
step involves sampling TPS trajectories connecting the reactant
(intermediate 2) and product (intermediate 3) states. The final
step involves using the TPS trajectories to perform committor
analysis and window-based sampling to calculate transition
states and free energies, respectively.

System Preparation. The MBH reaction mechanisms are
studied using hybrid QM/MM27,28 based TPS simulations.
The CHARMM force field29 is used for describing forces on
the atoms in the MM partition, whereas the semiempirical
PM330 method is used for the atoms in the QM partition. The
QM and MM partitions are coupled using the generalized
hybrid orbital (GHO) scheme.31

After partitioning the enzymatic systems into QM and MM
regions, they were solvated with TIP3P water molecules32 in a
nanodroplet sphere with the dimension fixed at 15 Å away
from the protein’s surface, and the total charge was neutralized
using potassium ions. The solvated enzymes are minimized
with 1000 steps of the steepest descent method, followed by
10,000 steps of the adopted basis Newton−Raphson method.
After minimization, the enzymatic systems were slowly

heated to 300 K for 35 ps. This process starts with the
application of harmonic constraints on all of the atoms except
on the H atoms and the TIP3P water molecules, and the

Figure 1. Chemical scheme for the proposed mechanism depicting the steps involved in the MBH reaction between 2-cyclohexen-1-one (1) and 4-
nitrobenzaldehyde (2) leading to the formation of 2-[hydroxy(4-nitrophenyl)methyl]cyclohex-2-en-1-one (3) catalyzed by a nucleophile (N̈uc)
and a water molecule. The atoms labeled in red are directly involved in the proton transfer between the water molecule and the intermediate 2 and
are given unique names to label them for the computational analysis in this manuscript.
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restraint forces are gradually reduced. After this, the systems
were equilibrated for 15 ps with harmonic restraint forces,
followed by equilibration for 200 ps without any constraints.
During all of the MD simulations, bonds that connect
hydrogen atoms in the MM partition were constrained to
the corresponding equilibrium bond length values using the
SHAKE procedure.33 All simulations were performed using the
CHARMM MD package.34

Transition Path Sampling. TPS was used to generate an
ensemble of unbiased dynamical trajectories connecting the
stable reactant and product states by carrying out a random
walk in the space of trajectories by means of a Metropolis
Monte Carlo procedure.35,36 To classify the reactant
(intermediate 2) and product (intermediate 3) states for the
MBH reaction, as shown in Figure 1, we used the atomic
distances between the following pairs of atoms: the C8 and H5
atoms [d(C8−H5)], the O4 and H1 atoms [d(O4−H1)], the
OH2 and H5 atoms [d(OH2−H5)], and the OH2 and H1
atoms [d(OH2−H1)]. Reactant states are defined by d(OH2−
H1) < 1.2 Å and d(C8−H5) < 1.3 Å, while product states are
defined by d(O4−H1) < 1.2 Å and d(OH2−H5) < 1.2 Å. A
biased reactive trajectory connecting the reactant and product

states was obtained by applying a harmonic force with a force
constant of 15 kcal/mol/Å2 between the pairs of atoms listed
above and running dynamics with a 1 fs time step for a total of
500 fs starting from the equilibrated structure. This biased
reactive trajectory was used as the seed, along with the help of
the shooting algorithm37,38 to generate an ensemble of ∼200
reactive TPS trajectories for each of the enzymatic systems
studied here.

Postprocessing of TPS Trajectories. To track the
fluctuations in the atomic geometries and charges in the
enzymatic systems during the reaction, Mulliken charge
calculations and interatomic distance analyses were carried
out for the TPS trajectories. Committor analysis and
committor distribution analysis39−41 were employed to
calculate, respectively, the structures of transition states and
reaction coordinates. Free energy profiles were calculated along
the order parameter ζ defined by ζ = d(C8−H5) − d(OH2−
H5) using a recently developed TPS-based algorithm.42 A
more detailed list of the computational parameters that were
used to run the TPS, committor analysis, and free energy
calculations can be found in the Supporting Information.

Figure 2. Proposed mechanism of the MBH reaction catalyzed by the BH32.12 enzyme. The substrate is covalently bound to the His23 residue,
and oxyanionic intermediate states are stabilized by the Arg124 residue, which is essential for catalysis. The proton transfers are mediated by a water
molecule.

Figure 3. (a) Time series of the evolution of various proton transfer atomic distances along a typical TPS trajectory for the BH32.12 enzyme with
an arginine residue and water-mediated reaction mechanism. (b) Geometry of the substrate along with the Arg124 and His23 residues at the
second transition state calculated using committor analysis for a typical TPS trajectory, which indicates the formation of an OH− ion. (c) Reaction
free energy as a function of the order parameter χ = d(OH2−H1) − d(H1−O4) + d(O4−C7) + d(C7−C8) + d(C8−H5) − d(H5−OH2)
calculated using a window-based modified TPS algorithm, where the error bars obtained from bootstrapping analysis are indicated in blue.
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■ RESULTS AND DISCUSSION
Mechanism Promoted by the BH32.12 Enzyme.

Crawshaw et al. observed that the Arg124 residue, a hydrogen
bond donor, was essential for catalytic activity of the BH32.12
enzyme.16 The proposed mechanism for the reaction catalyzed
by the BH32.12 enzyme is presented in Figure 2, and the
mechanistic details obtained from the TPS trajectories are
discussed in this section.
Examination of the TPS trajectories revealed that in this

system, the reaction proceeds according to a stepwise
mechanism. First, a water molecule approaches the negatively
charged oxyanion (the O4 atom) and acts as a proton donor.
As a result, an unstable OH− ion is formed. In about 60 fs, this
ion acts as a proton acceptor and breaks the C−H bond (C8
atom), forming a new water molecule. Breaking the C−H bond
starts the process of charge redistribution and leads to some
structural changes. Pushed by the Trp10 residue, the Arg124
residue moves to maximize the electrostatic stabilization of
another newly formed oxyanion (O3 atom) (Figure 2) as the
charge is redistributed. We can observe that for a typical TPS
trajectory, as shown in Figure 3a, the proton transfers occur
within 80 fs of each other, and during that time period, a
hydroxide anion (OH−) is formed, which is stabilized by the
Arg124 residue. Committor analysis calculations result in two
transition states, and Figure 3b shows the geometrical
parameters for the second transition state that involves the
transfer of a proton from the C8 atom to the OH− anion. This
structural analysis agrees well with Mulliken’s charge analysis.
We observe a sharp decrease in the magnitude of the charge on
the O4 atom from −0.8 to −0.4 charge units in the range of
240−275 fs (Figure S1). In turn, between 300 and 330 fs, the
negative charge on the C8 atom rises from −0.3 to −0.8 charge
units. The Arg124 residue stabilizes these intermediate
structures. It has two hydrogen atoms (HH11 and HH21)
that form hydrogen bonds with an O3 atom, then with an O4
oxyanion, and then with the O3 oxyanion (Figure 2). For
example, until 170 fs, the distance between the HH21 and O3
atoms increases from 3.5 to 5.4 Å, bringing the HH21 atom
closer to the negatively charged O4 anion (2.6 Å). However,
during protonation of the O4 atom, its charge is neutralized,
whereas the charge on the O3 atom smoothly decreases (from
−0.3 to −0.7 charge units). The d(HH21−O4) distance
increases to 3.7 Å throughout this time, while the d(HH21−
O3) distance falls from 5.4 to 3.9 Å. Thus, during the reaction,
it is clear that arginine stabilizes the oxygen atom with the
highest negative charge, and these changes are accomplished
by directed protein motion. Such motion is likely a reason that
laboratory-evolved enzymes show greater proficiency than the
initial static designs. This is a trend we have seen previously in
laboratory-designed enzymes.43,44

At the next stage of our theoretical study, the catalytic
activity was assessed using free energy calculations. To carry
out free energy calculations, we took into account the stepwise
mechanism of this process. Two methods were taken into
consideration when choosing the order parameter. The first
scenario involves performing two independent free energy
calculations, each with an order parameter that corresponds to
the appropriate step of the reaction. The distance difference χ1
= [d(O4−H1) − d(OH2−H1)] and the distance difference χ2
= [d(C8−H5) − d(OH2−H5)] describes the proton transfers
for the first and second steps, respectively. In both cases, we
obtained a free energy value of 7 kcal/mol (Figures S2 and S3

in the Supporting Information). However, the main drawback
of this approach is that we do not take into account the fact
that the two proton transfers are coupled. A two-dimensional
scan to calculate the free energy would be ideal in this case, but
it is computationally expensive using the algorithm that is
employed here. The selection of the appropriate order
parameter that will sufficiently distinguish the different stable
states of the biochemical process is not a trivial task. It is
sometimes required to carefully consider the combination of
different system parameters.45 For this reason, we have
examined an alternative approximate approach in which we
define an order parameter that captures changes to both of the
proton transfer bond parameters in a linear fashion. A possible
linear combination of atomic distances that captures the
appropriate changes is the new order parameter χ, defined by
d(OH2−H1) − d(H1−O4) + d(O4−C7) + d(C7−C8) +
d(C8−H5) − d(H5−OH2). The order parameter spans the
range [0.0 Å, 6.0 Å] for a randomly selected trajectory from the
TPS ensemble, which is divided into 15 overlapping windows.
The shooting algorithm is used to harvest ∼2000 short TPS
trajectories within each window. Calculating the free energy
(ΔG) along this order parameter (χ) via Boltzmann inversion
yields two barriers that correspond to two different transition
states separated by an intermediate (Figure 3c).
The intermediate state corresponds to the formation of an

OH− anion that is stabilized by Arg124 which is a hydrogen
bond donor. The magnitude of the first barrier is 7 kcal/mol,
while the magnitude of the second barrier is 10 kcal/mol. Since
the intermediate has a higher value of ΔG than the reactant
state and because the free energy barrier for the reverse
reaction of going from the intermediate to the reactant state is
only ∼2 kcal/mol, it is expected that the observed overall rate
of reaction is smaller because of this competing pathway. This
low energy barrier (in comparison to the systems that will be
addressed further) can also be explained by the fact that we do
not account for the mobility of the water molecule, and this
might produce an entropic contribution to the actual free
energy barrier. As we describe in the conclusions section, such
an effect would require TPS trajectories long enough to
include diffusive water motion, and this is simply not possible
in a QM/MM framework. Nevertheless, this reaction is the
most efficient variant reported by Crawshaw et al.16 from the
first round of directed evolution studies, and it is much more
catalytically active than the original BH32 enzyme designed by
Bjelic et al.17 A possible roadblock in quantitative comparisons
between calculated and experimental kinetic parameters is that
the experiments measured the steady-state kinetics (Michae-
lis−Menten plot), which include important factors such as
protein conformational changes and substrate release, whereas
our calculations were focused on the dominant rate-
determining chemical step in the reaction.

Mechanisms Promoted by the BHMeHis1.8 Variants.
For the BHMeHis1.8 mutation, a Glu26 residue was found to
play a key role in catalysis. It was observed from ProPka
calculations that Glu26 had an unusually high pKa of 8.1.19

Therefore, we studied several protonation states of this system,
namely, (i) intermediate 2, a water molecule, and a glutamate
residue, (ii) protonated intermediate 2 (at the O4 oxyanion), a
water molecule, and a glutamate residue, and (iii) intermediate
2 and glutamic acid. Furthermore, to understand the role of
Glu26 in the reaction mechanism, we mutated the Glu26 to a
glutamine residue (Gln26) and computationally analyzed the
reaction mechanism of the resulting enzyme.
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Mechanism Involving the Glutamate Residue. We
start by discussing the TPS simulations for the system with
intermediate 2, a water molecule, and the glutamate residue, as
shown in Figure 4a. A water molecule orients in a bridging
fashion between two hydrogen bond acceptors in this system,
the O4 oxyanion on the substrate, and the OE1/OE2 atoms
from the Glu26 residue. This configuration is used as the
definition for the reactant state of the TPS simulations, and the
atomic distances relevant for the proton transfers (H1 and H5
atoms) along a typical TPS trajectory are shown in Figure 5a,
and it can be observed that these two proton transfers occur
within a time period of 10 fs. From committor analysis of the
TPS trajectories, we obtain the transition state geometry for
this reaction, and one of the calculated transition states is
depicted in Figure 5b. The average values of some of the
relevant atomic distances that were obtained for an ensemble
of transition states are given by d(OH2−H5) = 1.0 ± 0.05 Å,
d(OH2−H1) = 1.15 ± 0.09 Å, and d(OH2−H2) = 0.97 ±
0.02 Å, which indicates the formation of a symmetric

hydronium ion (H3O+) at the transition state. These results
are quite different compared to what was calculated from the
TPS simulations for the BH32.12 enzyme, whose catalytic
mechanism resulted in the formation of a hydroxide anion
(OH−) at the transition state, and the two proton transfers
occurred with a time lag of at least 60 fs.
The free energy as a function of the order parameter ζ =

d(C8−H5) − d(OH2−H5) is calculated using a randomly
chosen TPS trajectory from the ensemble. The order
parameter spans the range [−2.2 Å, 2.2 Å] for the chosen
trajectory which is divided into 15 overlapping windows.
Within each window, 2500 short TPS trajectories are collected
using the shooting algorithm, and the resulting free energy
profile from these calculations is reported in Figure 5c. It can
be observed that the free energy barrier for this reaction is ∼20
kcal mol−1. An important distinction in the free energy profile
is that the BHMeHis1.8 enzyme has a single broad barrier, while
the BH32.12 enzyme has two barriers separated by an
intermediate state, which would produce an experimentally

Figure 4. Predicted reaction scheme for the BHMeHis1.8 variant containing (a) the ionized form of the Glu26 residue (glutamate) on the left and
(b) the glutamine Gln26 residue on the right. For the Gln26 case, the carbonyl group acts as a hydrogen bond acceptor, whereas for the glutamate
case, both the OE1 and OE2 atoms with delocalized negative charge act as hydrogen bond acceptors.

Figure 5. (a) Time series of the evolution of various proton transfer atomic distances along a typical TPS trajectory for the BHMeHis1.8 enzyme with
a glutamate residue and water-mediated reaction mechanism. (b) Geometry of the substrate along with the Glu26 and MeHis23 residues at the
transition state calculated using committor analysis for a typical TPS trajectory, which indicates the formation of a H3O+ ion. (c) Reaction free
energy as a function of the order parameter ζ = d(C8−H5) − d(OH2−H5) calculated using a window-based modified TPS algorithm, where the
error bars obtained from bootstrapping analysis are indicated in blue.
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observed lower reaction rate for the latter enzyme. This is
supported by the observation of Crossley et al. that the
BHMeHis1.8 is an order of magnitude more active than the older
BH32.12 variant.19

Mechanisms Involving the Glutamic Acid Residue.
When the Glu26 residue exists in its nonionized glutamic acid
form (called the GluH26 residue), it can directly protonate the
substrate, which can result in two possible pathways for the
reaction. First, we discuss the mechanism that involves a
catalytic water molecule from Figure 6.
In the presence of a water molecule, during the equilibration

MD simulations, it was observed that the glutamic acid is
ionized, and it protonates the O4 oxyanion. Therefore, for the
TPS simulations, we started with the protonated substrate, a
water molecule, and the glutamate residue as the reactant state.
For a typical TPS reactive trajectory, we observed the transfer
of the proton from the C8 atom to the water molecule,
resulting in the formation of a hydronium ion which quickly
dissociates through the transfer of a proton to the glutamate
residue, resulting in the formation of the product and the
glutamic acid residue GluH26, which is shown in Figure 7a.
Using committor analysis, we calculated the transition state
geometry of this system for a typical TPS trajectory, and it is
shown in Figure 7b. It can be observed that a symmetrical

H3O+ ion is formed and is located between the substrate and
the Glu26 residue. The average interatomic distances for this
hydronium ion are d(OH2−H1) = 0.93 ± 0.02 Å, d(OH2−
H2) = 1.06 ± 0.05 Å, and d(OH2−H5) = 1.11 ± 0.06 Å,
which are calculated from an ensemble of transition states
corresponding to various trajectories from the TPS ensemble.
From Figure 7c, it can be observed that the free energy barrier
for this reaction is ∼14 kcal/mol. This free energy barrier is 6
kcal/mol smaller compared to the 20 kcal/mol barrier that was
obtained for the system with the glutamate residue and a
catalytic water molecule, as discussed in the subsection. This
system also exhibits a single free energy barrier between the
reactant and product states and is therefore expected to be
catalytically more active than the BH32.12 variant.
When water is not involved in the proton transfers, the

glutamic acid residue (GluH26) can directly protonate the O4
oxyanion and deprotonate the C8 atom of the substrate, and
the chemical steps involved in this reaction are depicted in the
scheme shown in Figure 8. From a typical TPS trajectory, we
can detect a short temporal lag (∼10 fs) between the two
proton transfers, as shown in the time series of relevant atomic
distances in Figure 9a, and it can be described as simultaneous.
The transition state calculated using committor analysis from a
typical TPS trajectory is shown in Figure 9b, and it can be

Figure 6. Reaction mechanism promoted by the BHMeHis1.8 enzyme with a GluH26 residue protonating the O4 oxyanion and a catalytic water
molecule involved in the transfer of proton from the substrate to the glutamate residue.

Figure 7. (a) Time series of the evolution of various proton transfer atomic distances along a typical TPS trajectory for the BHMeHis1.8 enzyme with
a glutamic acid residue and water-mediated reaction mechanism. (b) Geometry of the substrate along with the GluH26 and MeHis23 residues at
the transition state calculated using committor analysis for a typical TPS trajectory, which indicates the formation of a H3O+ ion. (c) Reaction free
energy as a function of the order parameter ζ = d(C8−H5) − d(OH2−H5) calculated using a window-based modified TPS algorithm, where the
error bars obtained from bootstrapping analysis are indicated in blue.
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observed that the oxyanion O4 gets protonated by the GluH26
residue, while the deprotonation of the C8 atom is almost
complete. This is in contrast to the previously discussed
systems that involve a catalytic water molecule where the C8
deprotonation occurs first, resulting in the formation of
hydronium ion that is stabilized by the Glu26 residue at the
transition state. Since the formation of the H3O+ intermediate
as well as the catalytic water molecule are avoided, this system
is expected to be catalytically more efficient among the
BHMeHis1.8 systems studied in this work.
The free energy profile for this system was calculated along

the order parameter ζ = d(C8−H5) − d(OH2−H5), and the
result is shown in Figure 9c. The barrier is calculated to be ∼11
kcal/mol, which is smaller than the barrier calculated for the
other two mechanisms involving the BHMeHis1.8 variant
discussed previously, both of which involved water-mediated
proton transfers. This observation is in line with what is
suggested as the most plausible mechanism by Crossley et al.,19

who proposed that in the absence of Glu26, the catalysis may
proceed through the less efficient water-mediated proton
transfer, similar to the mechanism proposed for the BH32.14
variant.16 We further add to their point that, depending on the
protonation state of the Glu26 residue, the water-mediated

mechanism is a possible pathway, albeit with a larger free
energy barrier.

Mechanism of the Glutamine Variant. The reaction
mechanism for the Gln26 mutation of the BHMeHis1.8 variant is
shown in Figure 4b and involves water-mediated proton
transfers. From TPS simulations, it was observed that both the
proton transfers happen simultaneously, resulting in the
formation of a H3O+ ion. The Gln residue is located quite
far from the reaction center (5−6 Å) but holds the water
molecule in the optimum position for the reaction to happen
because glutamine is a weaker hydrogen bond acceptor
compared to glutamic acid.
From a randomly chosen TPS trajectory, it was observed

that a water molecule and the Gln26 residue are present
roughly at distances of 4 and 7.5 Å from the reaction center,
respectively, at the beginning of the trajectory. Gln26 then
moves closer (from 7.5 to 5.2 Å), pushing the water molecule
in the direction of the oxyanion (O4 atom). Proton transfer
from the C8 atom to the water molecule results in the
formation of the metastable H3O+ ion which has a short
lifetime of ∼20 fs and rapidly donates a proton to the O4
oxyanion. The analysis of the transition states of several
trajectories revealed that the hydronium ion is not totally
symmetrical, as in the Glu-containing systems. The transition
state is described by the average distances d(OH2−H1) = 1.34
± 0.07 Å, d(OH2−H2) = 1.00 ± 0.03 Å, and d(OH2−H5) =
1.16 ± 0.12 Å.
The free energy profile for this system was calculated as a

function of the aforementioned order parameter ζ = d(C8−
H5) − d(OH2−H5), and the result is shown in Figure 10c.
The order parameter for the chosen trajectory spans the range
[−2.5 Å, 2.5 Å] for a randomly chosen TPS trajectory, and this
was divided into 20 overlapping windows. Within each
window, 2300 short TPS trajectories are gathered using the
shooting algorithm. The free energy barrier is calculated to be
∼12 kcal/mol. Experimentally, it was observed that although
this mutation reduced the rate of the reaction by a factor of 20
compared to the BHMeHis1.8 variant with the Glu26 residue,

Figure 8. Reaction scheme for the direct protonation mechanism
between the substrate and the Glu26 residue. The atoms marked in
red color are given special labels, which will be used in the analysis.

Figure 9. (a) Time series of the evolution of various proton transfer atomic distances along a typical TPS trajectory for the BHMeHis1.8 enzyme with
a glutamic acid residue directly responsible for both proton transfers. (b) Geometry of the substrate along with the GluH26 and MeHis23 residues
at the transition state calculated using committor analysis for a typical TPS trajectory. (c) Reaction free energy as a function of the order parameter
ζ = d(C8−H5) − d(OH2−H5) calculated using a window-based modified TPS algorithm, where the error bars obtained from bootstrapping
analysis are indicated in blue.
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the reaction still proceeded to completion. Our calculations
support this observation, since it is evident that the water-
mediated mechanism is a possible route for the enzyme with
the Glu26Gln mutation to complete the reaction. While this
system has a free energy barrier comparable to the system with
the GluH26 residue, the 20-fold reduction in the rate of the
reaction can possibly be explained by the involvement of a
water molecule in this reaction. In our calculations, the water
molecule is placed where it needs to be, so we might miss an
entropic contribution to the free energy barrier. The TPS
calculations cannot possibly be made long enough to allow for
the inclusion of diffusive water motion. An important question
is how we would actually determine the relative importance of
mechanisms that involve water or not in the same overall level
of protein evolution. One way to begin to tease this
experimentally is via solvent isotope effects, and we have
suggested such experiments to our collaborators.
Summary of Reaction Kinetics and Protein Dynamics.

We found that the two main residues participating in the
protein dynamics in the system containing the BH32.12
enzyme are Arg124 and Trp10 (Figure 11a). While Arg124 is
stabilizing the oxyanions, as was described in detail in the
previous section, Trp10, which is close to the reaction center,
assists Arg124 in taking the optimum position in space for
hydrogen bond interaction with the substrate. Trp10 can
subtly change the orientation of Arg124. For example, the
angle (NE1-CD1-NE) between two Trp10 atoms and one
Arg124 atom drops by 24 ± 6° along the trajectories. As a

result, Arg124 is positioned appropriately to stabilize the
oxyanions of the substrate. The substrate, in turn, also
undergoes some postreaction changes. The cyclohexanone
ring became more planar. The (O3−C13−C12−H11)
dihedral decreases by 131 ± 5°, and its value trends toward
zero. The coordinated transfer of the two protons results in an
energetically advantageous process. The transfer of both
protons has a relatively low free energy barrier of about 10
kcal/mol.
In most cases of MeHis systems, the protein dynamics that

can affect the reaction can be described as follows: (i) Glu26
(different protonation states) approaches the reaction center,
either pushing a water molecule or directly interacting with the
substrate; (ii) the Leu87 residue pushes the Glu26 or changes
its plane that may help either initiate the reaction or stabilize
the product (Figure 11b). It is worth noting that only in the
case of glutamate, Leu87 is located significantly far from Glu26
(>6 Å), and no attempts to approach closer are noticed. The
free energy barrier for this system is higher compared to those
of the other three systems (Table 1). The strongest interaction
between residues Leu87 and Glu26 is observed for the system
with glutamic acid in the absence of a water molecule. Before
the reaction, the isobutyl group of Leu87 approaches GluH26,
forming an H-bond with the OE1 atom. The interatomic
distance d(HD22-OE1) between these two residues decreases
from 4.30 ± 0.04 to 2.53 ± 0.02 Å and remains small even for
some time after the reaction. This indicates that Leu87 pushes
GluH26 toward the substrate and can also help stabilize the

Figure 10. (a) Time series of the evolution of various proton transfer atomic distances along a typical TPS trajectory for the BHMeHis1.8 enzyme
with a glutamine residue and water-mediated reaction mechanism. (b) Geometry of the substrate along with the Gln26 and MeHis23 residues at
the transition state calculated using committor analysis for a typical TPS trajectory, which indicates the formation of a H3O+ ion. (c) Reaction free
energy as a function of the order parameter ζ = d(C8−H5) − d(OH2−H5) calculated using a window-based modified TPS algorithm, where the
error bars obtained from bootstrapping analysis are indicated in blue.

Figure 11. Residues (a) Trp10 in the BH32.12 variant and (b) Leu87 in the BHMeHis1.8 variant participating in protein dynamics.
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product. This system has the lowest free energy barrier (Table
1), demonstrating the greatest efficiency of the direct
mechanism: no energy is required to move a water molecule
to the reaction center, make some kind of intermediate
particle, or finally form a product. The product is produced
directly after GluH26 interacts with the substrate. The
difference between the interaction of Leu87 with GluH26 in
the case of the water-mediated GluH26 system is that at the
moment of the reaction, the length of the HD22-OE1 bond is
not in the range of the H-bond distance (3.69 ± 0.11 Å).
However, after the reaction, it drops to 2.83 ± 0.22 Å, which
already corresponds to an H-bond. Thus, Leu87 can also aid in
product stabilization. The free energy barrier in this case is
slightly higher (14 kcal/mol, Table 1), which can be explained
by the presence of a third particle (water molecule). In both of
these GluH systems, after protonation of the alkoxide, the
negatively charged carboxylate group of Glu26 attracts the
isobutyl group of Leu87. The scenario is different in the case of
charge-neutral Gln26, where the carboxylic group is substituted
by an amine. Prior to the reaction, the d(HD22-OE1) distance
between Leu87 and Gln26 increases from 2.28 ± 0.15 Å to
4.57 ± 0.04 Å. The position of the isobutyl group is changed
concurrently. The rotation around the C−C bond can be
observed. The CA−CB−CG−CD dihedral reduces by 58 ±
16°. The Gln’s plane is altered by this motion. It may be
described by an increase of 82 ± 23° in the angle between the
CD-OE1 atoms of Gln26 and the CD2 atom of Leu87. All of
these rearrangements cause Gln26 to move closer to the
reaction center (the distance between Gln26 and the substrate
is reduced by 1.95 ± 0.41 Å) and push a water molecule,
thereby initiating the reaction. This demonstrates how pair
residues cooperate to provide an energetically favorable
mechanism. The barrier of the free energy is 12 kcal/mol
(Table 1). In order to design highly active artificial protein
catalysts, it is likely that such motions will need to include such
aspects of dynamics, again pointing to the great challenge of
this program.

■ CONCLUSIONS
In this manuscript, we theoretically analyzed various reaction
mechanisms that are found in artificially evolved enzymes
developed by Green and co-workers16,19 to catalyze a MBH
reaction. In particular, we studied the BH32.12 and BHMeHis1.8
variants which were reported to have high catalytic efficiency
and whose crystal structures were readily available. Using TPS
simulations, we analyzed the rate-limiting step of this reaction
that involves the transfer of two protons between the substrate
and the enzyme.

For the BH32.12 variant which consisted of a nucleophilic
His23 residue, it was observed from the TPS trajectories that a
catalytic Arg124 residue was involved at the reaction center,
whereas the transfer of protons was mediated by a water
molecule. The proton transfers proceeded in a stepwise
manner with the formation of a OH− anion, and the free
energy profile consisted of two barriers of magnitudes, 7 and
10 kcal/mol separated by an intermediate state. The second
barrier from the intermediate state to the reactant state is only
∼2 kcal/mol. We predicted that the reaction catalyzed by the
BH32.12 variant would be inefficient because of a combination
of the potential entropic cost of the water involvement and
competition from the backward reaction (intermediate to
reactant).
BHMeHis1.8 had the noncanonical methylhistidine residue as

the nucleophile and a catalytic Glu26 residue, which had an
unusually large pKa value.19 Therefore, we considered three
different starting points for the TPS simulations. For two of the
cases where the glutamic acid has lost its proton either to the
solution or to the substrate and exists as glutamate, it was
observed that a water-mediated proton transfer was the only
pathway, and for these systems, we calculated free energy
barriers of ∼20 and ∼14 kcal/mol, respectively.
For the third case, when the glutamic acid is intact

(GluH26), it was observed to be directly involved in both
proton transfers, and a free energy barrier of ∼11 kcal/mol was
calculated for this system. The three free energy profiles
calculated for the possible mechanisms supported by the
BHMeHis1.8 variant all had a single barrier, and hence it is
theorized that these systems are more efficient than the
BH32.12 variant. Furthermore, the third mechanism, which
involves the direct proton transfer mediated by the GluH26
residue, avoids the involvement of the catalytic water molecule,
has a smaller free energy barrier, and, therefore, is the most
efficient variant that we have studied in this work. This is
consistent with the proposed reaction mechanisms of Crossley
et al. for the BHMeHis1.8 enzyme. TPS can be used to observe
not only different pathways of complex chemical reactions
catalyzed by enzymes but also, by means of transition states,
Mulliken charges, and free energy profiles, we are able to
distinguish and rank the different pathways based on their
efficiency.
Our results also point to the challenges of enzyme design.

Because of the obvious centrality of protein dynamics, we see a
clear reason why designs based on static structures have little
to no activity. Paradigms that include “design for dynamics”
that can prebuild needed residue motion introduced by
laboratory evolution are a long-term goal. Our previous work
shows that alterations of hydrogen bonding patterns are used
in the directed evolution optimization that couples protein
dynamics to reaction through promoting vibrations, and so
that will be the first method used in designing proteins that are
dynamically active.43,44 It should also be noted that quantum
tunneling can have large effects on the rates of reaction as well
as the kinetic isotope effect (KIE), so the current work is
directed at quantum TPS for the proton transfers involved in
the MBH reaction.

■ ASSOCIATED CONTENT
Data Availability Statement
The data corresponding to the free energy calculations of the
reactions catalyzed by the BH32.12 and BHMeHis1.8 enzymes
and python scripts that were used to extract the distributions of

Table 1. Free Energy Barriers and Protein Dynamics

system ΔGa protein dynamics

Arg +
H2O

10 ± 0.2 Arg124 moves → O− Trp10 interacts with Arg124

Glu +
H2O

18 ± 0.4 Glu26 holds the H2O molecule near the reaction
center

GluH +
H2O

14 ± 0.2 GluH26 moves → reaction center Leu87 interacts
with GluH26

GluH 11 ± 0.1 GluH26 moves → reaction center Leu87 interacts
with GluH26

Gln +
H2O

12 ± 0.2 Gln26 moves → reaction center Gln26 pushes the
H2O molecule Leu87 interacts with Gln26

aThe free-energy value (ΔG) is presented in kcal/mol along with the
average standard deviation calculated using bootstrapping analysis.
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distances from MD trajectories as well as the distributions of
order parameters from window-based TPS analysis can be
found in the GitHub repository https://github.com/sreeganb/
JCIM_MBHase-data-scripts.
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