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ABSTRACT: CYP105AS1 is a cytochrome P450 from Amycolatopsis
orientalis that catalyzes monooxygenation of compactin to 6-epi-
pravastatin. For fermentative production of the cholesterol-lowering
drug pravastatin, the stereoselectivity of the enzyme needs to be
inverted, which has been partially achieved by error-prone PCR
mutagenesis and screening. In the current study, we report further
optimization of the stereoselectivity by a computationally aided
approach. Using the CoupledMoves protocol of Rosetta, a virtual
library of mutants was designed to bind compactin in a pro-
pravastatin orientation. By examining the frequency of occurrence of
beneficial substitutions and rational inspection of their interactions, a
small set of eight mutants was predicted to show the desired
selectivity and these variants were tested experimentally. The best
CYP105AS1 variant gave >99% stereoselective hydroxylation of compactin to pravastatin, with complete elimination of the
unwanted 6-epi-pravastatin diastereomer. The enzyme−substrate complexes were also examined by ultrashort molecular dynamics
simulations of 50 × 100 ps and 5 × 22 ns, which revealed that the frequency of occurrence of near-attack conformations agreed with
the experimentally observed stereoselectivity. These results show that a combination of computational methods and rational
inspection could improve CYP105AS1 stereoselectivity beyond what was obtained by directed evolution. Moreover, the work lays
out a general in silico framework for specificity engineering of enzymes of known structure.
KEYWORDS: biocatalysis, chiral precursor, in silico screening, computational design, asymmetric synthesis, stereoselectivity,
enzyme engineering

■ INTRODUCTION
The use of enzymes as industrial catalysts is attractive to
produce enantiomerically pure compounds through asymmet-
ric synthesis or kinetic resolution of racemates. Enzymes
catalyze reactions under mild conditions, which makes
problems like isomerization or racemization of chiral
compounds less likely. The therapeutic action of many chiral
pharmaceutical compounds is dependent on the interaction of
a single stereoisomer with a biological target.1 This includes
statin drugs.2 Moreover, the presence of a noneffective
stereoisomer can lead to unwanted side effects.3 Accordingly,
methods for the synthesis of stereochemically pure formula-
tions are required for the production of pharmaceutically active
ingredients.4 Unfortunately, the applicability of many natural
enzymes is hindered by low activity, modest specificity or
stereoselectivity, or poor stability under process conditions.
Molecular enzyme engineering techniques can overcome such
limitations.5 Enzymes can be tailored to obtain a desired
selectivity and to match process requirements, often through
directed evolution.6−8 In this technique, mutant libraries are
constructed by random or localized mutagenesis from which

beneficial variants are selected by laboratory screening.9

However, screening of large numbers of variants for stereo-
selectivity remains a bottleneck in directed evolution
campaigns. This makes it desirable to increase the occurrence
of beneficial variants in libraries, e.g., by using structural
information.

Over the last decade, the use of computational approaches
to design enzymes has received increasing attention. Better
energy functions and search algorithms allow de novo design of
protein structures, including active sites that recognize specific
ligands and catalyze diverse reactions.10−12 Various enzyme
design studies employ Rosetta energy scoring functions in
combination with visual inspection of the designed structures
to select the most promising variants.10,13 However, the design
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of highly active enzymes has met serious difficulties, often
making it necessary to enhance the catalytic activity by
directed evolution.10,14 On the other hand, computational
approaches can also overcome some limitations of directed
evolution, e.g., by reducing the time and costs related to the
number of enzyme variants that must be experimentally
tested.15−18 A key challenge for in silico protocols is to develop
widely applicable methodologies that can explore vast amounts
of sequence space and yet have high prediction accuracy.19−21

The majority of predictive algorithms rely on fixed protein
backbone approaches,11,14,22−25 with few exceptions where
backbone movement is allowed, such as the enzyme design
application in Rosetta.26−29 Further protein backbone move-
ments were implemented by Ollikainen et al.30 The “backrub”
algorithm in their CoupledMoves protocol allows inclusion of
significant protein plasticity in Rosetta computational design.30

The algorithm couples changes in protein backbone con-
formations with side-chain rotamer substitutions before
scoring their favorability. The CoupledMoves protocol thus
can account for the importance of protein backbone
conformations and protein flexibility when searching for low-
energy designs.30,31 This can improve the accuracy of predicted
protein−ligand complexes and was used to reproduce the
results of enzyme engineering experiments and natural
sequence diversity in enzyme families.31 However, the use of
this protocol for the prediction and selection of new enzyme
variants has not yet been reported.

Computational design protocols normally produce a large
number of designs which should be ranked in subsequent steps
to select the best candidates for experimental verification. To
decrease the number of dysfunctional variants, molecular
dynamics simulations are very useful. An important example is
the work of Arnold et al.,32 in which molecular dynamics
simulations and Markov models were used to evaluate the
effect of a single mutation in a flexible loop region of the
nitrating cytochrome P450 TxtE. Recently, Rosetta design26

and molecular dynamics simulations15,33−35 with scoring for
near-attack conformations36 along the simulated trajec-
tory17,21,37,38 were used to computationally design and rank
enzyme variants. Near-attack conformations (NACs) are
transient conformations of enzyme−substrate complexes that
are close to the transition state. Their importance as a
contributor to transition state stabilization and efficient
catalysis is disputed,39,40 but in both interpretations, the
frequency of occurrence of such NACs should be correlated
with the relative rates of catalysis, such as those that determine
stereoselectivity. Multiple short MD simulations are used to
achieve sufficient throughput and better conformational
sampling.21,41 This approach of multiple independent short
MD simulations with scoring for NACs can accurately select
stereoselective variants from a large number of mutant
enzyme−substrate combinations generated by computational
enzyme design.17,21,37,38 An example is the CASCO protocol,
which searches for the best candidates among thousands of
possibilities and provides libraries of which only 10−30
variants must be tested to find desired enzymes.17,37,38 Thus,
by careful ranking, protein design algorithms can steer the
design of small libraries, filling a gap between rational design
and directed evolution.

Due to the marked flexibility in their active-site region and
the occurrence of ligand-induced conformational changes,42

cytochrome P450s are challenging enzymes for the ration-
alization of catalytic properties by computational ap-

proaches.43−45 Recently, short MD simulations were per-
formed on P450s to examine selectivity in the hydroxylation of
steroids,46 warfarin,47 testosterone,48 terpene and limonene,49

and other substrates.50−56 In these examples, P450 variants
were studied using nanosecond timescale MD simulations with
scoring for catalytically productive conformations along MD
trajectories, which explained the observed stereoselectivity.
Moreover, nanosecond timescale MD on P450s was employed
to report on binding properties of aflatoxin B1,57 caffeine,58

and others.59−61

The current study concerns computation-supported opti-
mization of the stereoselectivity of CYP105AS1, a P450 from
Amycolatopsis orientalis (Figure 1). The wild-type enzyme

catalyzes the hydroxylation of compactin, a glucose-derived
metabolite formed by Penicillium citrinum, to yield 6-epi-
pravastatin. The opposite epimer, pravastatin, is an LDL
cholesterol-lowering drug that is marketed as Pravachol for the
treatment of hypercholesterolemia and dyslipidemia.62

Although pravastatin is not the most powerful statin,63 it is
an attractive therapeutic agent because it is not significantly
metabolized by human CYP3A4 or CYP3A564 and shows low
adverse interactions with other medications.65 A P450-
catalyzed hydroxylation of compactin to pravastatin would
enable the development of an attractive direct fermentative
production process. Directed evolution has yielded derivatives
of CYP105AS1 that exhibit the necessary opposite stereo-
preference, producing mainly pravastatin instead of 6-epi-
pravastatin. However, the selectivity in this asymmetric
transformation is still modest, with product epimeric excess
(e.e.) not exceeding ca. 90%.66

In the current work, we used a computationally guided
approach to create a CYP105AS1 variant for nearly perfect
stereoselective production of pravastatin. Using Rosetta
CoupledMoves to search sequence and conformational space
around the active site, we identified substitutions predicted to
contribute to the desired stereoselectivity. For verification,
these mutations were introduced into the template obtained by

Figure 1. Hydroxylation of compactin by CYP105AS1 variants. The
epimeric composition of the product is determined by pro-S vs pro-R
stereopreference of hydrogen abstraction by the Compound I
iron(IV)-oxo porphyrin radical intermediate.
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directed evolution, which led to an increase in pravastatin
purity to >99% e.e. The increased product e.e. could be
explained by MD simulations with scoring for stereo-
discriminating near-attack conformations of enzyme−substrate
complexes. Ultrashort MD simulations (picoseconds time-
scale) were used to distinguish successful P450 designs,
opening new opportunities for scoring of selective P450
variants at a low computational cost. The results demonstrate
the use of computational approaches to predict cytochrome
P450 variants with enhanced stereoselectivity.

■ MATERIALS AND METHODS
Preparation of Enzyme−Substrate Complexes for

Rosetta CoupledMoves. For modeling of the substrate
compactin (already present in PDB 4OQR), a rotamer library
was generated using the ConfGen function in Schrödinger
Maestro.67 The bicyclic structure was rigidly constrained and
redundancy was avoided by removing overlapping rotamers
(RMSD < 0.2 Å). A total of 50 rotamers were selected, in
which the conformation of the tail of the substrate was
variable.

The P450pra crystal structure in complex with compactin
(PDB 4OQR) was prepared for computational modeling using
the Protein Preparation Wizard feature in Maestro.68 This
structure is missing 5 amino acids (Gly83 to Lys87) in a loop
region. The loop was modeled onto the crystal structure using
Yasara,76 keeping the original backbone structure for the rest of
the protein. The resulting structure was relaxed by energy
minimization using the OPLS3 force field.69 In this structure,
the distance between the iron of the heme and the reacting
substrate hydrogen is not optimal for attack by compound I
during catalysis.70−72 Therefore, prior to redesign calculations,
the substrate was slightly repositioned manually to produce a
reactive pro-S conformation with a distance between the
reacting hydrogen and the heme iron of 4 Å, which was
constrained during subsequent Rosetta optimization trajecto-
ries.

In the wild-type CYP105AS1 crystal structure (PDB 4OQS),
no substrate is present and the enzyme has an open
conformation. The oxygenase reaction occurs in a closed
conformation that is adopted upon substrate binding.73 For
computational modeling, we therefore created the wild-type
structure from the P450pra structure, which has a closed
conformation, by reverting the mutations T95I, R127Q,
V180A, I236L, and N265A using PyMOL74 followed by
relaxation of the structure as mentioned for P450pra.

Since no structures of wild type or mutants are available with
compactin in a pro-R orientation, computational docking was
used to generate a series of conformations from which a
complex with substrate in the pro-R pose was selected. For
docking, we here used the AutoDock Vina protocol75 included
in Yasara software.76 Binding modes were separated in clusters
with a ligand RMSD of 5 Å. The docking protocol considered
protein flexibility by generating five low-energy protein
structures that differed in side-chain rotamer conformations.
The substrate compactin was docked 24 times for each initial
enzyme conformation, giving a total of 120 individual docking
solutions per trial. The best solution was selected for Rosetta
design. The lowest-energy conformation served as the input
structure for Rosetta CoupledMoves calculations. An addi-
tional pro-R starting conformation was generated by manually
replacing the crystallographic pro-S conformation to a pro-R
pose.

Rosetta CoupledMoves Optimization. To define the
initial sequence space to be searched in Rosetta calculations,
residues within 5 Å of the substrate in the P450pra crystal
structure were selected. This selection was trimmed as follows.
A BLAST search on UniProt Reference Cluster UniRef9077,78

was used to select sequences with less than 90% identity to
CYP105AS1 and, using an alignment of the 50 most similar
sequences made with BioEdit,79,80 residues that were highly
conserved were omitted from the search space. Dependent on
the purpose of the calculations, the search space was
occasionally further trimmed, for example, to examine the in
silico recapitulation of the P450wt to P450pra mutations. For
simultaneous dock-and-design calculations (i.e., calculations in
which both the position of the substrate and the protein
sequence were optimized), Rosetta CoupledMoves (version
57576) was used with the following options: “-nstruct 30
-extra_res_fa COM.params HEM.params -coupled_moves::i-
nitial_repack false -coupled_moves::save_structures true -cou-
pled_moves::mc_kt 0.6 -coupled_moves::mm_bend_weight
1.0 -coupled_moves::ntrials 10000 -coupled_moves::ligand_-
mode true -coupled_moves::ligand_prob 0.1 -coupled_move-
s::ligand_weight 2.0 -coupled_moves::fix_backbone false
-coupled_moves::uniform_backrub false -coupled_moves::-
backbone_mover backrub -coupled_moves::bias_sampling
true -coupled_moves::bump_check true -coupled_moves::tra-
jectory true -coupled_moves::trajectory_file traj.pdb -cou-
pled_moves::trajectory_stride 500 -coupled_moves::num-
ber_ligands 2 -use_input_sc -ex1 -ex2 -extrachi_cutoff 0”.

Initially, 14 positions (residues 76, 80, 93, 95, 179, 180, 182,
235, 236, 239, 282, 286, 388, 389) were allowed to mutate into
rotamers of all 20 amino acids. The heme pdb file was
converted to a MOL file type and parameterized in Rosetta.
Heme and substrate were set free to move (albeit with a
distance restrained, as described above). Productive binding
modes were supported during docking and redesign using
constraint files limiting the distance of the heme iron to the C6
carbon of compactin to <5 Å. The number of trajectories
(-nstruct) was set to approximately 30, with the number of
Monte Carlo sampling steps per trajectory (-ntrials) set to
10,000. Low-energy redundant sequences were trimmed to
keep only unique sequences.

The most promising designs were selected based on Rosetta
energy scores. Mutations altering enzyme specificity were
predicted by comparing the enrichment of substitutions
between large sets of Rosetta designs obtained with substrate
docked in pro-S or pro-R conformations. The percentage
enrichment (PE) for each mutation was calculated as before30

with

f fPE ( ) 100%R S= × (1)

in which f R and f S are the frequencies of occurrence of
substitution in the set of pro-R and pro-S designs, respectively.

Molecular Dynamics Simulations. Different variants of
CYP105AS1 in complex with substrate were examined by
molecular dynamics simulations. Cytochrome P450 starting
structures were generated in PyMOL74 (e.g., for creating
P450pra, P450pra100 (+T95F, V180M), and the single
mutants P450pra + T95F and P450pra + V180M), with
additional steps described above for wild-type CYP105AS1.
For P450pra, we adopted the position of the substrate as it was
present in the crystal structure. For wild-type CYP105AS1,
adopting the binding pose from the P450pra crystal structure
resulted in clashes, but computational docking with Autodock
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VINA within YASARA yielded binding poses indicative of pro-
R attack, in agreement with the observed formation of 6-epi-
pravastatin. These computations were performed with 999
runs for each mutant and 25,000 energy evaluations per run.
Flexibility was allowed for side chains within 4 Å from the
substrate. For the P450pra100 variant, alignment of the model
with the P450pra crystal structure and adopting the compactin
binding mode gave a good fit in the active site, which was used
for the simulations. The same substrate orientation was found
to fit in the P450pra+T95F and P450pra+V180M starting
structures. The compound I state was generated for all variants
using the crystal structure of P450pra containing the heme
cofactor.

Simulations were performed using the Yamber3 force field,81

which is a derivative of Amber99. Runs were done with a time
step of 2.0 fs and periodic boundary conditions. The atomic
point charges of the substrate compactin were generated using
AM1-BCC.82 The atomic point charges of the compound I
heme were adopted from Seifert et al.47 Similar parameters for
the compound I heme were reported by Shahrokh et al.83 After
energy minimization and a gradual warm-up (from 5 to 298 K
in 30 ps), five independent MD simulations were run for each
enzyme variant. The simulations were run using different initial
atom velocities, randomly chosen, but following a Maxwell−
Boltzmann distribution. The system was equilibrated for 2 ns,
followed by a production phase of 20 ns, and snapshots were
saved every 50 ps. During the production phase, the geometry
of the enzyme−substrate complex was analyzed on the fly with
1 ps intervals for the presence of NACs (Figure 2). The NAC
criteria were reported previously and are based on previously
reported DFT calculations on the modeled transition state.46,84

To test if a larger number of shorter independent MD
simulations would increase conformational sampling and
agreement with experiments, also 50 shorter MD runs were
performed for each enzyme variant, each replica with

independently assigned initial atom velocities.17,21 After
warm-up for 30 ps and an equilibration time of 20 ps, the
production phase was run for 50 ps. Snapshots were saved
every 5 ps and the geometries were analyzed for NACs every
20 fs on the fly. From the simulations, the predicted epimeric
excess (e.e.) was calculated with eq 2, where NACR and NACS
stand for the percentage of snapshots that obey the pro-R and
pro-S NAC criteria, respectively.

e. e.
NAC NAC
NAC NAC

pred R S

R S
=

+ (2)

Bond Dissociation Energies. To calculate the dissocia-
tion energies of different carbon−hydrogen bonds in
compactin, a series of quantum mechanical calculations were
performed using Gaussian09. The bond dissociation energies
were obtained from the difference in formation enthalpies at
298 K of the substrate, the hydrogen radical, and the different
substrate radicals.85 It was verified that no imaginary
frequencies were present after energy minimization. The
B3LYP density functional method was used with the 6−
31G(d) basis set since it was shown earlier that this
combination predicts bond dissociation energies with excellent
correlation (r = 0.991) to experimental data.86 With a small
test set (methane, ethane, ethene, propane, propene, benzene,
ethylbenzene) we verified that the method indeed gave good
agreement with experimental values.85

Cloning, Mutagenesis, Expression, and Enzyme
Isolation. The CYP105AS1 gene from A. orientalis (accession
number KF751385) and derivatives thereof were expressed
using a pBAD/HisA vector, with an N-terminal polyhistidine
tag, under control of a minimal arabinose promoter (araBAD),
from a pBAD-DEST49 donor vector using the attr1/attr2
Gateway sites. Starting with the P450pra variant, mutations
were created using a QuikChange mutagenesis kit (Agilent
Technologies) as described.66 Transformed cells of E. coli One
Shot Top10 were incubated at 37 °C with shaking at 195 rpm
in 0.6−1.0 L volumes of 2 × YT broth (Formedium) with 75
μg/mL ampicillin. When cultures reached an OD600 of 0.5,
1.3 mM L-arabinose and 500 μM of δ-aminolevulinic acid were
added to induce expression, and cultivation was continued at
24 °C for 16 h. Cells were harvested by centrifugation at 9000g
and washed with ice-cold buffer A (50 mM potassium
phosphate, 300 mM KCl, 10% glycerol, pH 8.0). Pellets
were frozen at −20 °C. Further steps were done at 4 °C. For
lysis, cells were resuspended in buffer A and Complete EDTA-
free protease inhibitor cocktail (Roche, 1 tablet per 50 mL of
cell suspension) and 100 μg/mL DNAse I (Sigma-Aldrich)
were added. Cells were lysed using an MC cell disruptor at
17.5 kPSI and the homogenate was cleared by centrifugation at
70,000g for 60 min.

For enzyme isolation, the clear lysate was incubated
overnight with Ni-IDA-Metal Chelate Sepharose resin
(Serva) with 15 mM imidazole and with mixing. After washing
with 20 volumes of 50 mM Tris, pH 7.2, containing 20 mM
imidazole, protein was eluted with 5 volumes of buffer B (50
mM Tris, 1 mM EDTA, pH 7.2) containing 250 mM
imidazole. The protein was dialyzed with buffer B to remove
imidazole and further purified on a 6 mL Resource Q anion
exchange column, with elution by buffer B with 0−400 mM
KCl. After dialysis and concentration by Amicon ultrafiltration
(0.2 μm membrane), highly pure proteins were obtained.

Figure 2. Definitions of NACs for P450-catalyzed compactin (6S)-
hydroxylation. The symbol d denotes the distance between the
reactive oxygen and the hydrogen (pro-S is shown) that is replaced by
a hydroxyl group. θ1 is the angle between the iron, the reactive
oxygen, and the hydrogen. θ2 is the angle between the reactive oxygen,
the carbon, and the hydrogen of the substrate. NAC criteria were: d ≤
2.7 Å; 100° < θ1 < 140°; and θ2 > 140°. The same criteria were used
for pro-R NACs.
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Expression and Purification of FldA and FldR. Cells
were grown according to the published method,87,88 and
purification was done as with the following adaptations.

Enzymes were purified using a HiPrep Q XL 10/16 anion
exchange column (Cytiva), with elution by 15−20 column
volumes of buffer containing 0−1 M KCl. After removal of salt
using a PD-10 desalting column (Cytiva), FldR was further
purified using a 6 mL Resource Q anion exchange column
(Cytiva) with elution by 20 volumes of buffer B containing 0−
1 M KCl. The purified proteins were desalted using a PD-10
column and concentrated using a Vivaspin 20 MWCO
centrifugal concentrator (Sartorius), flash-frozen, and stored
at −80 °C.

UV−Vis Spectroscopy. Absorbance spectra (300−800
nm) of P450 variants were measured on a Cary 60 UV−vis
spectrophotometer at 25 °C using 3−8 μM protein in buffer A.
The pyridine hemochromogen method was used to quantify
CYP105AS1 P450 variant heme concentrations and to
determine an extinction coefficient at the heme Soret
maximum for each variant.89 For titration, compactin (0.05−
0.5 μL) was added from 5 to 50 mM stock solutions in DMSO.
The overall absorbance change (ΔAmax) was calculated as Apeak
(absorbance maximum) minus Atrough (absorbance minimum)
and plotted against the substrate concentration. Data were
fitted according to a standard hyperbolic binding equation or a
Morrison equation for tight-binding to determine dissociation
constants (Kd).90,91

Enzyme Turnover Reactions. Reactions were done in 0.5
mL volumes containing 1 μM of enzyme, 10 μM FldA, 2 μM
FldR, and 20 μM compactin in buffer D (50 mM potassium
phosphate, pH 7.4). Reaction mixtures also contained an
NADPH regeneration system composed of 600 μM NADP,
7.76 mM glucose-6-phosphate, and 0.75 U/mL glucose-6-
phosphate dehydrogenase from S. cerevisiae (Sigma-Aldrich).
After adding the P450 enzyme, incubations were continued for
2 h at 37 °C with shaking at 195 rpm. Reactions were stopped
and proteins were precipitated with acetonitrile for 20 min.
After extraction of the sample under vacuum by mixing with
Strata-X 33 μm Polymeric Reverse Phase solid-phase
extraction material (Phenomenex), the sample was eluted
with 0.5 mL of methanol and transferred to glass vials for
analysis.

For large-scale reactions, the same components were used in
a final volume of 60 mL and a P450 protein concentration of
0.5 μM. FldA was added at 5 μM and FldR at 1 μM. NADPH
and compactin concentrations were as above. After extraction
with Strata-X 33 μm Polymeric Reverse Phase solid-phase
extraction polymer (sorbent mass/volume of 10 mg/mL), the
sample was eluted with 0.5 mL of methanol and used for
analysis.

HPLC and LC-MS Analysis. Samples (40 μL) were
analyzed by high-performance liquid chromatography
(HPLC) on an Agilent 1100 Series instrument equipped
with a Kinetex Evo C18 ultraperformance UPLC column
(Phenomenex, 50 mm × 4.6 mm, particle size 2.6 μm).
Isocratic elution was done with buffer E (60% H2O, 20%
methanol, 15% acetonitrile, 5% tetrahydrofuran, and 0.1%
formic acid) at 0.4 mL/min. Any residual components were
eluted using a 0−95% gradient of acetonitrile. Detection was at
238 nm (for substrate and products) or at 280 nm (for other
components).

Peaks were identified by LC/MS. For this, samples (2 μL)
were separated on a Kinetex EVO C18 UPLC column

(Phenomenex) operated isocratically with buffer E (60%
H2O, 20% methanol, 1% acetonitrile, 5% tetrahydrofuran and
0.1% formic acid) and connected to an electrospray ionization
(ESI) mass spectrometer on an Agilent 6470 Triple Quadru-
pole (Triple-Q) LC/MS (Agilent, Cheadle UK). For product
determination, mass/charge ratio values (m/z) for precursor
ions of products were monitored. The pravastatin precursor
ion was identified by selective ion monitoring with a m/z of
432.3 using a fragmentor voltage of 70 V. The product ion was
detected with a m/z of 321.1 using a collision energy of 14 V.

■ RESULTS
Rosetta Design Reproduces Mutations Found by

Directed Evolution. Wild-type CYP105AS1 catalyzes the
hydroxylation of compactin to 6-epi-pravastatin, the unwanted
6-epimer of the pharmaceutically active compound pravastatin.
Using error-prone PCR and screening, McLean et al.66

obtained a variant that carries 3 substitutions in the active
site (I95T, A180V, L236I) and 2 mutations on the surface
(Q127R, A265N). This variant (P450pra) showed both a 21-
fold higher affinity for compactin and a switch in stereo-
selectivity, producing mainly pravastatin, which is hydroxy-
compactin carrying the hydroxyl group in the 6S-position
(Figure 1). To explore the use of computational protocols for
enhancing the desired 6S-stereoselectivity further, we first
examined if Rosetta CoupledMoves would rediscover the
beneficial active-site mutations of P450pra.

Since the crystal structure of the wild-type CYP105AS1
(PDB ID: 4OQS) is in an open state, the wild-type enzyme
was modeled by reverting the mutations in the P450pra crystal
structure (PDB ID: 4OQR). Subsequently, the substrate
compactin was docked in the active site in a pro-S binding
mode, and its position was partially constrained during design
calculations.37 Initial Rosetta runs were done allowing certain
active site positions of CYP105AS1, namely, those that
changed in the directed evolution variant (95, 180, and 236),
to mutate to all 20 proteinogenic amino acids. With these
settings, the active site was redesigned using 26 trajectories of
each 10,000 iterative steps of Monte Carlo sampling in Rosetta
CoupledMoves. CoupledMoves was earlier tested with 20
trajectories of just 1000 iterative steps, which was sufficient for
reproducing beneficial mutations in other enzymes.30 The
current redesign produced 1748 low-energy solutions for the
identities and rotamers of the amino acids at the 3 positions.30

This set was reduced to 251 unique low-energy designs by
eliminating high-energy copies of identical sequences. The
A180I and L236I mutations of P450pra were found with high
frequencies among this set of designs (Table S1, Figure S1A).
Mutation I95T of P450pra was the fourth most common
mutation at position 95 found by Rosetta, after I95W, I95F,
and I95V. From the Rosetta energy scores, the sequence of
P450pra was predicted as the 8th most favorable design for
improved binding of compactin (Table S2). The compactin
molecule was bound in these designed variants in the same
position as in the P450pra crystal structure which is the desired
pro-S orientation. This result suggested that the Rosetta
CoupledMoves protocol can accurately reproduce a catalyti-
cally active sequence and model its structure, the latter
including the position of bound substrate and the con-
formation of mutated residues (Figure S2).

Selecting the Rosetta Design Search Space. To use
Rosetta CoupledMoves to predict mutations that further
improve the stereoselectivity of P450pra, we broadened the
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search space on the basis of structural and phylogenetic
information. The P450pra sequence was aligned with similar
sequences retrieved by a Blast search of the UniProt database
to identify positions around the active site that show variation
that may influence selectivity. Based on the diversity of the
aligned sequences and active site topology, 14 positions (F76,
P80, W93, I/T95 (mutated to T in P450pra), M179, A/V180
(V in P450pra), V182, L235, L/I236 (I in P450pra), V239,
V282, T286, A388, and A389) were selected to be included in
Rosetta calculations. This set excludes some highly conserved
residues to avoid interference with essential functions, such as
residue T244 and heme-binding residues. The template
structure was based on the crystal structure of P450pra.
Calculations included compactin bound in the pro-S
orientation.

With all 20 amino acids allowed at these 14 selected
positions, and using 30 different trajectories of 10,000 iterative
steps each, Rosetta generated 12,569 low-energy designs
binding substrate in a pro-S conformation, which was reduced
to 9052 unique sequences by removing high-energy duplicates.
The frequency of occurrence of each amino acid at each
position in this virtual library was calculated (Table S3). At six
positions (W93, L235, I236, V239, V282, and A389), most
designs maintained the P450pra residue or introduced an
amino acid with very similar properties. For example, position
W93 kept the wild-type Trp in the majority of the low-energy
designs and also I236 (mutation of P450pra) and A389 were
maintained. Since mutations at these 6 positions had no
significant effect on the position of the compactin in the
predicted structures, they were omitted from the search space
in the subsequent optimization steps.

At the other eight positions included in the Rosetta search,
the resulting mutations showed structural credibility. The
diversity among design solutions was again relatively moderate
(Table S3). For example, residue Pro80 was frequently
mutated to Ala or Phe, depending on the environment. The
occurrence of Phe80 always coincided with a smaller residue at
position 179, e.g. Ala, whereas an Ala at position 80 was most
often accompanied by the larger Met at position 179.
Inspection of the predicted structures showed that these
combinations allowed filling of space in the active site,
indicating that positions 80 and 179 should be included in

further calculations aimed at optimization of selectivity.
Position 95 showed significant diversity in the 9052-member
virtual library, with the P450pra mutation I95T occurring in
only a few of the low-energy sequences, while Val, Trp, and
Phe were found more often. Inspection of the structure
suggested that Trp and Phe at position 95 can fill a large void
in the active site and stabilize bound compactin. Positions
T286 and A388 also tolerated a large diversity, allowing
substitution by both smaller or larger residues or even charged
amino acids. Analysis of the structures suggested interaction
between these two positions, only one of them being aromatic
in the low-energy solutions. Finally, position 180 mostly kept
the Val of P450pra, with some probability of replacement by a
Thr or Met (Table S3). In particular, the rotamer
configuration of a Met at position 180 seemed to protrude
the side chain deeply into the active site, hindering undesired
pro-R binding modes. Because at these eight positions the
computational design produced mutations that showed
structural credibility, these positions were included in a
subsequent focused Rosetta CoupledMoves optimization step.

Rosetta Optimization of Asymmetric Conversion of
Compactin to Pravastatin Conversion. After computa-
tional discovery of the eight most promising target positions,
Rosetta CoupledMoves was used to identify mutations that
contribute to selectively binding compactin in a pravastatin-
producing pro-S mode. In an earlier study on the computa-
tional design of epoxide hydrolase, we found that this approach
can identify specific substitutions contributing to enantiose-
lectivity.17 The eight positions selected above (76, 80, 95, 179,
180, 182, 286, and 388) were targeted with sampling of all 20
amino acids. Parallel optimization runs were performed with
compactin constrained in a pro-S and in a pro-R conformation.
The template structure was prepared from P450pra. The pro-S
reactive conformation was obtained by slight repositioning of
the substrate found in the crystal structure of P450pra (Figure
3A) and pro-R conformations were generated by Autodock
VINA computational docking (Figure 3B). The optimization
runs were done using 30 Rosetta trajectories with 10,000
iterative steps of Monte Carlo optimization to sample diversity.

Calculations with compactin in the desired pro-S binding
mode gave 7155 low-energy designs which were trimmed to
3417 unique sequences by removing the higher-energy designs

Figure 3. Compactin initial binding poses for Rosetta calculations. (A) Compactin manually docked in a desired pro-S binding mode; (B) manually
docked compactin in a pro-R binding mode (Prava-epi1); (C) compactin in a pro-R binding mode compactin generated by AutoDock Vina
calculations (Prava-epi2). The carbon atom that is hydroxylated is shown in fuchsia. The lactone is in the closed form, as in the crystal structure.
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with the same sequence. The remaining set included the
P450pra amino acids Phe76/Pro80/Thr95/Met179/Val180/
Val182/Thr286/Ala388 at rank 1494 based on the Rosetta
energy function, while no CYP105AS1 wild-type sequence was
found. The five most frequent mutations are given in Table S4.
In this set, Phe at position F76 was often replaced by another
large hydrophobic residue. The expected favorable mutations
T95F and T95W were present among the subset of the top
200 design solutions with the lowest Rosetta energy, but
V180M was not (Figure S1B). Based on the above observation
that Met180 seems to disturb pro-R binding of compactin, we
considered that V180M improves stereospecificity without
contributing to the lowest overall energy. Combinations of
Ala80 and Met179 were again observed, confirming an
epistatic effect at these positions. Amino acids introduced at
positions V182, T286, and A389 showed high diversity in
hydrophobicity, charge, and size.

The parallel CoupledMoves calculations with compactin in
the undesired pro-R binding mode were done both with the
structure obtained by manual repositioning of the substrate
(Prava-epi1, Figure 3B) and with an enzyme−substrate
complex obtained by Autodock Vina (Prava-epi2) (Figure
3C). These calculations generated 6048 and 6892 low-energy
pro-R designs with unique sequences, respectively. The most
common amino acids at positions 95 and 180 in both sets were
the wild-type CYP105AS1 Ile and Ala, respectively (Table S5),
suggesting that these amino acids contribute to the unwanted
6-epi-pravastatin production in the wild type and that
substitutions contributing to the desired stereoselectivity can
be identified by their relative frequency of occurrence in
Rosetta CoupledMoves designs.

The role of mutations at positions 95 and 180 was further
examined by combining the two sets of mutations in 6-epi-
pravastatin designs and comparing them to amino acids found
in pravastatin designs (Table 1). This confirmed the clear
preference for the wild-type Ile at position 95 and Ala at
position 180 among the 6-epi-pravastatin designs, whereas
pravastatin designs preferably harbored a Val or Phe at position
180. A Met was present at a low frequency among the latter

designs, but missing among pro-R designs. Similarly, a Phe was
only found at position 95 among pro-S designs, suggesting
mutation T95F also contributes to the desired stereoselectivity.
Another residue potentially influencing stereoselectivity was at
position 286, with a strong preference for Phe in designs
optimized for pravastatin binding.

To further confirm the role of the selected residues in stereo
discrimination, Yasara docking simulations were done with
four low-energy Rosetta designs (named PD0001, PD0060,
PD0175, and PD0254) containing mutations that were
expected to support the desired pro-pravastatin binding
mode (Table 2, Figure S3). The resulting enzyme−substrate
conformations were clustered based on ligand heavy atoms
(RMSD < 5 Å). The conformations of the lowest-energy
clusters were selected as the most likely substrate binding
orientations (Table 2). The predicted compactin binding
energy for PD0001, which also harbored the T95V mutation
supposedly not supporting pro-S selectivity, was similar to that
for P450pra, while stronger binding was predicted for PD060,
PD0175, and especially PD0254. With PD0254, the pro-S-
favoring residue Met180 adopted the same rotamer con-
formation in the structure generated by AutoDock Vina and in
the structure predicted by Rosetta CoupledMoves. In both
cases, the Met side chain points into the active site, favorable
for compaction binding in the pro-S mode. The side chains
introduced by mutations T95W and T95F in PD0175 and
PD0254 also had the same conformations in the docked
structures and the Rosetta designs. Mutation T95V was
present among both pro-S and pro-R designs (Tables S4 and
S5), suggesting it will not improve the selectivity for
pravastatin yet improve compactin binding. The predicted
ability of T95W, T95F, and V180M to improve binding, and
their repeated occurrence with similar side-chain rotamers
found in different designed structures, suggested these
substitutions could play a key role in shaping the binding
pocket and in improving stereo discrimination.

Based on these docking results, the visual inspection and the
discriminatory contribution of mutations to stereoselectivity
suggested by the Rosetta calculations, mutations at positions
F76, P80, T95, V180, and T286 were selected for introduction
in the P450pra template, which already carries L236I (Table
3). This set of mutations thus results from an integrated
approach, where Rosetta identified the most influential
positions and beneficial mutations, and docking simulations
and visual inspection served to pick mutations which
contributed most to the desired stereoselectivity. The use of
visual inspection to select for experimental characterization
only the most promising variants among a set of computa-
tionally designed and ranked mutants is a useful step in
computational enzyme redesign.92 Mutations T95F and T95W
were expected to be superior to T95V and T95I (reverting to
the wild-type Ile95) since the former mutations were
exclusively detected in pro-S designs (Tables S4 and S5).
Furthermore, V180M contributes to pro-S selectivity and
appears compatible with T95F in Rosetta designs. Also, after
testing the single mutants, the double mutant and V180M
P450pra + T95F + V180M were selected because Rosetta-
designed structures indicated these substitutions are compat-
ible and would restrict the conformational freedom of
compactin bound in the active site to pro-S poses.
Furthermore, independently from the computational approach,
we tested the mutations F76N and T286I, which may
introduce or remove a polar interaction with the carbonyl

Table 1. Comparative Amino Acid Enrichment for
Pravastatin and 6-epi-Pravastatin among Rosetta
CoupledMoves Designsa

pro-pravastatin pro-6-epi-pravastatin

position
preferred

AA
comparative

enrichment (%)
preferred

AA
comparative

enrichment (%)

P80 A 28.49 G 13.88
T95 V 31.44 I (wild-

type)
67.81

M179 M (wild-
type)

34.17 L 27.04

V180 V
(P450pra)

44.91 A (wild-
type)

22.87

V182 V (wild-
type)

12.08 A 11.14

T286 F 28.53 L 39.92
A388 A (wild-

type)
18.71 N/A N/A

aThe differential enrichment of substitutions among Rosetta designs
optimized for compactin binding in pro-pravastatin versus pro-6-epi-
pravastatin binding mode were calculated. Values represent differ-
ences in amino acid abundance in the pravastatin and 6-epi-
pravastatin set (eq 1).
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oxygen of the lactone ring, and P80G, which would influence
the flexibility of the 76−80 loop covering the active site. These
can be regarded as controls since they were not selectively
enriched in the Rosetta pro-S designs (Tables S4−S5).

Experimental Verification. Variants harboring the thus
selected mutations were constructed by QuikChange muta-
genesis, starting from the P450pra variant. After production in
E. coli and purification by affinity and anion exchange
chromatography, pure monooxygenases were obtained and
used for activity measurements and determination of substrate
dissociation constants. Reaction mixtures included a flavodox-
in-based electron transfer system and NADPH regeneration
with glucose-6-phosphate dehydrogenase. Product composi-
tions in terms of ratios of pravastatin epimers were calculated
from peak areas determined by LC-MS (Table 3, Figures S4−
S6). As expected, the wild-type CYP105AS1 produced mainly
the unwanted 6-epi-pravastatin. In the case of P450pra, the
product mixture contained mainly the desired pravastatin, in
agreement with previously reported results. Gratifyingly, three
variants displayed pravastatin production similar to, or even
better than, P450pra (Table 3). Among the single mutants, the
best result was found with variant V180M. All variants also
carried the beneficial mutation L236I from the P450pra
template. An even higher percentage of the desired epimer was
found with a combination of two mutations (T95F + V180M)
which gave production of pravastatin only, with no detectable
(<0.5%) formation of the unwanted 6-epi-pravastatin (Table
3). We termed this mutant P450pra100 (see Figure S7 for all
of its mutations) since it showed the desired stereoselectivity
and was completely devoid of detectable side-product
formation (Figure S6).

The observation that variants with introduced aromatic
groups at position T95 gave improved production of
pravastatin confirmed that this position is of key importance
for the stereoselectivity switch. However, mutations at position
95 only did not sufficiently increase the epimeric ratio.

Similarly, mutation V180I had a positive effect on the
pravastatin to 6-epi-pravastatin ratio, but not beyond what
was observed previously (Table 3). The mutation V180M gave
improved production of pravastatin to 97% (e.e. 94%),
confirming the importance of position 180. These Rosetta-
predicted variants performed better than the rationally selected
P450pra + F76N, which was found to produce ca. 85% of the
desired epimer (e.e. 70%), so without improvement over
P450pra. Similarly, P450pra + P80G and P450pra + T286I
both produced the desired pravastatin as the dominant epimer,
but at a slightly lower excess in comparison to the parent
P450pra.

The observation that the combination of mutations in
P450pra100 gave perfect production of the desired epimer
(selectivity > 99%) indicates an additive effect of the T95F and
V180M mutations. Inspection of the Rosetta-predicted
structures (PD0001, PD0060, PD0175, and PD0254) showed
that residues 95 and 180 occupy positions on opposite faces
around the compactin substrate, suggesting a structural
explanation. The combination of the confirmed beneficial
substitutions at these positions in mutant P450pra100 thus
gave ideal selectivity with the formation of the desired
pravastatin product only. The introduction of two large side
chains by the T95F + V180M substitutions influences the
shape and size of the substrate-binding pocket, which we
suggest leads to reduced access of substrate to undesirable
reactive pro-R poses.

Compactin Binding Affinity. UV−vis substrate binding
studies were conducted to investigate the effect of mutations
on compactin binding. All variants showed a substrate-binding-
induced type-I Soret shift from a longer wavelength low-spin
(LS) to a shorter-wavelength high-spin (HS) form of the heme
iron (Figures S8 and S9). Titration experiments showed that
the wild-type CYP105AS1 displayed a relatively poor affinity
for compactin (Table 3). The P450pra variant obtained by
directed evolution showed a higher affinity, whereas the

Table 2. Predicted Properties of Four Compactin Designsa

design P450pra PD0001 PD0060 PD0175 PD0254

residues at positions 76, 80, 95, 179, 180, 182, 286, 388 FPTMVVTA FAVMVVVA FAFMTVNA VAWMVVMA FFVGMTWG
Rosetta energy score 132.6 132.6 130.9 132.2 128.2
Yasara-predicted binding energy (kcal/mol) 9.5 9.5 10.3 10.3 10.4
predicted dissociation constant (μM) 110 110 28.9 27.9 23.8

aThe four designs represent low-energy sequences with conformations selected by docking simulations with Rosetta, optimized for pravastatin
production.

Table 3. Compactin Binding and Hydroxylation by P450 Variants

varianta source pravastatinb (%) 6-epi-pravastatina (%) Kd (μM) LS/HSc conversion (%)

CYP105AS1 wild type 11 89 30.3 ± 5.2 <5
P450prac error-prone PCR 95 5 0.77 ± 0.07 70−80
P450pra + F76N rational 85 15 4.81 ± 0.25 60−70
P450pra + P80G rational 68 32 5.84 ± 0.34 70−80
P450pra + T286I rational 71 29 4.93 ± 0.25 60−70
P450pra + T95W computational 79 21 3.29 ± 0.03 60−70
P450pra + T95F computational 95 5 0.25 ± 0.01 >95
P450pra +V180I rational 93 7 1.64 ± 0.13 80−90
P450pra +V180M computational 97 3 1.34 ± 0.06 >90
P450pra + T95F/V180M (=P450pra100) computational/rational >99 <1 0.13 ± 0.03 >95

aIn comparison to wild type, P450pra carries the active site mutations I95T, A180V, and L236I, and on the surface (Q127R, A265N). The
mutations above are on top of these mutations. bPercentage of total detected hydroxylation product. cPartial low-spin (LS, absorption at 418 nm)
to high-spin (HS, at 390 nm) conversion was observed upon titration with compactin.
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rationally designed variants and Rosetta-inspired single
mutants showed varying Kd values, including a 3-fold higher
affinity obtained with the T95F mutation. Furthermore, the
P450pra100, which gave epimerically pure pravastatin,
demonstrated a stronger improvement in compactin binding
and full conversion to the high-spin heme at substrate
saturation. Probably, the bulky aromatic side chain of the
introduced Phe95 residue influenced the binding of compactin,
which allowed elimination of the proximal water ligand and full
conversion to the high-spin state upon binding of this
substrate.

Molecular Dynamics Simulations. In line with the
hypothesis that preferential production of pravastatin or 6-

epi-pravastatin is related to differences in the occurrence of
reactive pro-S or pro-R binding conformations, we investigated
if epimeric ratios can be predicted by MD simulations. Since
complete conformational sampling of proteins by MD
simulation is impossible even at time scales of a ms,93 short
protocols with restricted sampling are needed if MD is to be
used as a ranking tool for sets of designs. Such short
simulations can still reveal the formation and stability of
reactive conformations of enzyme−substrate complexes. For
example, scoring the frequency of occurrence of reactive
conformations enabled the prediction of the regioselectivity of
the hydrolase-mediated asymmetric conversion of meso
epoxides.21,37

Figure 4. Occurrence of reactive conformations of P450:compactin complexes during MD simulations. The heat maps show C−H−O angles (θ2 in
Figure 2) and O−H distances (d) along 22 ns trajectories. For each enzyme−substrate complex, five MD simulations with independent seeds were
used. Distances and angles were sampled with 1 ps intervals. Colors from blue to yellow show low to high numbers of frames for each substrate
orientation. The red boxes indicate orientations obeying NAC criteria for both of the shown geometric criteria (d ≤ 2.7 Å; θ2 > 140°). Note that for
scoring a conformation as a NAC, also the geometric criteria for the θ1 angle need to be fulfilled. Therefore, not all conformations inside the red
boxes are scored as a NAC. The red diamonds show angles and distances of the initial poses. (A1−E1) Plotted angles and distances relative to the
pro-R hydrogen (whose abstraction would produce the undesired 6-epi-pravastatin); (A2−E2) corresponding distances and angles for the pro-S
hydrogen (abstraction would produce the desired pravastatin epimer); (A) wild-type CYP105AS1; (B) P450pra; (C) P450pra100; (D) P450pra +
T95F; (E) P450pra + V180M.
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According to the P450 catalytic mechanism, the reactive
oxyferryl intermediate (compound I) stereoselectively abstracts
a hydrogen from the substrate, followed by oxygen rebound
with retention of stereo-configuration and formation of the
hydroxylated product. Therefore, the stereospecificity of
hydrogen abstraction from the substrate carbon approaching
the reactive oxygen was used to define pro-R and pro-S reactive
conformations (near-attack conformations, NACs) (Figure 2).
The frequency of occurrence (% of frames) of these
conformations was recorded along MD simulations, from
which stereoselectivities and e.e. values were calculated (eq 2).
We used short simulation times since only access to NACs was
tested, starting with substrate docked in a low-energy pose
close to a reactive conformation. Further, we analyzed five
trajectories with independent initialization for each enzyme−

substrate complex for a total of 100 ns production run, as
described in Material and Methods.

MD simulations were performed on these five enzyme−
substrate complexes (wild-type CYP105AS1, P450pra, and
P450pra100, P450pra + T95F, P450pra + V180M). For
P450pra and further mutants, the initial position of the
substrate was obtained from the P450pra substrate-bound
crystal structure. This gave a snug fit in the active site, which
was adopted for the simulations. In the case of wild-type
CYP105AS1, adopting the binding pose from the P450pra
crystal structure resulted in clashes, and therefore the substrate
was positioned by docking calculations with Autodock VINA.
This gave a binding pose close to a pro-R attack (plotted in
Figure 3C). We assumed that these starting conformations can
swiftly move to pro-R or pro-S NACs or to less reactive poses

Figure 5. Heat map with angles C−H−O and distances O−H for ultrashort MDs. The heat maps show the C−H−O angles (θ2) and O−H
distances (d) along 50 independently initiated 100 ps trajectories for each enzyme−substrate complex. Distances and angles were sampled with 20
fs intervals. Colors from blue to yellow show low to high numbers of frames for each substrate orientation. Conformations in the red boxes are
considered NAC orientations (d ≤ 2.7 Å; θ2 > 140°). Please note though that for a conformation to be in NAC, also the geometric criteria for the
θ1 angle need to be fulfilled. Therefore, not all conformations inside the red boxes are indeed in a NAC. The red diamonds show the coordinates of
the initial docked pose. (A1−E1) plotted angles and distances relative to the pro-R hydrogen (whose abstraction would produce the undesired 6-
epi-pravastatin); (A2−E2) the corresponding distances and angles for the pro-S hydrogen, whose abstraction would produce the desired pravastatin
epimer; (A) wild-type CYP105AS1; (B) P450pra; (C) P450pra100; (D) P450pra + T95F; (E) P450pra + V180M.
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since only minor repositioning is needed, which was confirmed
by the occurrence of pro-R or pro-S NACs but also drifts away
from reactive poses in all simulations. Initially, five
independent 22 ns simulations were run for each variant,
which showed that the structures were stable (Figure S10).
The RMSFs of three main enzyme−substrate complexes (wild-
type CYP105AS1, P450pra, and P450pra100) revealed a high
flexibility in the modeled loop region formed by residues 80−
90 (Figure S11). This agrees with the high local flexibility
suggested by the P450wt and P450pra crystal structures, in
which residues are not resolved from positions V78 to G84,
and G83 to K87, respectively.

During MD simulations of the wild type, the starting pose
relaxed mostly to catalytically less productive orientations but
still retained a significant fraction of pro-R NACs (Figure 4,
Table S6), in agreement with the observed formation of
unwanted 6-epi-pravastatin. This dwelling in pro-R NAC poses
was not observed with P450pra or other variants that mainly
produce the desired pravastatin (Table S6, Figure 4A1−E1).
For all of these variants pro-S NACs were dominant, even
though none of their starting structures was near a pro-S NAC
(Figure 4B2−E2). The stereoselectivities calculated from the
frequency of occurrence of the respective NACs (e.e.pred)
agreed with experimental results (e.e.exp) in all cases (Table
S6). Thus, the observed stereopreference could be reproduced
by the MD simulations for all five variants.

The MD trajectories indicated that compactin predom-
inantly occupied poses in which either the allylic pro-R or pro-S
hydrogen is exposed to the reactive heme oxygen, but NAC
conformations also occurred for several alkylic and vinylic
hydrogens of the compactin bicyclic moiety (Table S7, Figure
S12). However, these hydrogens have bond dissociation
enthalpies that are typically 20 kcal/mol and 10 kcal/mol
higher than allylic hydrogens85 and should thus be less reactive
(Figure S12). To investigate the possibility that lower chemical
reactivity of these bonds can explain the lack of reaction
despite the presence of catalytically productive conformations,
the dissociation energies of the compactin C-H bonds were
calculated using Gaussian with a [B3LYP/6−31G(d)] function
that was shown to give reliable predictions for a large variety of
compounds.86,94 As expected, the bond dissociation energies
for the alkylic and vinylic hydrogens in compactin are much
higher (6−25 kcal/mol), predicting far lower reactivity than
for the hydrogens at the allylic C6 position that were
hydroxylated (Table S6).

We also studied if shorter MD simulations can produce
accurate predictions at lower computational cost per variant
(Figure 5). This would enable the examination of larger sets of
designs by MD screening. The use of shorter MD simulations
introduces a risk that the simulations become too short to find
all catalytically relevant conformations and instead only sample
conformations close to the initially docked conformation.
Inspection of the MD trajectories, however, indicated that the
conformations sampled during 50 independently initiated 100
ps MD simulations differed at least as much from the initial
docked substrate conformation as the conformations obtained
from the corresponding 5 × 22 ns MD simulations (Figures 6
and S13). Furthermore, the catalytic distances and angles differ
most significantly between the pro-R and pro-S hydrogens but
there are also clear differences between individual trajectories
(Figures S14−S19). This holds both for 100 ps and 22 ns
trajectories. This all agrees with the established idea that a

larger number of trajectories gives better conformational
sampling than single much longer MD simulations.41

The protocol employing shorter but a larger number of
trajectories also resulted in better agreement with experimental
results because it more often sampled the relatively rare pro-R
NACs of the mutants (Table S9). Only predictions for the
wild-type enzyme still seriously overestimated its selectivity
since only pro-R NACs, belonging to the 89% of 6-epi-
pravastatin that it produces, were found, whereas experimen-
tally it also produces 11% pravastatin (Table 3). For
P450pra100 and P450pra + V180M, there were only pro-S
NACs, in satisfactory agreement with their excellent to perfect
epimeric selectivities (97, >99%). For P450pra (selectivity 95%
(S)-product) and P450pra+T95F (selectivity 95% (S)-
product) also a tiny fraction of pro-R NACs was observed,
which is better in agreement with their strong stereo-
selectivities than the lack of pro-R NACs observed for these
variants with the 5 × 22 ns MD simulations, which
overestimates their selectivity. Also, P450pra and P450pra-
T95F showed a wider range of conformations in 50 × 100 ps
MD simulations, as indicated by plots of catalytic angle θ2
versus catalytic distance (Figure 5 versus Figure 4). During the
50 × 100 ps simulations, these two variants also sample
conformational space bordering and entering the range of pro-
R NACs, while in the 5 long simulations they clearly sample
less wide conformational space staying away from pro-R
reactive conformations. Both these mutants are expected to
reach into catalytically productive ranges since they do
produce 6-epi-pravastatin, though as a minor product.
Together, this suggests that the 50 × 100 ps MD simulations
gave more complete conformational sampling than the 5 × 22
ns MD simulations, resulting in more accurate prediction at a
lower computational cost.

Figure 6. Exploration of catalytically relevant conformational diversity
during ps timescale MD simulations. Conformations were sampled
during 50 trajectories of 100 ps of WT CYP105AS1. Shown with
yellow carbon atoms is the docked orientation of the substrate, which
was the starting point of each individual trajectory. The three
structurally most diverse snapshots are shown with orange, green, and
cyan carbon atoms. For clarity, only the substrate and part of the
heme are shown. See Figure S13 for stereo pictures, the
corresponding figures for the 22 ns MD simulations, and for more
details.
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■ DISCUSSION
In this study, we examined the use of computational methods
to control the stereoselectivity of a cytochrome P450
hydroxylation reaction. In particular, we describe the
application of the Rosetta CoupledMoves protocol30 to
identify mutants for the asymmetric synthesis of epimerically
pure pravastatin from compactin. The Rosetta enzyme design
protocol generates a large number of design sequences and
conformations which are usually ranked based on the Rosetta
energy function.26,34 The CoupledMoves application includes
backbone conformational changes in the design of such
optimized enzyme variants. Incorporation of backbone
motions is expected to improve the accuracy with which the
enzyme−substrate complexes are modeled.

Previously, retrospective predictions obtained with Cou-
pledMoves found good agreement with experimental results,
both for ligand specificity and for binding affinity.30

Accordingly, we first demonstrated that mutations earlier
found by directed evolution to switch the hydroxylation
stereoselectivity from the formation of 6-epi-pravastatin (by
wild-type CYP105AS1) to pravastatin (by P450pra) could be
reproduced by CoupledMoves. These calculations revealed
that the P450pra variant found by directed evolution indeed
was present among a set of designs optimized by Rosetta for
binding of compactin in a pro-S mode.

We subsequently used Rosetta CoupledMoves to support
further improvement of the P450pra stereoselectivity. First,
potentially influential positions for better compactin binding
were detected by widening the Rosetta CoupledMoves search
space to 14 positions. The two surface mutations (Q127R,
A265N) were kept since they may influence the catalytic rate
but are not expected to influence stereoselectivity.66 Among
the Rosetta-optimized designs, only 8 positions appeared
variable, and these were included in subsequent Rosetta
calculations aimed at optimizing stereoselectivity. Mutations
that were expected to promote hydroxylase epimeric selectivity
toward pravastatin formation were detected by comparing the
abundance of specific substitutions among a set of designs
optimized for binding of compactin in a pro-S mode vs binding
in a pro-R mode. Specific substitutions that exclusively
occurred in pro-S virtual libraries were considered promising
and their interactions with substrate were examined by visual
inspection. These were tested experimentally in the P450pra
background, and the two most promising substitutions were
combined in P450pra to give a mutant (P450pra100) with
near-perfect pravastatin: 6-epi-pravastatin product ratio (>99%
pravastatin). The P450pra100 mutant also showed a higher
affinity (lower Kd) for compactin than the original variant
(P450pra). Thus, the Rosetta CoupledMoves approach
increased both affinity and stereoselectivity and can be used
not only to explain the properties of known mutants30 but also
to support the engineering of new improved variants.

Although the computation-aided approach reduced the
variant pool to be tested in the laboratory to a very small
set, we experienced the value of visual inspection during this
process. Like in directed evolution, where library design is
often steered by incorporating information from crystallo-
graphic, modeling, and bioinformatic studies,95,96 we used
structural information to select positions for the Rosetta
CoupledMoves search space and rational considerations to
combine mutations in the final design. Such rational
considerations are commonly used in the field of computa-

tional enzyme design.92,97 Following this approach, only eight
mutants needed to be experimentally tested for finding a fully
pravastatin-selective mutant, underlining the possibility of
computational protocols to avoid the need for extensive
screening by chiral chromatography.17 Although we do not
show that Rosetta has the ability to design the P450pra100
variant in a single step starting with the wild-type
CYP105AS1sequence, we did find that it is possible to
stepwise reproduce all active-site mutations, including the ones
previously found by directed evolution.

We also examined if the desired stereoselectivity could be
predicted by molecular dynamics simulations. MD has
previously been applied to P450s, e.g., to understand the
conformational dynamics and substrate binding mecha-
nism,43,57−61,98 to evaluate the enhanced activity of exper-
imentally characterized variants,99 to search for positions to
mutate for altering substrate specificity,32,45 and to explain the
specificity of mutants.48−54,56 Recently, MD runs of 22 ns were
performed to examine the regioselectivity of steroid- and
warfarin-hydroxylation, with scoring for near-attack conforma-
tions.47,100 However, due to the high computational cost, long
MD simulations that are commonly used for studying protein
dynamics cannot be applied for scoring large numbers of
enzyme variants, and the user is bound to a restricted search
space. A ranking method with high-throughput capacity is
important since Rosetta and other computational design
algorithms produce large numbers of primary designs with
different sequences and conformations. Many of these have
unrealistic substrate binding poses, as is also observed with
docking simulations.34,101,102 The ranking of these designs is a
critical step in the selection of variants that qualify for
experimental verification if their number is to be low.34 QM
approaches tend to give false-positive predictions on the
catalytic prowess of designed enzymes as they lack the ability
to sample alternative conformations. They do not well
distinguish between good designs, in which the designed
enzyme−substrate complex is feasible, and poor designs where
unproductive binding modes are more realistic.34,101 MD
simulations offer an attractive orthogonal tool for this ranking,
decreasing the number of unstable substrate binding poses.
The simulations cannot estimate the absolute barrier height
but can predict the ability to form alternative catalytically
competent conformations and thus can be used to predict
stereoselectivity. This requires a computationally efficient
protocol, yet good sampling of relevant conformations at the
active site. For this purpose, multiple parallel ultrashort MD
simulations have been studied.15,33

Multiple replicates with independent attribution of initial
atom velocities offer a more rapid way of sampling than single
simulations progressing over a longer timescale.41,103−105 In
the case of P450s, loss of reactive conformations due to rapid
substrate rotation in the active site has been described for small
substrates.106−109 In the CASCO protocol for computational
enzyme selectivity engineering, we used scoring for NAC
frequencies along 5−20 MD trajectories of 10−100 ps each to
rank enantioselective epoxide hydrolases and to eliminate
variants with unreactive substrate binding orientations.17,21

Similarly, scoring of NACs along 40 × 10 ps MD trajectories
was used to model the enantioselective conversion of 45
substrates with four different haloalkane dehalogenases,21

resulting in much better agreement with experiments than a
single long MD simulation of 22 ns. These examples concern
simulations with smaller molecules, which can reorient within
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the ps timescale.21 Such fast reorientation is possible because
carbon atoms move at an average velocity of 2.5 Å/ps (at 298
K), making a simulation time of just a few picoseconds
sufficient to reposition a small substrate.

To examine if short MD simulations can also be used for the
bulky compound compactin, we explored both long (22 ns)
and very short (100 ps) MD simulations of CYP105AS1 and
derivatives thereof. In both cases, the results were in good
agreement with the excellent epimeric excess found for the
P450pra100 variant. Furthermore, the multiple parallel short
MD simulations were found to reproduce with higher accuracy
pro-S and pro-R enzyme selectivity for our P450 variants than
the fewer long runs. This agrees with the established idea that
at the start of an MD simulation, the protein will randomly
relax into one of its many possible local energy minima after
which jumps to another minimum occur rarely unless the
simulations are run for a much longer time period.9 These
alternative local minima can be accessed when using
independent initialization of the MD trajectories by their
initial atom velocities or other means.104

A limitation of the current protocol is some overestimation
of the selectivity of some variants (Tables S6 and S9), both in
the 5 × 22 ns MD simulations and in the 50 × 100 ps MD
simulations. Accordingly, for P450wt no formation of its minor
product (10% pravastatin) was detected. However, inspection
of Figure 4 shows that (by 2 of the 3 criteria) NACs for pro-S
are almost reached, suggesting the outcome is influenced by
the strictness of NAC criteria. Alternatively, rare NACs may be
undetected due to incomplete conformational sampling. With
the mutants, the side-product NACs are more often observed
in the 100 ps simulations that used more seeds and explored
more diverse conformations. Possible ways to address under-
sampling could be to use even more different trajectories, to
use far longer MD simulations, or to use multiple orientations
of the substrate as starting structures. However, such remedies
are less attractive to include in a low-cost computational
screening protocol.

Furthermore, the somewhat arbitrary nature of NAC criteria
may play a role as well. NAC criteria are not optimized for
methodological reasons; adapting the criteria by trial-and-error
could easily lead to better agreement with the data due to over-
fitting. Instead, NAC criteria are generated in a standard
manner: distances between the reacting atoms closer than their
Van der Waals contact distance and angles involving the
reacting atoms within 20° from the corresponding angle in the
transition state.110 This rigid nature of the NAC criteria is
normally good enough to achieve satisfactory predictions of
enantioselectivity17,46,111 but it is possible that wider criteria
would more accurately distinguish reactive from nonreactive
poses, which could help to diminish the overestimation of
selectivity. The synergistic or additive effects causing the near-
perfect selectivity of P450pra100 in comparison to the slightly
lower selectivity of P450pra + V180M were not elucidated by
MD simulations. Synergistic effects, even from remote
mutations, have been explained by Acevedo-Rocha et al.112

through MD simulations, but the differences in experimental
selectivity (97% vs >99%) between our P450pra mutants are
much smaller than the effects of remote mutations studied in
their work.

In conclusion, the results presented here show that the use
of computational design can support the engineering of
stereoselective P450 variants and indicate that including
high-throughput short molecular dynamics simulations can

improve the selection of preferred variants. This can support
the replacement of time-consuming rational inspection steps in
computational design protocols by more automated ap-
proaches.
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