
In Silico Based Engineering Approach to Improve Transaminases for
the Conversion of Bulky Substrates
Moritz Voss,† Devashish Das,§ Maika Genz,† Anurag Kumar,§ Naveen Kulkarni,§ Jakub Kustosz,†

Pravin Kumar,*,§ Uwe T. Bornscheuer,*,† and Matthias Höhne*,‡
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ABSTRACT: Protein engineering is often applied to tailor substrate specificity,
enantioselectivity, or stability of enzymes according to the needs of a process. In
rational engineering approaches, molecular docking and molecular dynamics
simulations are often used to compare transition states of wild-type and enzyme
variants. Besides affecting the transition state energies by mutations, the entry of
the substrate and its positioning in the active site (Michaelis complex) is also
often studied, and mutagenesis of residues forming the substrate entry tunnel can
have a profound impact on activity and selectivity. In this study, we combine the
strengths of such a tunnel approach with MD followed by semiempirical QM
calculations that allow the identification of beneficial positions and an in silico
screening of possible variants. We exemplify this strategy in the expansion of the
substrate scope of Chromobacterium violaceum amine transaminase toward
sterically demanding substrates. Two double mutants (F88L/C418(G/L))
proposed by the modeling showed >200-fold improved activities in the
conversion of 1-phenylbutylamine and enabled the asymmetric synthesis of this amine from the corresponding ketone,
which was not possible with the wild-type. The correlation of interaction energies and geometrical parameters (distance of the
substrate’s carbonyl carbon to the cofactor’s amino group) as obtained in the simulations suggests that this strategy can be used
for in silico prediction of variants facilitating an efficient entry and placement of a desired substrate as a first requirement for
catalysis. However, when choosing amino acid positions for substitution and modeling, additional knowledge of the enzymatic
reaction mechanism is required, as residues that are involved in the catalytic machinery or that guarantee the structural integrity
of the enzyme will not be recognized by the developed algorithm and should be excluded manually.

KEYWORDS: protein engineering, asymmetric synthesis, biocatalysis, transaminase, semi-empirical quantum mechanics,
molecular dynamics, alanine scanning

■ INTRODUCTION

Transaminases are pyridoxal-5′-phosphate-(PLP)-dependent
enzymes (Scheme 1) that catalyze the reversible transfer of
an amine group from an amino donor to prochiral keto acids,
ketones, or aldehydes.1 Transaminases are highly enantiose-
lective toward their natural substrates, which makes them of
key interest in biocatalysis for industrial application. Beside α-
amino acid transaminases, which are ubiquitous enzymes in all
organisms, a smaller subgroup of amine transaminases (ATA)
exists. These transaminases convert substrates without a α-
carboxylic acid moiety.
Due to their different overall folding, amine transaminases

are found in the PLP fold type I and fold type IV. Type IV
amine transaminases accept D-alanine with a general preference
toward the (R)-enantiomer, whereas the structurally different
transaminases of fold type I use L-alanine (L-Ala) and form the
(S)-enantiomer as amine product.2 Nevertheless, the substrate

scope of these enzymes is limited due to the natural geometry
of the transaminases’ active site, which is located at the
interface of the dimerized monomers and consists of a large
(LBP) and a small binding pocket (SBP). If a ketone or α-keto
acid binds to the enzyme, then the LBP can accommodate a
bulky substituent such as an alkyl or aryl group adjacent to the
ketone function (or the carboxylic acid group in an α-keto
acid). The SBP is restricted to accommodate a methyl or in
rare cases an ethyl substituent.3−5

The well-studied (S)-selective ω-transaminase from Chro-
mobacterium violaceum (Cv-ωTA) is consistent with the above-
mentioned substrate limitations. This transaminase was
characterized in 2007 by Kaulmann et al. and its high potential
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as useful biocatalyst due to its broad amino acceptor range was
shown.6−8 Despite the broad capabilities of the enzyme and
detailed crystal structures, the Cv-ωTA still lacks the ability to
accommodate amines with two bulky substituents.9,10 The
methyl group of (S)-phenylethylamine (1b) is well accepted in
the SBP of the active site, but the only slightly bulkier ethyl
(2b) or propyl (3b) substituents are already barely converted
(Scheme 2) and hence only a minimal alteration of the
aliphatic chain causes total loss of activity.
Several examples have shown how extensive protein

engineering was capable to overcome the limitations of the
SBP by using direct evolution and rational design approaches
in different amine transaminases.2,11 The first and most
prominent example was published by Merck & Co. and
Codexis for the chiral synthesis of (R)-sitagliptin employing a
protein-engineered variant of the (R)-selective ATA117.11

Inspired by this result, several examples of expanding the SBP
also for (S)-selective ATAs from Vibrio f luvialis (Vf-ωTA) and
Ochrobactrum anthropi followed.5,12−14 Recently, Pavlidis et al.
reported an engineered variant of the (S)-selective ωTA from

Ruegeria sp. (3FCR) for the asymmetric synthesis of bulky
chiral amines.2 By applying the identified beneficial mutations,
it was even possible to generate a general sequence motif,
which led to the generation of six new TAs active toward bulky
substrates. The common feature of those examples is the
application of directed evolution, which requires a high
screening effort due to large library sizes. Even the creation
of statistics-based smart libraries, like the incorporation of the
3DM system for reducing the screening effort by focusing the
mutations on a few identified positions with a specific set of
amino acid exchanges, required an in vitro screening of larger
subsets of variants.15−17

One alternative could be the application of quantum
mechanics (QM) methods that are applied in the field of
quantum chemistry for studying chemical reactions including a
small set of atoms or molecules in silico. Quantum mechanical
calculations are therefore based on electron density distribu-
tions of the system and rely rather on physical parameters than
on experimental data. By focusing on the electron density of
the system, QM-based methods can provide insights into

Scheme 1. Simplified Mechanism of the Transaminase-Catalyzed Reactiona

aThe reaction is exemplified with alanine as amino donor substrate and acetophenone (1a), propiophenone (2a), or butyrophenone (3a) as ketone
substrate. The catalytic lysine (K288) of Cv-ωTA is shown. The first half reaction starts with PLP bound as a Schiff’s base to a lysine ε-amino group
of the enzyme (“internal aldimine”). Nucleophilic attack of the substrate’s amino group at C4’ of PLP initiates a transamination, where the substrate
(alanine) replaces the lysine residue and forms the external aldimine. The catalytic lysine abstracts the proton of the Cα atom of the bound
substrate and transfers it to C4′ of the cofactor, whereby generating the ketimine intermediate. A quinonoid intermediate is formed in between
these steps. Hydrolysis of the ketimine yields PMP and the ketone product. In the second half reaction, this sequence of reactions is passed through
in reverse order.
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chemical reactions at the level of bond formation and cleavage,
which are key aspects in the field of chemistry.18 Examples
have shown the successful application of QM methods for
studying metal catalysts and the prediction of their
enantioselectivity.19 But still, such computational-power
demanding calculations remain exclusive for small reaction
systems including less than 250 atoms, due to the exponentially
growing complexity.18,20 Therefore, the adaption to enzyme-
catalyzed reactions is only possible by considering a limited
amount of residues in the QM calculation, usually the active
site residues of the enzyme. The QM approach is therefore
capable to study enzyme−substrate interactions, as recently
exemplified by Cassimjee et al. by investigating the detailed
reaction mechanism of the Cv-ωTA toward the well-accepted
benchmark substrate (S)-1b with pyruvate (Pyr) as accept-
or.21,22

The replacement of the enzymes active site and the fitting of
the mutation in the overall enzyme structure can be realized by
Molecular Mechanics (MM), based on classical mechanics to
simulate atom−atom interactions.18 In the MM simulations,
the energy of the system is computed using force fields based
on empiric data. This approximation allows to study molecular
systems up to many thousands of atoms and therefore to
simulate whole enzymes and the effect of mutations. In
comparison to mutagenesis approaches focusing on residues in
the active site to improve the formation of the Michaelis
complex, the residues lining the substrate tunnel of the enzyme
often also play a key role in the acceptance and conversion of
artificial substrates. This is especially important for enzymes
that have their active site deeply buried in the interior of the
protein, as substrate diffusion into the protein and/or product
release might become rate-determining steps.23 Therefore,
reshaping of the binding pocket and the optimization of the
entrance tunnel might be equally important for engineering
enzymes to accept unnatural (e.g., space-demanding) sub-
strates.24

In this study, we outline the potential of semiempirical
quantum mechanics (sQM)-based protein-engineering toward

the Cv-ωTA. Our in silico screening aimed to predict variants
capable of accepting the bulky (S)-phenylbutylamine 3b
(Scheme 2).

As outlined in Scheme 3, the first step of our approach is to
determine plausible attack conformations of the substrate by
docking experiments and conduct extended MD simulations of
the E−S complexes obtained (step 1). Post simulation analyses
were carried out to explore the distribution of the substrate
conformation in the enzyme’s entrance tunnel and the active
site (step 2). These conformations of the substrates form
clusters, which (in our case) are separated by barriers
hindering the substrate to move toward the active site.
Important E-S conformations from MD simulations were
explored using sQM calculations to derive the energy profiles
of the conformational transitions at the barriers. Computa-
tional alanine scanning using the snapshots derived from these
calculations identifies relevant hotspot residues (step 3) that
are then subjected to in silico mutagenesis (step 4). These
variants are screened and ranked using the QzymeDesigner
developed for this study (step 5). The variants are ranked
according to the minimal interaction energies and substrate
distances to the catalytic site, and the best variants were finally
validated in the laboratory by applying them in the kinetic
resolution mode as well as in asymmetric synthesis of the
target molecule (step 6).

■ RESULTS AND DISCUSSION
Computational Analysis and in Silico Mutant Screen-

ing. To identify, which mutations would enable the acceptance
of the sterically demanding ketones (2a and 3a) by the ATA
from C. violaceum, the ketones were in the first step docked
into the enzyme’s active site with the pyridoxamine-5′-
phosphate (PMP) cofactor present (Scheme 1). The well-

Scheme 2. Substrates and Reaction Modes Studied Using
the Amine Transaminase (ATA) from C. violaceum and its
Mutants

Scheme 3. General Overview of Our Rational Protein
Design Concept
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accepted benchmark substrate 1a served as control. On the
basis of the orientation of the phenyl group and methyl or
propyl side chain in the LBP and SBP respectively, the docked
conformation of 1a and 3a in the active site is in-line with
previous studies,22 where the keto substrate’s carbonyl group
faces the amino group of PMP allowing a nucleophilic attack to
form to external aldimine.
The resulting complexes (E:PMP+1a and E:PMP+3a) were

energy minimized and equilibrated to serve as starting
conformations for MD simulations. These conformations we
will refer to as the X0 conformation throughout this manuscript
(Figure 1). In the MD simulations (step 2, Scheme 3), we
observed that the bulky ketone 3a moves out of the active site
within the first 5 ns of the 50 ns simulation. Therefore, the
simulated enzyme does not accommodate the substrate in the
active site and fails to form a productive Michaelis complex,
which is the starting point of the reaction. The distance d3a
between the cofactor PMP and the substrate ketone 3a was
measured between the PMP’s exocyclic nitrogen atom (PMP-
NH2) and the carbonyl carbon atom of the ketone 3a. During
the simulations, d3a showed two major increases of 4 Å each,
the first increase at ∼0.3 ns and the second over a longer
period between 3 and 4 ns. Beyond 5 ns of simulation, 3a
moved to a final distance of 12 Å to PMP (Figure 2B). The
movement of 3a out of the active site within 5 ns seems
peculiar in the MD simulation, unless a steered force is applied.
To confirm this, multiple MD analyses were performed with 50
and 20 ns of simulation time with similar results (Figures 2B
and S2 of the Supporting Information, SI). The control
experiment with the well-accepted ketone 1a demonstrated the
correct performance of the experiment, since 1a stayed in the
active site throughout the 20 ns of simulation at distance of
∼2.5 Å to PMP (Figure S1).
In an analysis of the MD simulations with the bulky ketone

E:PMP+3a complex (step 3), we identified 5 clusters of
conformations during the movement out of the active site
(Figure 2A). As representatives of the first four clusters, we
defined the conformations X0 (starting conformation with 3.4
Å to PMP), X1 (0.615 ns, 8 Å), X2 (2.5 ns, 10 Å), and X3 (4.4
ns, 12 Å) and extracted the coordinates of each conformation.

X0 represents a plausible attack conformation that could
initiate the external aldimine formation.
The four representative conformations (X0, X1, X2, and X3)

of the clusters are separated by barriers: areas where the ketone
3a is observed in only few snapshots during the simulation.
Assumingly, these barriers hinder the substrate to enter a
catalytic active position in the enzymes’ active site and mark
high-energy conformations, which need to be overcome to
reach the productive attack conformation (X0). Therefore,
mutating residues lining these barriers could alter the enzyme
in a way that makes it easier for the substrate to reach the
cofactor and to adopt the catalytically active conformation
ready for external aldimine formation. This would be the first
step facilitating the conversion of the challenging bulky ketone
3a. To obtain realistic conformations of the E:PMP+3a
complex and to derive detailed energies during the transition,
sQM calculations were performed. The objective of this study
was to obtain the energy profile (heat of formation, ΔHf) of
the three transitions (X3 → X2, X2 → X1 and X1 → X0) and to
identify the high energy conformational transitions, which are
expected to be passed at the barriers identified in the MD
simulations.
The enzyme seems to undergo conformational changes,

especially in the active site to accommodate 3a. The detailed
sQM-based analysis of the X1 → X0 transition showed the
expected restraint of 3a entering the catalytic active
conformation, since it was observed that the initially decreasing
ΔHf energy started to fluctuate, marking the energy barrier
(see Figure S3). To reach the active site, the propyl side chain
rotates ∼180° to decrease d3a from 3.9 to 3.4 Å and finally
reaches the X0 conformation. Assumingly, these unfavorable
conformations, caused by the rotation of the propyl side chain,
mark a significant hurdle for the acceptance of 3a as substrate.
To identify hotspot positions positively affecting barrier

transitions, sQM-based computational alanine scanning (QM-
CAS) was carried out (step 4) by incorporating amino acid
substitutions in the extracted coordinates of the X3 → X2, X2
→ X1, and X1 → X0 sQM calculations. For choosing target
residues, we performed an atomic contact analysis using the
data from the simulations (Methods in the SI), in addition to
visual inspection. Selected residues were mutated in silico to

Figure 1. Plausible attack conformations (X0) for the investigated ketones in the active site of the Cv-ωTA. A: Modeled complex for 1a (E:PMP
+1a). B: Complex for 3a (E:PMP+3a) after docking and energy minimization. The carbons of the residue side chains and the PMP cofactor are
colored in beige and the carbons of substrate are colored in blue. For clarity, nonpolar hydrogen atoms are hidden. The distances d1a and d3a
between the carbonyl carbon atoms of ketones 1a and 3a and the cofactor’s amino group is marked as a dotted line as well as the distance between
the catalytic lysine (K288) and the proton of PLP’s hydroxyl function.
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alanine one at a time. Alanine or proline residues were
substituted to glycine to further decrease the size of their side
chains and glycine residues were mutated to alanine (later
referred to as GAP mutants). Next, the structure of the enzyme
variants was optimized locally for each of the extracted QM
coordinates. Then, the binding affinity of the substrate across
the extracted coordinates were calculated. The variants were
analyzed toward their interaction energy (see eq S1 in SI) and
selected for variants with lower interaction energy than the
wild-type enzyme (−56 ± 122 kcal mol−1) for the X1 → X0

transition. The higher standard deviation is due to the
common partial charges of the substrate that was used for
calculating the conformational transitions.
The QM-CAS analysis of the X1 → X0 transition identified

the single substitution variants W60A, F88A, S121A, and
C418A as potentially beneficial since these variants showed

lower interaction energy than the wild-type enzyme. On the
basis of the QM-CAS analysis, the residue F88 seems to be the
crucial hotspot for mutagenesis, because the F88A substitution
is the only one which significantly lowered the interaction
energy by ∼10 times compared to the wild-type enzyme
(Table S1). Visualization studies revealed that F88A plays an
important role in facilitating the movement of 3a toward PMP.
Additionally, double substitutions were carried out for all
selected residues of the X1 → X0 transition to predict whether
combined mutations could further decrease the interaction
energy. The six double mutants (W60A-F88A, F88A-C418A,
F88A-S121A, W60A-S121A, W60A-C418A, and S121A-
C418A) showed lower ΔG values compared to the wild-type
enzyme and were selected for further studies (Table S4).
To guide the decision which amino acids should be used for

in silico variant generation (step 5), sequence and structure

Figure 2.MD simulations with the bulky ketone 3a in the Cv-ωTA wild-type structure. A: 2D projection of the observed positions of 3a during the
simulation. The dots represent the carbonyl carbon atoms of 3a; blue dots: 50 ns trajectory I; red dots: 50 ns trajectory II. Five clusters of stable
conformations were observed during the simulation. The X0 to X3 conformations were extracted as single representatives of the respective cluster.
B: The distance of 3a increases during the first 6 ns of the MD simulations. A clear increase of the distance values d3a (defined in Figure 1) was
observed at the beginning of the simulation (0.3 ns). The distance value d3a increases further at around 3 ns. Four independent simulations were
plotted: simulation 1:20 ns (trajectory I); simulation 2:20 ns (trajectory II); simulation 3:50 ns (trajectory I); and simulation 4:50 ns (trajectory
II).
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alignments were prepared using sequences similar to the ATA
from C. violaceum. The three most frequently found amino acid
residues occurring in the alignments in each of the four
selected positions W60, F88, S121, and C418 were chosen for
variant generation. All single and double mutations were
created in silico.
QzymeBenchwork, which includes QzymeHotspot and Qzy-

meDesigner, is an in-house computational tool developed by
Quantumzyme LLP that uses a novel sQM based energy
evaluation protocol and was used for screening enzyme
variants in silico (see Methods in the SI). Variants having
energy values lower than the wild-type were sorted based on
the minimal d3a obtained during the simulation. The top two
double variants W60G/F88V and W60G/S121A were most
promising based on the ranking and chosen for a subsequent
evaluation of the enzymatic activity (Tables 1 and S7).

The same QzymeBenchwork protocols were applied for the
transitions X3 → X2 and X2 → X1 to identify additional
positions and to predict beneficial single and double variants.
None of the variants showed significant energy decreases
compared to the wild-type enzyme, only one double variant
(R405A-F22A in the X3 → X2 transition) was identified as
potentially interesting in the CAS protocol (Tables S2, S3, S5,
and S6).
Although some of the modeled double variants only showed

slight benefits, we constructed 216 variants in silico combining
positions from the X3 → X2 and X1 → X0 transitions and the
three GAP mutants to test for potential synergic effects. All
variants contained amino acid substitutions at ten residues and
were ranked by using the QzymeBenchwork protocol (Table
S8). Although it is very difficult to accurately predict the effect
of substituting ten residues at the same time, we wished to
explore the potential of multiple substitutions using sQM
methods. This also allows to recognize positive synergistic
effects arising from multiple interactions of substituted amino
acids. Finally, we chose the best 11 variants (Table S8) for
experimental characterization.
Experimental Validation of sQM-Based Candidates.

The in silico sQM-based evaluation identified ten positions
and one to three amino acid alternatives per position as
beneficial for converting the bulky substrate (S)-phenylbutyl-

amine (3a). From a protein-engineering perspective, the
simultaneous mutagenesis of ten residues within the active
site region of an enzyme bears not only the risk of inactivity,
but also the loss of the enzyme’s folding and cofactor binding
capacity. In addition to the variants containing mutations at all
ten selected residues and therefore addressing several barriers
simultaneously, double mutants were predicted covering only
the X1 → X0 transition. For validation of the theoretical results,
all mutants were created, expressed in E. coli and purified to
determine their activity (step 6) in the acetophenone assay.25

Surprisingly, all predicted mutants could be expressed with
good protein yield after purification. On the basis of their
yellow color, the mutants were judged to have the PLP-
cofactor correctly bound. Unfortunately, it turned out that all
variants bearing ten mutations simultaneously (Table S8)
exhibited no transaminase activity (Scheme 2, bottom
reaction), which was not unexpected. However, the predicted
double mutant W60G/F88V showed a 8-fold activity increase
in the conversion of (S)-3b in the kinetic resolution mode
(Table 1). Next, the corresponding single mutants were
created and this revealed the F88V mutation as the beneficial
one resulting in an even 50-fold activity improvement over the
wild-type activity toward (S)-3b (Table 1). Besides the
substitution to valine, alanine, and leucine were also suggested
for the F88 residue. By incorporating these mutations in the
Cv-ωTA, the F88L mutation roughly doubled the activity
compared to F88V and led to an overall 120-fold increase of
activity compared to the Cv-ωTA wt. Therefore, the F88
residue clearly is a hotspot for engineering the active site for
the accommodation of bulkier substituents within the SBP.
This finding is in-line with the sQM-results obtained from the
QM-CAS analysis, where the F88A single-substitution showed
a significant effect on the interaction energy.
The F88 position in Cv-ωTA was also identified by Deszcz

et al. as beneficial to create serine:pyruvate ω-TA activity.26

Humble et al. reported the F88A mutation as beneficial for the
reversion of the enantioselectivity toward 1-aminotretralin and
a decrease of the selectivity toward (S)-1b.27 Humble et al. also
pointed out, that the F88A mutation increases the space of the
small binding pocket and therefore enables the coordination of
the phenyl group of 1b in both pockets. Still, the F88 residue
was not considered so far to enable the conversion of bulky
substrates by Cv-ωTA, although the corresponding residues in
other (S)-selective ωTAs were reported as advantageous
toward bulky substrates. Nobili et al. investigated the
corresponding mutation F85L in the ωTA of Vibrio f luvialis
(Vf-ωTA) and observed an activity of 0.32 U mg−1 toward the
conversion of (S)-3b.5 Nevertheless, the leucine substitution of
the F85 residue led to a significantly lower impact on the
activity toward (S)-3b compared to the corresponding
mutation in Cv-ωTA. Pavlidis et al. identified the mutation
Y87F in the scaffold of the ωTA from Ruegeria sp. (3FCR) as
beneficial for the conversion of bulky amines in the context of
other mutations.2 Interestingly, the 3FCR scaffold shows
increased activity by incorporating the Cv-ωTA wild-type
residue phenylalanine.

Refining the In Silico Ranking. The results of the wet lab
experiments were used to refine the ranking of the in silico
experiments. Three insights were gained: (1) The major
difference between W60G/S121A and W60G/F88V was the
interaction energy (ΔG), which was significantly lower for the
beneficial double mutant. Therefore, the minimal ΔG should
have a higher impact in the rating compared to the minimal d3a

Table 1. Activities of the Purified Cv-ωTA Variants in the
Adopted Acetophenone Assay Using (S)-3b or Asymmetric
Synthesis Using 3a and the Calculated Interaction Energy

variant
activitya

(U mg−1)
conversionb

(%)
interaction energyc

(kcal mol−1)

Cv-ωTA wt 0.018 ± 0.004 n.d.d −56
W60G/S121A 0.003 ± 0.001 n.m. −333
W60G/F88V 0.15 ± 0.01 n.m. −722
F88A 0.20 ± 0.005 n.m. −511
F88V 0.97 ± 0.03 62.0 ± 1.3 −747
F88L 2.27 ± 0.13 82.8 ± 0.6 −852
F88L/C418G 3.72 ± 0.19 89.8 ± 0.6 −847
F88L/C418L 4.12 ± 0.19 98.6 ± 0.1 −983

aSpecific activity in the deamination of (S)-1-phenylbutylamine 3b
with pyruvate (spectrophotometric assay). bConversion in an
asymmetric synthesis of 3b using the corresponding ketone 3a and
L-alanine as substrates and GDH/LDH for equilibrium shift after 16
h. cinteraction energy (ΔG) of the X1 → X0 transition, calculated by
the QzymeBenchwork protocols. dn.d. = no detectable activity; n.m.=
not measured.
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during the sQM calculation. (2) F88L was identified as the
most beneficial single mutant. Only double mutants with F88L
were considered in the new ranking. (3) The S121A
substitution was considered detrimental for the activity
because the double variant containing S121A was not active
toward 3b. This result can be explained by the observation that
S121 is part of the phosphate binding cup, as its hydroxyl side
chain forms a hydrogen bond with PLP’s phosphate. Variants
containing S121 substitution were therefore excluded from the
ranking.
On the basis of the refined ranking parameters, two variants

F88L/C418G and F88L/C418L (out of the 54 double
mutants; Table S7), were chosen with lower QM-ΔG and
with minimal d3a. C418 is far from the active site and F88 and
C418 form the lining resides of the tunnel of 3a (Figures 3 and
S4).
Characterization of the Final Double Mutants. The

proposed double mutants yielded high protein contents and
remained in their active state after purification. The double
mutants significantly increased the activity for the conversion
of (S)-3b compared to the most active single mutant F88L.
Both double mutants exhibit a >200-fold activity improvement
compared to the wild-type activity (Table 1). Despite the high
activity toward the bulky (S)-3b substrate, the double mutant
F88L/C418G remained highly active toward the benchmark
substrate (S)-1a, indicating the successfully extended substrate
spectrum (Table S9).
Importantly, these variants also showed perfect enantiose-

lectivity (>99%ee) concerning the asymmetric synthesis of 3b.
When enzyme activities of the characterized single and double
mutants are compared with their calculated energy values
(QM-ΔG), a clear trend was found (Table 1), indicating that
energy values are an important predictor for activity toward the
desired substrate. F88L/V is beneficial because it enlarges the
active site (Figure 3) and allows a better positioning of the
substrate to attack the cofactor. This is reflected in a lower KM
of 3 mM for 3b for the single mutants in contrast to the wild-
type ATA, where saturation with 3b could only be estimated
around 14 mM (Table S10). The C418L/G mutation further
decreases the KM for 3b, with a drastic increase in the catalytic
efficiency (kcat/KM). The residue C418 lies in the substrate
entry tunnel (Figure 3), and mutating this residue might affect
local dynamics of substrate and enzyme side chain interactions.

MD simulations of the double variant, F88L/C418L
complexed with 1a and 3a revealed that both substrates
stayed in the active site throughout the simulation (Figure S5).
This is in contrast to the simulation of the wild-type enzyme,
where 3a moved out 12 Å of the active site within the first 6 ns
of the simulation as described above. This observation and the
lowered ΔG for the F88L/C418L variant obtained by our
sQM calculation is consistent with our hypothesis to remove
an energy barrier of the substrate entrance (X1 → X0
transition).
The residue C418, identified by our screening approach,

drastically influenced the substrate specificity of the Cv-ωTA.
The importance of this residue toward substrate specificity and
activity was not reported before. Recently, Genz et al.
identified the corresponding L417 residue in the scaffold of
the Vf-ωTA by statistical analysis.14,28 Surprisingly, L417
substitutions were shown to have no effect on the widening of
the substrate binding pocket or increasing the activity toward
bulky substrates in the Vf-ωTA scaffold.14

There are different methods to screen enzyme variants in
silico, like MD simulations of transition state analogs29 and
simulations of near attack configurations to evaluate the
enantioselectivity of enzymes.30 Alternatively, a rapid and
robust approach was developed to predict enzyme activity with
a large number of substrates using geometric criteria based on
the mechanism in combination with molecular docking.31

Short simulations are integrated into the Quantitative
Structure Activity Relationship Protocol (QSAR) to predict
kinetic properties of enzymes.32 In our study, we observed that
the substrate is moving away from the active site; the most
crucial point was that the wild type enzyme was unable to form
the catalytic attack conformation. In this scenario, docking and
short molecular dynamics studiescommonly used so far
would only help to choose residues in the active site region for
engineering. The customized protocol used in this study is a
systematic procedure with few manual interventions, and thus
facilitates in silico screening of a considerable number of
variants.

■ CONCLUSIONS
The aim of our research was the extension of the substrate
spectrum of the (S)-selective Cv-ωTA, enabling the conversion
of the sterically demanding benchmark substrate butyrophe-

Figure 3. Location of the amino acid substitutions in variant F88L/C418L (shown in green). The amino acids of the wild-type are overlaid in gray.
The backbone is shown as gray cartoon, a cut through the surface of the substrate entrance tunnel of the mutant structure is highlighted in light
cyan.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b03900
ACS Catal. 2018, 8, 11524−11533

11530

http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03900/suppl_file/cs8b03900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03900/suppl_file/cs8b03900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03900/suppl_file/cs8b03900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03900/suppl_file/cs8b03900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03900/suppl_file/cs8b03900_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b03900


none (3a). In contrast to the laboratory-intensive approach of
directed evolution, our strategy represents a rational design
approach, where MD and sQM-based protein engineering is
the basis to predict beneficial enzyme variants. According to
our analysis, residues near the active site or lining the substrate
path influence the interaction energy for the substrate to enter
the active site.
Our in silico screening identified variants with lowered

interaction energies leading to an improved attack conforma-
tion according to our model, explaining the >200-fold
increased activities in the conversion of 3a by the F88L/
C418(G/L) double mutants. Due to the sampling of the
interaction energies of the E−S complex across the entry of the
substrate, the identification of C418 was possible, which is ∼12
Å away from the catalytic site. To further explain the effect of
the mutations in depth, we plan to perform QM/MM
calculations to evaluate the impact of the identified mutations
on the energetics of the transition states of the transamination
reaction. This is beyond the scope of this in silico screening
study, where we aimed to have a good balance between
computational cost and accuracy and a possibly high
throughout. The computational approach used in this work
is tuned to screen ∼1000 variants in a week’s time.
Compared to previous semirational approaches, we identi-

fied variants with similar activities toward the benchmark
substrates but with lower laboratory screening effort. One
experience of this study is that it is important to have an early
feedback of lab experiments to validate assumptions of the
calculations. Although predicted variants carrying ten sub-
stitutions could not be verified to improve activity, the
prediction of single and double variants correlated well with
the laboratory experiments and helped to refine and improve
the ranking and interpretation of computational results.

■ METHODS
Docking, MD Simulations, and Semiempirical QM

Calculations for the In Silico Screening of Enzyme
Variants. The substrates 1a and 3a were docked in the active
site of Cv-ωTA in separate docking experiments. The catalytic
lysine (K288) was deprotonated and the PLP of the enzyme’s
crystal structure (PDB ID: 4A6T) was converted to PMP
before docking. Postdocking, the conformations obtained from
1a and 3a were filtered to derive a plausible attack
conformation using the E:PMP+1a complex obtained from
Cassimjee et al.22 as a reference template.
The docked complexes were used to conduct a series of

molecular dynamics (MD) simulations. The charges for the
substrates were obtained by quantum mechanics (QM)
optimization protocol at HF/6-31G* level and the MD
simulations were performed for either 20 or 50 ns for different
E−S complexes, using 0.002 ps time steps. After the analysis,
the enzyme complexed with 3a was analyzed to determine the
atomic contacts between the enzyme and the substrate to
obtain a consolidated list of residues for the computational
alanine scanning (CAS). The QzymeHotspot protocol identi-
fied several hotspots in the CAS analysis, which were mutated
and combined (double mutations) for the in silico variant
generation. Therefore, the beneficial hotspots were substituted
with the most conserved residues identified in a multiple
protein sequence alignment. This in silico mutagenesis
approach resulted in ∼600 enzyme variants for computational
screening. The modeled variants were screened using the
QzymeDesigner protocol, which analyzes every enzyme variant

using the sQM method and the variants were ranked using eq
S1 (see SI).

Activity Determination in the Kinetic Resolution
Mode. The activities of the purified Cv-ωTA variants were
determined photometrically by applying the acetophenone
assay on the TECAN Infinite 200 PRO reader.25 The assay was
performed with 2.5 mM pyruvate and 2.5 mM of the
corresponding amino donor (S)-phenylethylamine (1b), (S)-
phenylpropylamine (2b) or (S)-phenylbutylamine (3b) in
1.25% DMSO (5% DMSO for (S)-3b) in 50 mM HEPES
buffer pH 8.2. The enzymes were diluted according to their
activities. The formation of the corresponding ketones was
detected by following the increase of absorption at 245 nm
(1a) or 242 nm (2a and 3a) over time.

Asymmetric Synthesis Experiments. The asymmetric
synthesis reactions were performed in duplicates in a 1 mL
scale with 1 mg of purified transaminase variant in 5 mM 3a,
0.3 mg GDH, 90 U LDH, 2 mM NADH, 200 mM L-alanine,
220 mM D-glucose, 1 mM PLP, 10% DMSO in 50 mM HEPES
buffer pH 8.0. The reaction was carried out at 30 °C with 900
rpm (ThermoMixer, Eppendorf). 60 μL samples were taken at
defined time points and the reaction was stopped and basified
with 10 μL 10 N NaOH. NaCl was added until saturation was
observed and 220 μL of ethyl acetate (EtOAc) supplemented
with 1 mM of p-bromoacetophenone (standard for quantifi-
cation) was added for extraction. After vigorous shaking (3
min), the samples were centrifuged (17 000g, 5 min) and 160
μL of the organic phase was dried with MgSO4. After
centrifugation (17 000g, 5 min), 100 μL sample were obtained
for subsequent GC analysis. The chiral analysis of the product
and substrate was performed as described previously28 with the
following retention times: 3a: 12.35 min; (S)-3b: 10.37 min; p-
bromoacetophenone: 23.67 min. The conversion of 3a was
determined after normalization with p-bromoacetophenone in
relation to the control experiment with known 3a.
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C.; Höhne, M.; Bornscheuer, U. T. Engineering the Active Site of the
Amine Transaminase from Vibrio f luvialis for the Asymmetric
Synthesis of Aryl−Alkyl Amines and Amino Alcohols. ChemCatChem
2015, 7, 757−760.
(6) Kaulmann, U.; Smithies, K.; Smith, M. E. B.; Hailes, H. C.;
Ward, J. M. Substrate Spectrum of Omega-Transaminase from
Chromobacterium violaceum DSM30191 and its Potential for
Biocatalysis. Enzyme Microb. Technol. 2007, 41, 628−637.
(7) Ladkau, N.; Assmann, M.; Schrewe, M.; Julsing, M. K.; Schmid,
A.; Bühler, B. Efficient Production of the Nylon 12 Monomer Omega-
Aminododecanoic Acid Methyl Ester from Renewable Dodecanoic
Acid Methyl Ester with Engineered Escherichia coli. Metab. Eng. 2016,
36, 1−9.
(8) Pressnitz, D.; Fuchs, C. S.; Sattler, J. H.; Knaus, T.; Macheroux,
P.; Mutti, F. G.; Kroutil, W. Asymmetric Amination of Tetralone and
Chromanone Derivatives Employing Omega-Transaminases. ACS
Catal. 2013, 3, 555−559.
(9) Humble, M. S.; Cassimjee, K. E.; Hak̊ansson, M.; Kimbung, Y.
R.; Walse, B.; Abedi, V.; Federsel, H.-J.; Berglund, P.; Logan, D. T.
Crystal Structures of the Chromobacterium violaceum ω-Transaminase
Reveal Major Structural Rearrangements upon Binding of Coenzyme
PLP. FEBS J. 2012, 279, 779−792.
(10) Sayer, C.; Isupov, M. N.; Westlake, A.; Littlechild, J. A.
Structural Studies of Pseudomonas and Chromobacterium-Amino-
transferases Provide Insights into their Differing Substrate Specificity.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 2013, 69, 564−576.
(11) Savile, C. K.; Janey, J. M.; Mundorff, E. C.; Moore, J. C.; Tam,
S.; Jarvis, W. R.; Colbeck, J. C.; Krebber, A.; Fleitz, F. J.; Brands, J.;
Devine, P. N.; Huisman, G. W.; Hughes, G. J. Biocatalytic
Asymmetric Synthesis of Chiral Amines from Ketones Applied to
Sitagliptin Manufacture. Science 2010, 329, 305−309.
(12) Midelfort, K. S.; Kumar, R.; Han, S.; Karmilowicz, M. J.;
McConnell, K.; Gehlhaar, D. K.; Mistry, A.; Chang, J. S.; Anderson,
M.; Villalobos, A.; Minshull, J.; Govindarajan, S.; Wong, J. W.
Redesigning and Characterizing the Substrate Specificity and Activity

of Vibrio f luvialis Aminotransferase for the Synthesis of Imagabalin.
Protein Eng., Des. Sel. 2013, 26, 25−33.
(13) Han, S. W.; Park, E. S.; Dong, J. Y.; Shin, J. S. Mechanism-
Guided Engineering of Omega-Transaminase to Accelerate Reductive
Amination of Ketones. Adv. Synth. Catal. 2015, 357, 1732−1740.
(14) Genz, M.; Vickers, C.; van den Bergh, T.; Joosten, H.-J.; Dörr,
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(32) Kmunícěk, J.; Luengo, S.; Gago, F.; Ortiz, A. R.; Wade, R. C.;
Damborsky, J. Comparative Binding Energy Analysis of the Substrate
Specificity of Haloalkane Dehalogenase from Xanthobacter autotro-
phicus GJ10. Biochemistry 2001, 40, 8905−8917.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b03900
ACS Catal. 2018, 8, 11524−11533

11533

http://dx.doi.org/10.1021/acscatal.8b03900

