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ABSTRACT: Acyltransferase from Mycobacterium smegmatis is a versatile enzyme, which catalyzes the transesterification of esters in
aqueous media due to a kinetic preference of the synthesis reaction over the thermodynamically favored hydrolysis reaction. In the
active octamer, the active site is deeply buried and connected to the protein surface by long and hydrophobic substrate access
channels. The role of the access channel in controlling catalytic activity and substrate specificity was investigated by molecular
dynamics simulations and Markov-state models, and the thermodynamics and kinetics of binding of acyl donors, acceptors, and
water were compared. Despite the hydrophobic nature of the substrate access channel, water is present in the channel and competes
with the acyl acceptors for access to the active site. The binding free energy profiles in the access channel and the flux of butyl and
benzyl alcohol and vinyl acetate were analyzed in the concentration range between 10 and 500 mM and compared to water. The flux
showed a maximum at an alcohol concentration of 50−100 mM, in agreement with experimental observations. At the maximum, the
flux of alcohol approaches 50% of the flux of water, which explains the high transesterification rate as compared to hydrolysis. The
molecular origin of this effect is due to the accumulation of alcohol molecules along the access channel. Extensive molecular
dynamics simulations and analysis of trajectories by a Markov-state model provided insights into the role of the access channel in
activity and specificity by controlling access and binding of competing substrates.
KEYWORDS: acylation, transesterification, binding free energy, kinetics, Markov-state model, reaction mechanism,
molecular dynamics simulation

■ INTRODUCTION
Evolved enzymes catalyze a chemical reaction through a series
of partial reaction steps. In a hydrolysis reaction catalyzed by a
serine hydrolase, the ester substrate binds to the protein
surface and then diffuses to the active site. In the first partial
reaction, an acyl enzyme is formed, and the alcohol product
leaves the active site. Subsequently, a water molecule enters the
active site as the substrate of the second partial reaction,
releasing the acid product. For an enzyme such as butyrylcho-
line esterase, where substrate access is fast, the rate-limiting
step is the acylation or deacylation reaction, depending on the
substrate.1 However, in other enzymes, the rate-limiting and
specificity-determining step is not the chemical step, but the
rate of substrate access through a tunnel,2 product exit,3 or
conformational changes within the enzyme during the
reaction.4 Substrate access might govern not only the overall

rate of a reaction but also other biochemical properties of an
enzyme such as substrate specificity and regio- and stereo-
selectivity. Substrate access has been demonstrated to be
controlled by gatekeeping residues5 at the entrance or by the
properties of the substrate access tunnel. As a consequence,
engineering substrate tunnel has been a promising target for
enzyme engineering for increasing reaction rates, shifting
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substrate specificity, and optimizing regio- and stereo-
selectivity.6,7

Serine hydrolases such as esterases and lipases are widely
used enzymes, which in aqueous media catalyze the stereo-
selective and regioselective hydrolysis of ester bonds.8 Because
most serine hydrolases are stable and active in organic solvents,
they also catalyze the reverse reactions, esterification, and
transesterification.9 All serine hydrolases have the same
catalytic mechanisms based on a catalytic triad of serine,
histidine, and aspartic or glutamic acid.10 The transition state is
stabilized by residues of the oxyanion hole. One subclass of
hydrolases, the acyltransferases, catalyze the transesterification
of activated acids such as thioesters in aqueous media, although
hydrolysis is thermodynamically preferred in the presence of
water.11 The observed high yield of ester product is caused by
their kinetic preference of synthesis to hydrolysis.12−15 The
acyltransferase from Mycobacterium smegmatis (MsAcT) is a
versatile enzyme because it also accepts nonactivated esters
such as ethyl acetate and shows an exceptionally wide substrate
spectrum.16,17 MsAcT has been successfully applied to
synthesize a broad range of esters,12,18,19 alcohols,20 peracids,21

and amides.22−25 Previously, the potential of MsAcT as a
catalyst for the enantioselective synthesis of cyanohydrins and
secondary propargyl alcohols in aqueous media was assessed.26

In order to understand the exceptionally high trans-
esterification activity of MsAcT in aqueous media, the
properties of the active site were investigated by computational
studies27,28 Because the intrinsic energy barriers of the
transesterification and hydrolysis reaction were similar, it was
proposed that a more efficient substrate binding was the basis
for favoring transesterification over hydrolysis.

In addition to the shape and physicochemical properties of
the active site, substrate access channels have been
demonstrated to play a pivotal role in mediating selectivity
and specificity in many hydrolases, such as lipases,7,29

haloalkane dehalogenases,2 and acylases.30 MsAcT forms an
octamer with deeply buried active sites, which are connected to
the protein surface by long and hydrophobic substrate access
channels.31 The aim of this study was to investigate the role of
these channels in enzyme kinetics, selectivity, and inhib-
ition.2,32−35 Therefore, we modeled the binding of substrate
and water and the accessibility to the active site of a MsAcT
octamer by molecular dynamics (MD) simulations, analyzed
the trajectories by Markov-state models (MSMs) to evaluate
kinetic constants, and performed a mutual information (MI)
analysis to characterize the ligand−ligand and ligand−protein
interactions.36,37 MSMs have been increasingly applied to
interpret enzyme kinetics29,38−40 and to explore the rate-
limiting molecular events beyond the chemical conversion
step,41,42 such as binding of substrate molecules to the protein
surface and substrate access to the active site. By combining
molecular modeling with experimental measurements provided
novel insights into the mechanisms driving transesterification
reactions of MsAcT in aqueous media.

■ METHODS
Experimental Section. The transesterification reaction

using MsAcT for benzyl alcohol (BnOH) was experimentally
characterized previously and the enzymatic constants deter-
mined, with KM,BnOH = 13.6 mM and kcat,BnOH = 2586 ± 2.4 s−1,

Figure 1. (A) MsAcT octameric surface and (B) active site access tunnel in detail. Individual monomers in different surface colors representation.
Catalytic His195 and Ser11 located within the tunnel in yellow surface representation. (C) Monitored substrate−protein interactions. Interactions
of acyl donors (d1−d2) with the free-enzyme form (left) and interactions of acyl acceptors (d3−d4) and water (d6−d7) with the acyl enzyme (right).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c00812
ACS Catal. 2024, 14, 10077−10088

10078

https://pubs.acs.org/doi/10.1021/acscatal.4c00812?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00812?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00812?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00812?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and for vinyl acetate (ViAc), KM,ViAc = 0.0123 mM and kcat,ViAc
= 182 ± 2.5 s−1.12

MsAcT was expressed, purified, and quantified as described
earlier.12,26 The enzymatic transesterification of ViAc by
isobutanol (i-BuOH) is based on earlier work describing the
same reaction for ViAc and BnOH and reporting the kcat and
Km for both ViAc and BnOH above. The assay is based on the
spectroscopic measurements of the conversion of NADH in
the ScADH catalyzed reduction of acetaldehyde released
during ester production.

The assay was performed in polyacrylate 1 cm cuvettes by
monitoring the conversion of 0.25 mM NADH at 340 nm and
20 °C using an extinction coefficient of 6.221 mM−1 cm−1.
Before the addition of MsAcT, the reaction was monitored
until no chemical background hydrolysis of ViAc occurred.
Enzymatic reactions were started by the addition of MsAcT
with a final concentration of isobutanol (0.0−200 mM), vinyl
acetate (ViAc, 5.4 mM), NADH (0.25 mM), KPi (200 mM,
pH 7.5), MsAcT (24 ng mL−1), and ScADH (50 U mL−1,
Sigma-Aldrich A7011). All measurements were performed in
triplicates. The addition of additional ScADH did not result in
a higher response for indirect acetaldehyde detection.
MD Simulations. The structure of MsAcT was simulated in

its homooctameric state (Figure 1), with all of the 8 subunits
(chain A−H) modeled in unbound form (freeMsAcT) or as acyl
enzyme (acylMsAcT), the latter corresponding to the native
sequence containing the catalytic Ser11 covalently bound to an
acetyl moiety. For construction of both forms, the crystal
structure of MsAcT (PDB ID: 2Q0S, 1.5 Å resolution)31 was
used. The adduct atoms were removed, and serine (Ser11) for
freeMsAcT and acetyl-serine (acylSer11) for acylMsAcT was
constructed. In order to obtain force field parameters for
acylSer11, its coordinates were extracted, and the structure was
modified by acetylation and amidation of the termini. The
OPLS43 all-atom (OPLS-AA) force field parameters of the
capped acylSer11 were obtained from the LigParGen server
using the 1.14*CM1A-LBCC charge model.44,45 The partial
charges of the backbone atoms were adjusted to the values of
the standard OPLS-AA force field, and the partial charges of
the 10 side-chain atoms were modified by −0.005 each, in
order to result in a neutral acylSer11 moiety. The nonbonded
terms of atoms Cβ, Hβ1, and Hβ2 as well as bond length, bond
angle, and dihedral parameters of the Cβ and Oγ bond were
taken from OPLS-AA. The OPLS-AA force field for the
protein was obtained by the tool pdb2gmx of GROMACS
2018.46 A pH of 7.0 was assumed and the PROPKA 3 tool was
used to calculate the protonation state of residues, with the
side chains of Asp/Glu and Lys/Arg negatively and positively
charged, respectively, terminal residues charged, and all
histidine residues including the catalytic His195 were neutral,
with the hydrogen on the Nδ1 atom.47 As a result, the MsAcT
octamer had a net charge of −72. OPLS-AA parameters for
isobutyl alcohol, benzyl alcohol, benzyl acetate, vinyl acetate,
and benzyl acetate were retrieved from the LigParGen server,
using as input the corresponding SMILES codes.

MD simulations were performed using GROMACS version
201846 with an integration time of 2 fs, a constant pressure of 1
bar, and a constant temperature of 294 K (NPT ensemble)
under periodic boundary conditions. The v-rescale algorithm
was used for temperature coupling,48 and the Berendsen
algorithm was used for pressure coupling with τp = 10 fs.49

Electrostatics were calculated by a smooth particle mesh Ewald
summation.50 A single octameric protein structure was placed

in the center of a cubic simulation box, and variable number of
substrate molecules were inserted at random locations and
orientations. The box size (from 15 to 25 nm) and number of
ligand molecules (from 50 to 1350) were chosen to obtain
ligand concentrations ranging from 5 to 500 mM (Table S1).
In total, 14 protein−ligand mixtures at different concentrations
of ligand were prepared: 3 of freeMsAcT/ViAc, 4 of acylMsAcT/
i-BuOH, 5 of acylMsAcT/BnOH, 1 ternary mixture of acylM-
sAcT/i-BuOH/ViAc, and 1 of acylMsAcT/BnOH/BnAc. For
each ligand concentration, 10 independent replicates were
prepared by the use of random seeds for ligand location and
orientation (total 140 systems). The boxes containing the
protein and ligand molecules were solvated with SPC/E water
molecules51 in variable number (from 4.2 × 105 to 1.6 × 106,
Table S1). Net charge neutralization was made by replacement
of 72 water molecules with Na+ ions. Replicates at each
concentration varied according to the position and orientation
or the ligands and the total number of atoms (from 4.6 × 105

to 1.6 × 106, Table S1). Each system was first minimized for a
maximum of 10,000 steps by a steepest descent algorithm
(force threshold of 1000 kJ·mol−1·nm−1), followed by 1000
steps of the conjugate gradient algorithm (force threshold of
400 kJ·mol−1·nm−1). Subsequently, a short solvent equilibra-
tion simulation was made for 5 ns to allow for water molecules
to equilibrate in the box by applying position restraints on
ligand atoms and on protein heavy atoms (force constant of
1000 kJ·mol−1·nm−1). Finally, each system was simulated for
200 ns, and trajectory frames were saved every 5 ps. As control,
acylMsAcT with only water was simulated. In total, 30 μs of
simulation data were generated, analyzed, and visualized by
VMD.52

Featurization. MsAcT-catalyzed transesterification in
aqueous conditions has been described by two half-reactions:
the acylation of the free enzyme by an acyl donor and the
transfer of the acyl group from the acyl enzyme to an acyl
acceptor.27 The acylation of the free enzyme proceeds when an
ester substrate binds to the active site, followed by a
nucleophilic attack of the catalytic serine, thus forming the
acyl-enzyme intermediate and releasing the first alcohol
product. The transfer of the acyl group proceeds when either
a water or an alcohol acts as the second substrate by
performing a nucleophilic attack to the acyl-enzyme
intermediate, which leads to the release of the final product.
The two half-reactions were modeled separately. The acylation
was modeled as a protein/ester mixture with freeMsAcT and
vinyl acetate (ViAc) as acyl donors. The acyl transfer was
modeled as a protein/alcohol mixture with acylMsAcT and
either BnOH or i-BuOH as acyl acceptors. The competing
hydrolysis reaction was modeled using SPC/E water molecules
acting as the solvent in protein/alcohol mixtures. Additionally,
two ternary protein/ester/alcohol mixtures were prepared: the
first with acylMsAcT, the substrate ViAc, and the acyl acceptor i-
BuOH; the second with acylMsAcT, the product benzyl acetate
(BnAc), and the acyl acceptor i-BnOH. For each reactant, the
pathway of access to each of the 8 active sites of the MsAcT
octamer was investigated. Trajectories were featurized using
the near attack conformation (NAC)53 concept in the context
of serine hydrolases,29 by using the distance toward NAC
formation (dNAC) as a continuous one-dimensional latent
variable
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where D is an arbitrary number of distances d used to describe
a ligand pose relative to the protein. For the modeled MsAcT/
ligand mixtures, we defined distances between the functional
atoms of the ligands and the corresponding active site atoms of
MsAcT (Figure 1). For the acylation reaction, dNAC,donor was
calculated from the distance between the carbonyl carbon of
the acyl donor and the hydroxyl oxygen of Ser11 (d1) and the
distance between the carbonyl oxygen of the acyl donor and
the backbone amide hydrogen of Ala55 (d2). d1 represents the
nucleophilic attack by the catalytic Ser11 residue and d2 the
stabilization of the substrate by the oxyanion hole residues. For
the acyl transfer reaction, dNAC,acceptor was calculated from the
distance between the hydroxyl oxygen of the acyl acceptors and
the carbonyl carbon of acylSer11 (d3) and the distance between
the hydroxyl hydrogen of the acyl acceptors and the tele
nitrogen of His195 (d4). d3 and d4 represent the nucleophilic
attack by the substrate on the acyl-serine intermediate. For the
ternary systems, the distance between the carbonyl oxygen of
the ester and the backbone amide hydrogen of Ala55 (d5) of
the oxyanion hole was monitored to represent the approach of
the ester molecules toward the active site. For the hydrolysis
reaction, the distance between the oxygen of water and the
carbonyl carbon of acylSer11 (d6) and the distance between the
hydrogen and the nitrogen of His195 (d7 = min(d7a, d7b)) was
monitored to represent the nucleophilic attack of the water
molecule toward the acyl-serine intermediate. Distances d1−d7
were calculated independently for each replicate (nreplicates =
10), between all active sites (nreferences = 8), and all ligand
molecules (nmolecules) for each frame of the 200 ns production
runs (nframes = 40,000), using the MDAnalysis Python
library.54,55 The corresponding dNAC values were calculated
and encoded as a three-dimensional matrix (nframes × nmolecules ×
nreferences), which was analyzed by in-house built Python
scripts.56 The range of dNAC values is specific to each system:
the lower limit is due to van der Waals repulsive terms of the
OPLS-AA force field, and the upper limit is the size of the
simulation box. The three-dimensional (3D) matrix describing
a dNAC-featurized trajectory varied along the nmolecules
dimension as the number of ligand molecules varied for each
system, while the number of frames and subunits was constant.
Discretization. Binding Free Energy Profile. The dNAC-

featurized trajectories were used to generate ligand binding free
energy profiles.29,30 For each ligand concentration, trajectories
were discretized based on the distribution of dNAC values in a
set of spherical shells with origin at dNAC = 0 Å and with 0.25 Å
thickness. For each shell i, the average (N(i)enzyme) and
standard deviation of dNAC counts of all references, all
molecules, and all replicates were calculated over the total
number of sampled frames. Shell distributions were converted
to the corresponding free energy values by the Boltzmann
equation

=G i
k T

N i

N i
( )

ln
( )

( )B

enzyme

reference

where kB is the Boltzmann constant and T is the temperature
in Kelvin. The reference distribution N(i)reference of dNAC values
corresponds to the number of counts for each shell i assuming
an isotropic distribution of molecules at an arbitrary
concentration in the absence of MsAcT. N(i)reference is

dependent on the effective bulk concentration of the ligand
after equilibration. The effective bulk concentration in the
simulation boxes was determined by fitting N(i)reference to
N(i)enzyme in the subset of shells far from the protein surface.
The resulting binding free energy profiles were used to identify
regions in dNAC latent space with a repulsive or attractive
potential toward NAC formation across different ligand
concentrations. Convergence of the resulting profiles was
evaluated based on the analysis of associated errors obtained
by different combinations of time intervals and replicates (data
not shown).

Collective Ligand Encoding. The simultaneous sampling of
regions in dNAC latent space by different ligand molecules was
evaluated using a combinatorial discretization scheme.29 The
dNAC latent space was partitioned based on common features
identified in binding free energy profiles across the ligand and
concentration space. The number of resulting shells as well as
their limits and thickness were set fixed for all MsAcT−ligand
mixtures, and five regions were defined: active site (A), tunnel
(T), entrance to the tunnel (E), surface of the protein (S), and
bulk (B). For every 5 ps trajectory frame, each region was
checked to be sampled if there was at least one dNAC value
among all protein−ligand pairs to be contained within its
boundaries, or not sampled otherwise. By considering the
sampling of the five regions, 25 states were defined, with each
state defined according to the set of sampled regions, e.g., AB if
only regions A and B were sampled, or AESB if only the region
T was not sampled. This combinatorial discretization scheme is
independent of the number of ligand molecules and acts as a
dimensionality reduction technique by generating a two-
dimensional state-discretized trajectory of size nframes ×
nreferences. This was especially useful for analyzing water (105

< nmolecules < 106), where handling of a single dNAC-featurized
trajectory without dimensionality reduction would have
excessively large memory requirements.

Ligand−Water Encoding. The state-discretized trajectories
of the ligands and water were combined and analyzed further.
Only the effective set of sampled states were considered: 10
ligands states (ATESB, ATES, AESB, TESB, ATSB, ESB, ASB,
TSB, SB, and B) and 2 water states (ATESB and TESB),
yielding 10 × 2 ligand−water states that were labeled using the
superscript Water when the water ATESB state was sampled.

Mutual Information. The state-discretized trajectories were
used for mutual information measurements as well as
correlation coefficient determination using scikit-learn.57 For
the binary systems, the trajectories were compared along the
nreferences dimension to evaluate cross-talk between different
active site subunits. For ternary systems, the state-discretized
trajectories of each ligand were used to evaluate the cross-talk
between different ligand molecules. For water, the state-
discretized trajectories of water were used to evaluate the
cross-talk between the state-discretized trajectories of acyl
acceptor molecules.

Markov-State Models. The state-discretized trajectories of
size nframes × nreferences were used to evaluate the kinetics of
transitions of the ligands between different regions along the
binding pathway. Therefore, the state-discretized trajectories
were concatenated to a single trajectory of length
nframes × references, which was used for generating a Bayesian
MSM using the PyEMMA software package.58 The lag times τ
selected for each system were validated by the convergence of
implied time scales and by the Chapman−Kolmogorov
test.59−61 The mean first passage times (MFPT) between
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states as well as their corresponding stationary distributions
were calculated for all concentrations and for all protein−
ligand systems. Transition Path Theory62−64 was employed to
evaluate the flux of the binding pathway from the Bayesian
MSMs. The states used as source or sink varied for each
protein−ligand mixture but were kept fixed for different
concentrations. The resulting forward/backward committor
probabilities, pathways, and net fluxes were combined to
evaluate the effects of the ligand concentration on the kinetics
of active site access along the binding pathway.

■ RESULTS
Kinetic Characterization of Acyltransferase from M.

smegmatis (MsAcT). In an extension of the previous coupled
spectrophotometric assay, the kinetics of MsAcT upon
transesterification of vinyl acetate by i-BuOH to isobutyl
acetate was investigated (Figures 2 and S1−S4).12 A KM value

of 72 ± 12 mM and vmax value of 3480 ± 260 U mg−1 were
determined. Thus, the KM toward isobutyl acetate was higher
than the previously determined KM (13.6 mM) toward BnOH,
most likely due to a lack of aromatic interactions with the
aromatic active site residues within MsAcT. The hydrolysis of
isobutyl acetate was not investigated.
Molecular Dynamics Results. Transesterification Reac-

tion. The interactions between MsAcT and substrates of the
transesterification reaction were monitored by featurization of
MD simulation trajectories with dNAC as the latent variable,
which encodes the location of substrate molecules relative to
the active sites of the MsAcT octamer. Trajectory frames were
visually inspected to map the latent variable representation to
the location of substrate molecules along the substrate access
pathway from the protein surface to the active site (Figure 3A).
Binding free energy profiles of ligands were calculated based on
the distribution of discretized dNAC values, using as reference
their distribution at the same bulk concentration in the absence
of the protein. The resulting binding free energy profiles
(Figure 3B) encode the regions of the dNAC space with
attractive or repulsive Gibbs free energy value ΔG (in units of
kBT). Significant differences were found between the acyl
donor vinyl acetate (ViAc), and the two acyl acceptors BnOH
and i-BuOH. For all substrates and all concentrations, there
was either a local or global ΔG minimum at dNAC ≈ 4 Å, which
corresponds to a productive binding pose of substrate
molecules within the active site pocket. At lower values of

dNAC, there was a steep increase in ΔG values, caused by steric
repulsion between the substrate and the side chains of active
site residues. We focused on the details of the access pathway
toward the productive binding pose at dNAC ≈ 4 Å in the
following sections.

The acyl donor ViAc was modeled at concentrations of 10,
50, and 200 mM. The binding free energy profile revealed a
mostly attractive potential along the access pathway. There was
an inflection point at dNAC,donor ≈ 6 Å, corresponding to
molecules located within the tunnel that connects the catalytic
dimer interface and the active site pocket. For the lowest
concentration of 10 mM, the binding potential was more
attractive at the active site while the local maximum, located at
the tunnel entrance, was at its highest value. For concen-
trations of 50 and 200 mM, the attractive potential shifted
toward the tunnel entrance. Above 8 Å, the ΔG values were
similar at all concentrations, indicating an overall high affinity
of ViAc toward the freeMsAcT, including the catalytic dimer
interface.

The acyl acceptor BnOH was modeled at concentrations of
10, 20, 40, 100, and 300 mM. The binding free energy profile
changed significantly at different concentrations. The presence
of the global ΔG minimum at dNAC,acceptor ≈ 4 Å was found
only at concentrations higher than 40 mM. A local ΔG
minimum occurred within the tunnel at dNAC,acceptor ≈ 7 Å,
which was more pronounced at concentrations below 40 mM.
At these concentrations, the BnOH molecules accumulate
within the tunnel and sample the active site pocket only rarely,
resulting in high uncertainties of ΔG values at dNAC,acceptor < 5
Å. At higher concentrations, and for ΔG values within the 4 <
dNAC,acceptor < 10 Å region, the uncertainty was largely reduced,
indicating accumulation of molecules in the tunnel and the
active site. For all BnOH concentrations, a second local
minimum was observed at dNAC,acceptor ≈ 15 Å, corresponding
to the tunnel entrance located at the catalytic dimer interface,
similar to the local minimum found for ViAc. The
experimentally determined dissociation constant of KM,BnOH
= 13.6 mM is close to the concentrations (10 and 20 mM)
where accumulation of BnOH molecules occurred in the
tunnel.12 Above these concentrations, the BnOH molecules
sampled the active site more extensively. Interestingly, no
saturation was observed for ViAc even at the highest
concentration of 200 mM, despite KM,ViAc being three orders
of magnitude lower than that of KM,BnOH. This points to
different binding mechanisms of esters and alcohols, which will
be discussed below.

The second acyl acceptor, i-BuOH, was modeled at
concentrations of 11, 22, 100, and 500 mM. The binding
free energy profiles exhibited a distinct concentration depend-
ency from those of BnOH. For dNAC,acceptor < 7 Å and for low i-
BuOH concentrations (11 and 22 mM), ΔG was positive and
had a high uncertainty, indicating a low sampling of the tunnel
and active site. At higher concentrations (100 and 500 mM),
above the experimentally determined KM,i‑BuOH, ΔG was still
repulsive although the uncertainty decreased. In contrast to the
other substrates, a saturation of the tunnel entrance was
observed at 500 mM, resulting in a global ΔG minimum at
dNAC,acceptor ≈ 15 Å. i-BuOH shares a similar tunnel signature
compared to that of ViAc, given the presence of a local
maximum at dNAC,acceptor = 8 Å for all concentrations.

For all substrates, the latent variable dNAC yielded consistent
results, both at the level of energy variations (−2.5 < ΔG < 7.5
kBT) and range under the influence of the protein (2 < dNAC <

Figure 2. Enzymatic synthesis of isobutyl acetate using i-BuOH and
ViAc. Reaction conditions: i-BuOH (0−200 mM), ViAc (5.4 mM),
NADH (0.25 mM), KPi (200 mM, pH 7.5), MsAcT (24 ng mL−1),
and ScADH (50 U mL−1). The error bars show the standard deviation
of triplicates.
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80 Å). The major differences found between substrates and
across concentrations were within the 4 < dNAC < 20 Å region,
indicating that the substrates had distinct interactions with the
protein along the binding pathway. The ester substrate ViAc
displayed more favorable interactions with the protein and less
saturation than the two alcohols. i-BuOH had a more repulsive
potential toward the active site, which is consistent with its 5-
fold higher experimentally determined dissociation constant
compared to that of BnOH.

To further investigate the binding kinetics of the three
substrates, we assigned five regions A, T, E, S, and B along the
substrate access pathway (Figure 3C), based on the ΔG
profiles: the active site (A, dNAC ≤ 4 Å), the tunnel (T, 4 <
dNAC ≤ 10 Å), the entrance to the tunnel, located at the dimer
catalytic interface (E, 10 < dNAC ≤ 20 Å), the remaining
octameric protein surface (S, 20 < dNAC ≤ 80 Å), and the bulk
(B, dNAC > 80 Å). Sampling of regions A, T, and E depended
sensitively on the substrate concentration, whereas at all

Figure 3. Binding mechanism of transesterification substrates. (A) Snapshot of substrate i-BuOH distribution in the MsAcT surface and within the
active site tunnel. i-BuOH molecules are shown in green licorice representation. Corresponding locations along dNAC regions have yellow labels. (B)
Binding free energy profiles of dNAC as a function of substrate concentration. Circles correspond to the mean ΔG values (in kBT units) per dNAC
shell over all calculated protein−substrate pairs, subunits, and replicates. Shaded regions correspond to the associated standard deviations. A, T, E,
and S dNAC shell maximal radii in colored solid lines: A�cyan, T�light gray, E�dark gray, S�gray, and E�pink. Values of dNAC are represented
in the logarithmic scale for clarity. (C) Sampled regions as a function of substrate concentration. (D) Sampled states as a function of concentration.
Circles correspond to the sampling fraction in logarithmic scale for clarity.
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concentrations, substrate molecules were found in the regions
S and B. Sampling of region A varied according to the
corresponding KM values, i.e., it was highest for ViAc, followed
by BnOH and lowest for i-BuOH. Sampling of T was also
highest for ViAc, followed by i-BuOH and BnOH. This
inversion between BnOH and i-BuOH is a consequence of the
saturation of BnOH in the tunnel region. The region E became
saturated in all substrates at increasing concentration, which
was most pronounced for i-BuOH, followed by BnOH and
ViAc. At the level of the catalytic interface, we note that
regions A and T were sampled independently between the
constituting subunits for all ligands (Supporting Information
and Figure S5A).

Further elucidation of the binding pathways of the three
substrates was obtained by employing a combinatorial
discretization scheme that allows to identify which regions
(A, T, E, S, and B) are simultaneously sampled at a given time
step of the trajectory (Figure 3D, details in the Methods
section). All of the ligands sampled a similar set of states. In
the B state, the substrate molecules are only present in bulk,
and it was only sampled at the lowest concentrations. In
contrast, the ATESB state, which corresponds to all regions
being sampled, was increasingly sampled at higher substrate
concentrations. This was the case for the other partially bound
states such as the states AESB, TESB, ESB, and SB. The states
ATSB, ASB, and TSB were sampled only at the lowest
concentrations, corresponding to access to the active site

without saturation of the full binding pathway. At the level of
the catalytic interface, we note that the states that include the
entrance and the tunnel (TESB, TSB, ESB) were mutually
sampled by the two neighboring subunits, meaning that
binding of ligand molecules in these regions in one subunit
favored sampling of the corresponding regions in the other
subunit (Supporting Information and Figure S5B).

The results of ternary systems show, in a manner similar to
those of binary systems, that the binding pathway is prone to
saturation within the tunnel and catalytic dimer interface when
two different types of ligands are present (Supporting
Information and Figure S6), which makes the system prone
to substrate and product inhibition.

Hydrolysis Reaction. The interactions between MsAcT and
water were monitored through featurization of simulation
trajectories with the dNAC,hyd latent variable, which allowed for
individual tracking of all solvent water molecules relative to the
eight catalytic subunits (Figure 4A). For the acylMsAcT in pure
water, the binding free energy profiles show that the potential
is repulsive along the full binding pathway with barriers similar
to those for the ester and the two alcohol substrates. The
repulsive potential is caused by saturation of the active site and
tunnel with water molecules, which are filled with water
molecules despite their hydrophobicity. Binding free energy
profiles of water were also calculated for the acyl-enzyme
systems with and without alcohols. The difference in ΔΔG was
small along the binding pathway, except for the active site

Figure 4. Binding mechanism of water. (A) Binding free energy profiles of dNAC for pure water (top) and under the presence of BnOH (middle)
and i-BuOH (bottom). Circles correspond to the mean ΔG values (in kBT units) per dNAC shell over all calculated protein−substrate pairs,
subunits, and replicates. Shaded regions correspond to the associated standard deviations. A, T, E, and S dNAC shell maximal radii in solid lines: A�
cyan, T�light gray, E�dark gray, S�gray, and E�pink. Values of dNAC are represented in the logarithmic scale for clarity. (B) Sampled region A
by water as a function of acyl acceptor sampling (left) and sampled ATESB by water as a function of acyl acceptor concentration (right). (C)
Mutual information (left) and correlation coefficients (right) between water ATESB states and BnOH, i-BuOH states.
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pocket, where ΔΔG reached up to 1.5 kBT in the case of
BnOH and up to 2.5 kBT in the case of i-BuOH (Figure 4A).
This indicates that the presence of acyl acceptors leads to a
displacement of water molecules from the active site. Indeed,
the sampling of region A by water (Figure 4B) also varied
considerably for simulations containing the acyl acceptors, with
a decrease of 12% in the sampling fraction when the
concentration of acyl acceptors was equal or higher than 100
mM. Because water was always present in regions T, E, S, and
B, only two water states were sampled, TESBWater and
ATESBWater (Figure 4B). Sampling of the ATESBWater state
decreased as the concentration of the acyl acceptors increased,
pointing to a competition between water and the two acyl
acceptors for active site access. We note that for the ternary
systems, there was no further decrease in the ATESBWater

sampling fraction compared to that of the binary system
containing only BnOH, since BnAc does not sample the active
site. However, for the ternary system containing i-BuOH and
ViAc, there was a significant drop in the level of sampling of
the active site by water because ViAc also samples the active
site.

Further details of binding effects within the active site were
obtained by mutual information and correlation coefficient
measurements. Mutual information provides information about
the simultaneous occurrence of ligand and water states, while
the correlation coefficient provides insights if the mutual

occurrence is linear. In the case of BnOH, the mutual
information was highest between the states ATESBWater and
ATESBBnOH at 300 mM BnOH (Figure 4C). The high mutual
information and a positive correlation coefficient between the
two states that include region A indicate that both BnOH and
water simultaneously sample the active site. A different
scenario was obtained in the case of i-BuOH, where the
highest mutual information was obtained for the states
ATESBWater and TSBi‑BuOH at 11 mM, with a positive
correlation coefficient, followed by the set of states ATESBWater

and ESBi‑BuOH or TESBi‑BuOH at 500 mM, with varying
correlation coefficients. Therefore, sampling of the active site
by water did not occur simultaneously with sampling by i-
BuOH. Considering this difference between the two acyl
acceptors and the higher differences in ΔG of water in the i-
BuOH system, the results suggest that BnOH binding does not
require desolvation of the active site, in contrast to i-BuOH
binding.

Binding Kinetics. The binding kinetics of the active site
access was modeled by MSM models, using as input the state-
discretized trajectories of the acyl donor, the two acyl
acceptors, and water. The lag times for each ligand and
concentration were chosen based on the convergence of
implied time scales and the Chapman−Kolmogorov test. The
flux of molecules diffusing from bulk to the active site was
calculated using TPT by considering [B, SB] as the source

Figure 5. Kinetics of the binding of transesterification substrates and water. (A) Net flux (in s−1) of reactive trajectories as a function of substrate
concentration. Source states: B, SB; sink states: ASB, AESB, ATSB, and ATESB. Red line corresponds to net flux of pure water. (B) Forward
committor probabilities of individual states for each substrate and concentration (ViAc left, BnOH center, and i-BuOH right). States connected at
each concentration identified by solid colored lines (source and sink states have forward committor probabilities of 0 and 1 by definition). (C)
Ratios of acyl acceptor-to-water net fluxes as a function of acyl acceptor concentration. (D) Binding (kon, solid circles) and unbinding (koff, open
circles) rates of water as a function of acyl acceptor concentration. Red lines correspond to kon (solid) and koff (dashed) of pure water. (E)
Dissociation constant for water as a function of acyl acceptor concentration. Solid lines correspond to the dissociation constant in pure water.
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states and [ASB, AESB, ATSB, ATESB] as the sink states
(Figure 5A). For water, the states TESB and ATESB were
considered as the source and sink states, respectively.

The flux for water was highest and remained nearly constant
in both binary and ternary systems of BnOH or i-BuOH. In
contrast, the fluxes of the three substrates were concentration-
dependent, with a maximum at 100 mM for i-BuOH and
BnOH and 50 mM for ViAc. For all ligands, the peak flux was
approximately 50% of the water flux. The decrease of flux at
the highest concentrations is consistent with the gradual
saturation of the binding pathway at higher concentrations.

The analysis of forward committor probabilities provided
further insights into the kinetics of active site access for the
acyl acceptors (Figure 5B). At low concentrations, the forward
committor probabilities of the intermediate states ESB, TSB,
and TESB were low, indicating a high probability of molecules
going back to the bulk after entering the tunnel and its
entrance rather than proceeding toward the active site. At high
concentrations, the forward committor probabilities of these
intermediate states was close to unity, indicating that
molecules sampling the tunnel and its entrance were more
likely to move toward the active site than the back to the bulk.
From the analysis of fluxes and forward committor
probabilities, the access of the two acyl acceptors to the active
site is slow and unrestrained at low concentrations, fast and
restrained at optimal concentrations, and slow and restrained
at high concentrations.

The ratio of 0.5 between the flux of the acyl acceptors and
the flux of water (Figure 5C) was similar to the experimentally
determined ratio between the transesterification rate and
hydrolysis rate (rt/rh) of about 0.5. Considering the differences
in concentrations between acyl acceptors and water, the
transesterification reaction is largely favored given the fast
kinetics of acyl acceptor binding.

Finally, we analyzed whether the presence of the two acyl
acceptors had an effect on the binding/unbinding kinetics of
water to the active site (Figure 5D). The effect was more
pronounced on the binding (kon) rate of water than on the
unbinding rate (koff), indicating that the presence of acyl
acceptors leads to a slowdown of the access of water to the
active site. The binding/unbinding rates were used to calculate
the dissociation constant of water, KD (Figure 5E), which
increased at the highest concentrations by 2-fold in the case of
BnOH and almost 5-fold in the case of i-BuOH. Together,
these results show that the transesterification reaction benefits
from the accumulation of acyl acceptor molecules along the
binding pathway to the point where the kinetics of active site
access approach those of water, despite the large differences in
concentration.

■ DISCUSSION
It is been questioned why enzymes have such a complex
structure and large size,65 whereas the active site consists of
only a few residues. The task of an enzyme is attracting desired
substrates, preorienting them and guiding them toward the
active site, placing them in the active site according to the
desired selectivity, and catalyzing a series of chemical reactions
by stabilizing the respective transition states. At the same time,
the role of the enzyme is to protect the active site from
unwanted compounds, which might block the active site and
compete with the desired substrates. Attraction of uncharged
substrates is achieved by binding to the protein surface,30,66

followed by a two-dimensional diffusion on the protein surface.

Substrate specificity is mainly achieved within the active site
access channel by a 1000:1 enrichment of the desired substrate
(alcohol) compared to the undesired substrate (water). Thus,
the substrate specificity of an enzyme such as MsAcT is
obtained by a combination of positive and negative design
(attracting the desired and occluding the undesired substrate),
and the substrate access channel plays a crucial role in
explaining the observed biochemical properties and in
engineering of improved enzymes. Despite the wide range of
promising applications endowed by MsAcT as a trans-
esterification catalyst in aqueous solvents,16 so far only few
studies have addressed the molecular origins of the kinetically
favored transesterification reaction. Two major driving forces
for transesterification have been proposed: a preferred binding
of the alcohol molecule in the hydrophobic active site28 or a
relative shift of activation energies toward the acyl transfer
reaction.27,67 We propose that the kinetics of transesterification
and hydrolysis is dominated by the thermodynamics and
kinetics of the binding pathways preceding the chemical step:
the access path taken by substrate molecules from the bulk
toward the eight active sites of the MsAcT octamer.

The analysis of extensive molecular dynamics simulations by
Markov-state models demonstrated that thermodynamics and
kinetics of the binding pathways differ, with free energies of
binding being more favorable for acyl acceptors than for water
due to the hydrophobic nature of the active site pocket and the
tunnel. Nonetheless, these favorable interactions with alcohol
molecules do not prevent water from accessing the active site
since water is found both in the tunnel and in the active site
pocket even when the alcohol molecules are also present.
Therefore, the origin of the high transesterification-to-
hydrolysis ratio can be attributed to the kinetics of binding.
Despite the concentrations of alcohols and water differing by
more than two orders of magnitude, the rates of alcohol
binding are close to water. This kinetic effect results from the
accumulation of alcohol molecules along the tunnel and in the
active site pocket. For benzyl alcohol as acyl acceptor, our
results are in agreement with the experimentally determined
activity profiles of MsAcT and its engineered variants, where a
jump in rt/rh occurs for concentrations above the experimental
KM value (13.6 mM) and its maximum value is also obtained at
100 mM.68 This observed accumulation of alcohol in the
tunnel is similar to that reported for the case of methanol with
CALB.29,69 Decreased MsAcT activity at high substrate
concentrations has also been reported recently for the
synthesis of 2-phenethyl acetate using different acyl donors.19

Indeed, the hydrophobicity of active site pockets and tunnels
has been shown to be a good predictor of acyltransferase
activity.70,71 These effects add up to the favorable thermody-
namics and kinetics of the transesterification reaction when
compared to the hydrolysis reaction.27 While the formation of
the tertiary structure is essential for active site formation, in
MsAcT, as in other systems,31,72−75 it is the formation of the
quaternary structure through oligomerization of catalytic
subunits that allows for the formation of the tunnels so that
favorable interactions with substrates can take place. The
results indicate that to engineer MsAcT toward better
acyltransferase activity, mutations with hydrophobic amino
acids should be included to decrease the affinity for water
(negative design) while also aiming at increasing protein−
substrate interactions along the entrance to the access channel
(positive design).
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