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How to Engineer Organic Solvent Resistant Enzymes:
Insights from Combined Molecular Dynamics and Directed
Evolution Study
Haiyang Cui,[a] Tom H. J. Stadtmüller,[a] Qianjia Jiang,[a] Karl-Erich Jaeger,[b]

Ulrich Schwaneberg,*[a, c] and Mehdi D. Davari*[a]

Expanding synthetic capabilities to routinely employ enzymes
in organic solvents (OSs) is a dream for protein engineers and
synthetic chemists. Despite significant advances in the field of
protein engineering, general and transferable design principles
to improve the OS resistance of enzymes are poorly under-
stood. Herein, we report a combined computational and
directed evolution study of Bacillus subtlis lipase A (BSLA) in
three OSs (i. e., 1,4-dioxane, dimethyl sulfoxide, 2,2,2-trifluoroe-
thanol) to devise a rational strategy to guide engineering OS
resistant enzymes. Molecular dynamics simulations showed that
OSs reduce BSLA activity and resistance in OSs by (i) stripping
off essential water molecules from the BLSA surface mainly

through H-bonds binding; and (ii) penetrating the substrate
binding cleft leading to inhibition and conformational change.
Interestingly, integration of computational results with “BSLA-
SSM” variant library (3439 variants; all natural diversity with
amino acid exchange) revealed two complementary rational
design strategies: (i) surface charge engineering, and (ii)
substrate binding cleft engineering. These strategies are most
likely applicable to stabilize other lipases and enzymes and
assist experimentalists to design organic solvent resistant
enzymes with reduced time and screening effort in lab experi-
ments.

1. Introduction

Biocatalysts are widely applied in chemical and pharmaceutical
industries.[1] Numerous industrially relevant enzymatic reactions
have been proposed and optimized for use in organic (co-)
solvents (OSs). Improvements comprise increased activity and
stability, increased solubility of hydrophobic substrates/prod-
ucts, ease of product recovery, ability to shift the thermody-
namic equilibrium toward new reactions, and others.[2] More-
over, the use of OS-water reaction medium also provides
opportunities for the enzymatic production of synthetic targets

with poor water solubility.[2b,3] Enzymatic reactions conducted in
OSs have the great industrial potential[4] since they would
enable to combine the synthetic power of enzymes with
chemical synthesis efficiently. However, the vast majority of
enzymes show reduced or no catalytic activity in OSs.[5]

Several studies of enzymes in OSs have reported effects of
OSs on enzymatic structure and function,[2a,6] which are pieces
in a complex puzzle. Molecular dynamics (MD) simulations have
complemented experimental data and provided some molec-
ular insights into the negative effects of OSs on enzymes.[7]

Increased understanding of the interaction and molecular
changes in enzyme structure and catalytic mechanism in OSs
has promoted the development of many complementary
methods, such as stabilizing additives and protein engineering
strategies, to stabilize enzymes and increase resistance of
enzymes in OSs.[8] It is generally accepted that the interactions
between enzymes and OSs mostly depend on the molecular
structure and properties of OSs.[3,8] The effect of OSs on
enzymes have mainly been reflected in five aspects: (a)
conformational changes within enzyme,[3,9] (b) loss of enzyme
bound water that is crucial for activity,[10] (c) competitive
inhibition by OS molecules,[11] (d) solubility change of the
substrate,[10d] and (e) stabilization of the charged transition
state.[12] Compared with non-polar solvents, polar OSs can often
penetrate deeper into enzymes, and therefore are more capable
of inducing destructive secondary and tertiary structural
changes. In addition, polar solvents can easily strip off essential
water molecules, which affects protein structure and
function.[10b–d] Interestingly, water activity (aw), an indicative of
water content around enzymes, significantly affects catalytic
activity of lipase in OS.[10a,11b,13] Studies have shown that the
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effect of OSs on enzyme stability and flexibility also depends on
the “type” of enzyme.[3,9] MD studies of Candida antarctica lipase
B (CALB) in tert-butyl alcohol, methanol, methyl tert-butyl ether,
and hexane cosolvents show that residence times of OS
decreased with increased aw which is usually accompanied with
higher enzyme flexibility.[14] With regard to structural integrity,
enzymes are much more tolerant of non-polar OSs than polar
ones. Kamal and co-workers[15] demonstrated that methanol
and isopropanol made the structure of Bacillus subtlis lipase A
(BSLA) less rigid and more prone to unfolding, which led to
increased instability of BSLA. The reported pieces of the puzzle
on role of OSs on enzymes indicate a need for further studies to
solve the OSs puzzle. A comprehensive understanding of such
interactions is especially important for protein engineers to
design OS resistant enzymes.

Directed evolution has matured into a powerful approach
to improve enzymes for the production of chemicals and
pharmaceuticals as documented by the Nobel Prize in
Chemistry in 2018.[16] Several studies in which amino acid
positions for improvement in OSs were identified through
directed evolutions campaigns have been reported.[17] For
instance, it was reported that the hydrogen bonds formed by
polar or charged amino acids in loop regions are crucial to
retaining enzyme stability in a hydrophilic OS.[17a] Interestingly,
it was found that the evolved variant DhaA80, carrying four
hydrophobic/polar substitutions in the access tunnel of haloal-
kane dehalogenase DhaA, doubled its resistance to polar OS
dimethyl sulfoxide (DMSO).[17g] Furthermore, CALB and BSLA
beneficial substitutions toward OS resistance were preferred to
be surface-exposed.[17a,c] In summary, directed evolution has
proven to be a powerful method to discover different pieces of
the puzzle on how to stabilize enzymes in OSs. However, since
traditional directed evolution campaigns have been reported to
find less than 20% of the beneficial positions,[17c] the obtained
datasets are insufficient to obtain a full picture on interactions
that stabilize enzymes in OSs.

Site Saturation Mutagenesis (SSM)-libraries of a whole gene,
which contain the full natural diversity at each amino acid
position, are an effective strategy to obtain a full picture on the
stability landscape and provide detailed insight into sequence-
function relationships.[18] Exploring the effects of all interactions
possibilities offered by nature is likely a prerequisite to discover
general design principles[19] and thereby solve the enzyme-OSs
interaction puzzle. Such an SSM library has been reported for
BSLA in our previous work, termed as “BSLA-SSM” library (181
positions, in total 3440 variants).[18f,20] The “BSLA-SSM” library
screened towards improved resistance in three OSs (22% (v/v)
1,4-dioxane (DOX), 60% (v/v) DMSO, 12% (v/v) 2,2,2-trifluoroe-
thanol (TFE)).[20–21] DOX, DMSO, TFE were chosen since they are
among the most common organic media for enzymatic
catalysis.[17c,22] Besides, the three OSs and OSs-water mixtures
are often chosen for use as a cryoprotective agent, internal
standard or in studies involving the (un)folding of proteins,
membrane permeability, or chemical synthesis.[23]

Herein, we used an integrative approach by combining
computational studies based on the analysis of the “BSLA-SSM”
library with experimental results to deeply understand inter-

actions of BSLA with the OSs (DOX; DMSO; TFE) at molecular
level. Based on our analysis, we proposed two complementary
rational strategies to guide protein engineering efforts towards
improved OSs resistance.

2. Results

The molecular dynamics (MD) simulations and directed evolu-
tion results on BSLA are presented in four parts to generate a
comprehensive understanding of OSs effect on the BSLA. Firstly,
we studied the solvation of the BSLA by water/OSs through
analysis of structural and dynamic properties, e. g., spatial
distribution function (SDF), hydration shell, OS solvation level,
radial distribution function (RDF), and solvent contact fre-
quency. Secondly, the “BSLA-SSM” experimental library was
analyzed to support the computational observation by identify-
ing amino acid substitutions patterns on the BLSA surface. In
the third part, analysis of specific interactions in substrate
binding cleft, leading to inhibition of BSLA by OSs, was
investigated through local solvation analysis and kinetics
experiments. Subsequently, the patterns of resistant/non-
resistant amino acid substitutions in the substrate binding cleft
were investigated in detail.

2.1. BSLA solvation in organic cosolvents

We analyzed the influence of three cosolvents (DOX, DMSO,
TFE) on the overall structure and flexibility of BSLA (see details
in SI, Figure S1–S10). The overall structure of BSLA remains
stable in DOX, DMSO and TFE throughout the 100 ns
simulation. The results demonstrated that the overall conforma-
tional change of BSLA is not the predominant reason for BSLA
activity and resistance reduction in OSs. In order to understand
the effects of OSs on the hydration of the BSLA, the distribution
of water and OSs molecules at the BSLA surface were examined
with SDF of water and OSs (Figure 1). Analysis of BSLA in water
shows that some waters interact closely with the BSLA surface
and form water networks (Figure 1a). A comparison between
the BSLA in water (Figure 1a) and OSs (Figure 1b-d) shows that
water molecules are stripped off by the OS molecules, and the
OS molecules penetrate crevices, causing a heterogeneous
distribution of OSs at the BSLA surface. The OS distribution at
the BSLA surface was localized in certain regions, only leaving
other regions of the BSLA surface in contact with water. The
removal of water molecules from the BSLA surface is more
evident in the substrate binding cleft for all three OSs,
especially for DMSO and TFE, which might result in reducing
catalytic activity because of the competition with the substrate
(see Section 2.3).

The hydration shell and OSs solvation level were quantified
to shed further light on the role of water and OS molecules’
behavior. As shown in Table 1, the hydrogen level decreases
compared to water following the trend DOX>DMSO>TFE. As
indicated, the number of water molecules around BSLA in all
three OSs was remarkably reduced compared to in water only
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system, which indicated that water molecules were vigorously
stripped off from the BSLA surface by OSs. In contrast to
hydrogen level trend, OS solvation level decreases in the
following order: DMSO>TFE>DOX. The results correlate well
with the qualitative picture from SDF analysis of OS or water
molecules on the BSLA (Figure 1b–d).

In order to determine the driving force for stripping off the
water molecules by OSs, we investigated the orientation of
surrounding solvent molecules by calculating the radial distri-
bution function (RDF) of OSs relative to the BSLA surface
(Figure 2). The RDFs suggested that the oxygen group of DOX is
closer to the BSLA surface than the carbon backbone (Fig-
ure 2a), the oxygen group of DMSO is closer than the methyl

group (Figure 2b), and the hydroxyl group of TFE is closer than
the fluorine group (Figure 2c). Overall, OS molecules tended to
accumulate near the surface of the BSLA with a similar
orientation, in which the oxygen atom preferred to orient
towards the BSLA surface. A similar orientation showed the
possibility to form H-bond with BSLA, indicating that the H-
bond interaction could be the dominant interaction in this case.
However, the oxygen atom of OSs can play different roles when
it forms the H-bond with amino acids on the BSLA surface, e.g.,
as H-acceptor in the case of DOX, DMSO and as H-donor in TFE.

In order to identify the OS’s preferred amino acid type for
interaction with the BSLA surface, the time-averaged surface
residue-water/OS contact frequencies were calculated. The
minimum distance of<2.5 Å was chosen as the cutoff of
residue-water/OS contact to identify the strong interactions.[24]

As shown in Figure 3 and Figure S11 in SI, all types of surface
residues show relatively high contact frequency (66–99%) with
water molecules in water system with the following trend: non-
polar (66%)<polar (86%)<negatively charged (99.8%)�pos-
itively charged (99.9%). Latter indicates that positively and
negatively surface charged amino acids preferred to attract
more water molecules when compared with polar and non-
polar amino acids. The OSs contact frequency results are shown
in Figure 3. Although the OSs showed very different trends,
however, the OSs mainly compete with water molecules for
polar and negatively charged residues on the BSLA surface.
Also, the different trends towards water and OSs could provide
the hint that stabilizing the enzyme could be possible through
the introduction of one specific type of amino acid with
relatively higher water attraction but lower OS interaction.

Figure 1. Spatial distribution of water and OS molecules at the molecular surface of the BSLA in (a) Water, (b) DOX, (c) DMSO, and (d) TFE cosolvents averaged
over the last 40 ns of MD simulations. The BSLA surface is shown in grey, Ser77, Asp133, His156 (the catalytic triad) in yellow, and Ile12, Met78 (oxyanion hole)
in green; the OS molecules in red, the water molecules in blue. For each solvent, two sides of BSLA are shown in order to give a complete view of the surface.
Each view of BSLA has the same orientation in all solvents. The contours are shown with the isovalue 8.5 for water, and isovalue 50, 13, 54 for DOX, DMSO,
TFE molecules, respectively.

Table 1. Hydration level and OS solvation level of BSLA in water and
different OSs during MD simulations.

Solvent Hydration level[a] OS solvation level[b]

Water 373.7�3.6 –
DOX 261.6�5.8 122.5�5.8
DMSO 204.2�4.9 2305.0�55.5
TFE 190.7�10.0 213.8�8.3

[a] Hydration level averaged over the last 40 ns of MD trajectories. Water
molecules whose O atom is within 3.5 Å distance cutoff of any non-
hydrogen atom of BSLA were described as the first hydration shell and the
number of water as hydration level[14]. A similar definition was also applied
to OS solvation level, [b] OS solvation level averaged over the last 40 ns of
trajectories. The cut-off distance was determined from the radial
distribution function (RDF) of OSs around BSLA residues when the “central”
atom of OS molecule showed first minima approximately at this
distance[14]. The “central” atom for DMSO, TFE is S2, C2, respectively (see
Figure 2b, c). Since DOX does not have the “central” atom, we applied the
average cut-off of the atoms at two para positions (C1 and C3, Figure 2a).
Consequently, a 6.8 Å cut-off was employed for DOX, DMSO, and TFE.
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Among four types of amino acids, positively charged one
seemed to be the most promising selection, this hypothesis was
indeed confirmed by the “BSLA-SSM” library experiment (see
Section 2.2).

2.2. Analysis of amino acid substitutions on the BSLA surface
from “BSLA-SSM” library

The results from MD simulations presented in Section 2.1
showed that OSs interact mainly with BSLA surface residues. In
order to associate the MD results to directed evolution experi-
ments, we reanalyzed all the beneficial substitutions (DOX: 159
substitutions; DMSO: 371; TFE: 181) and beneficial positions
(DOX: 75 positions; DMSO: 107; TFE: 74) from “BSLA-SSM” library
(in total 181 positions; 3439 variants).[17c] As a general trend
shown in Table S1 and Figure S12–14 in SI, surface-exposed

substitutions (54–73%) were more preferred to improve all
three selected OSs resistance than buried substitutions (27–
46%), indicating surface residues play an essential role in
tolerating OSs. Among all the beneficial positions, mostly (41–
51%) positions were exchanged by charged substitutions.
Surprisingly, 91–94% beneficial positions, which harboring
charged substitutions, were substituted from uncharged amino
acids to charged amino acids (see Figure 4, DOX: 92% (35/38);
DMSO: 91% (39/43); TFE: 94% (30/32)). Furthermore, analysis of
amino acid classifications of beneficial substitutions on BSLA
surface shows that positively charged substitutions predom-
inantly (36–53%) improved OS resistance compared to others,
as shown in Table 2.

Significantly improved substitutions are usually applied to
perform the trend of how to engineer enzymes in directed
evolution. In “BSLA-SSM” library, there were in total 12, 18, and
38 substitutions with high resistance (>2-fold resistance
improvement compared to BSLA wild type) towards DOX,
DMSO, and TFE, respectively (Table S2–S4). Among them, 34–
42% (DOX: 5 substitutions; DMSO: 8; TFE: 13) were exchanged
by charged amino acid. Besides, positively charged substitu-
tions were also more prominent when compared to others.
Consequently, by analyzing beneficial and top resistant sub-
stitutions (>2-fold resistance improvement), we confirmed that
surface positively charged substitutions were preferred to

Figure 2. The orientation of OSs on the BSLA surface: (a) For DOX, the RDFs were calculated for the DOX oxygen atom (O1) and two para carbons (C1, C3)
around the BSLA residues, respectively. (b) For DMSO, the RDFs were calculated for the DMSO carbon atom (C1), sulfur atom (S2), and oxygen atom (O3)
around the BSLA residue, respectively. (c) For TFE, the RDFs were calculated for the TFE oxygen atom (O1), two carbon atoms (C2, C3), fluorine atom (S2), and
around the BSLA residues, respectively. Figures inset show the chemical structure for OSs and BSLA in each cosolvent.

Figure 3. Time-averaged frequency of contacts between the BSLA surface
amino acids and water/DOX/DMSO/TFE molecule in water, DOX solvents,
DMSO solvents, TFE solvents, respectively. The following amino acid
classification was used: Non-polar: G, A, V, L, I, M, F, W, P. Polar: S, T, C, Y, N,
Q. Negatively charged: D, E. Positively charged: K, R, H. Contact frequency
was defined as the average percentage of different surface residue-OS
molecule contacts in the last 40 ns of three independent MD simulation
runs. Residue-OS contact was defined as residue-water/OS molecule distance
being 2.5 Å or less. The total number of frames in the last 40 ns of three MD
runs were normalized to 100%.

Table 2. Analysis of amino acid classification of surface beneficial sub-
stitutions from “BSLA-SSM” library[a].

Organic
cosolvent

Non-polar
[%](variant)

Polar [%]
(variant)

Negatively
charged [%](var-
iant)

Positively
charged [%]
(variant)

DOX 17% (47) 16% (35) 14% (8) 53% (48)
DMSO 20% (110) 16% (68) 25% (28) 39% (69)
TFE 18% (54) 19% (46) 27% (17) 36% (35)

[a] All percentage values are normalized to BSLA amino acid composition,
as BSLA amino acid composition is not evenly distributed (43% non-polar,
34% polar, 9% negatively charged, and 14% positive charged amino acid).
The following amino acid classification was used: Non-polar: G, A, V, L, I, M,
F, W, P. Polar: S, T, C, Y, N, Q. Negatively charged: D, E. Positively charged: K,
R, H.
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improve the OSs resistance, which points in the same direction
with the observation in Section 1.

2.3. Analysis of the BSLA substrate binding cleft

The substrate binding cleft of the BSLA is solvent-exposed since
it lacks the lid present in other lipases. According to RMSF
analysis (Figure S2a), the highest local flexibility was observed
in OSs simulation for the region around L8 and α4 (amino acid
151–165), especially in TFE. The observed relatively high RMSF
for the α4 helix was interesting as one of the catalytic triads
(His156: RMSFWater=0.77�0.02 Å, RMSFDOX=1.42�0.28 Å,
RMSFDMSO=1.61�0.28 Å, RMSFTFE=2.4�0.24 Å) is located in
this region. However, three OSs did not show a significant effect
on the flexibility of the other two catalytic residues (Ser77 and
Asp133). Additionally, SASA analysis revealed that Ser77 and
His156 are more exposed in all three OSs (Figure S15 in SI).
Hence, OSs render the side chains of in the substrate binding
cleft more mobile, which further confirmed by the distance
analysis between the catalytic triad residues in the following
section.

In the BSLA crystal structure, the distance between Asp133-
OD1 and His156-ND1 is 2.7 Å that suggests a strong H-bond
between Asp133 and His156.[25] Another strong H-bond was
formed between Ser77-OG and His156-NE2 (2.8 Å) in the
substrate binding cleft. The distance between Asp133-OD1 and
His156-ND1 did not show significant change during the MD
simulations in water and OSs (Figure 5b). However, the catalyti-
cally relevant H-bond between Ser77-OG and His156-NE2 was
broken because of Ser77-OG · · ·His156-NE2 distance significantly
increased from ~4.5 Å (in water) to 6–12 Å in OSs (Figure 5a).
Interestingly, two Ser77-OG · · ·His156-NE2 distance distribution
peaks were appeared in TFE, indicating that the substrate
binding cleft might have two populated conformations. This
observation was also correlated to oxyanion hole configuration
change in TFE in which Ile12-N · · ·Met78-N distance had two
distance distribution peaks, as shown in Figure 5c. Furthermore,
compared with water, the increased distance in OSs indicated
that the configuration of substrate binding cleft changes in OSs.

In contrast, the distance between the oxyanion hole residues
(Ile12-N · · ·Met78-N) was decreased, which might influence the
stabilization of the negatively charged reaction intermediates[25]

or even change the substrate specificity.[26]

The SDF (Figure 1) shows that the density of each OS is
relatively high near the substrate binding cleft, which indicates
an apparent affinity of the solvent molecules for the substrate
binding site. In order to examine how the water or OS molecule
behaves in the substrate binding cleft of BSLA, the average
number of water (Nwater) and OS (NOS) in the BSLA substrate
binding cleft were calculated based on the last 40 ns of the MD
trajectories, and the results are shown in Figure 6 and Table 3.
We defined the BSLA substrate binding cleft as the region
(Figure 5d), which expands 5.9 Å away from the Ser77 residue
located at the bottom of the BSLA substrate binding cleft. As
shown in Table 3, BSLA substrate binding cleft was well
hydrated with ~8 water molecules in water. Interestingly, about
two water molecules remained in the BSLA substrate binding
cleft in DOX. One water molecule (WATER1, Figure 6a) formed
an H-bond with Ser77-O and was preserved in substrate
binding cleft (Figure S16 in SI). One DOX molecule (DOX2) was
hydrated through bifunctional H-bonds with WATER1[28] and
retained in the substrate binding cleft. As shown in Figure 6b
and Figure S17 in SI, another DOX molecule (DOX1) always
bridged between His156 and Ser77 in substrate binding cleft,
indicating DOX molecule can directly disturb proton transfer
from Ser77 to His156 in acylation steps (Figure 5a and Fig-
ure 6a). All the water molecules were stripped off from the
substrate binding cleft and replaced by two DMSO molecules in

Figure 4. BSLA beneficial positions (charged amino acid substitutions) for improvement of resistance in (a) DOX, (b) DMSO, and (c) TFE. The BSLA structure is
shown as cartoon in grey, the catalytic triad (Ser77, Asp133, and His156) is shown as stick in yellow, amino acid positions of uncharged to charged beneficial
substitutions are shown in red, amino acid positions of charged to charged beneficial substitutions are shown in blue.

Table 3. The average number of solvent molecules (OSs or water) in BSLA
substrate binding cleft during the MD simulations in water and OSs[a].

Solvent Nwater NOS

Water 7.9�2.8
DOX 2.2�0.8 2.8�0.8
DMSO 0 2.1�0.7
TFE 0 1.1�0.5

[a] The number of water and OS molecules, averaged over the last 40 ns
from three independent MD runs, denotated as Nwater and NOS, respectively.
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DMSO cosolvent (Figure 6b and Table 3). Besides, one H-bond
was formed between Ser77-OG and DMSO1-O3 (Figure 6b and
Figure S18), which might lead to inhibition of nucleophilic
attacking from Ser77 in acylation steps. A similar observation
found in TFE cosolvent but with only one TFE molecule in
substrate binding cleft (Figure 6c). Although TFE has both H-

acceptor and H-donor character, TFE-O1 forms H-bond with
Ser77-OG, indicating H-donor capability plays a primary role in
reducing the BSLA activity (Figure S19). These results indicated
that H-bond interactions between catalytic triad (especially
Ser77) and OS molecules mainly lead to the inhibition and BSLA
activity reduction. Additionally, a detailed analysis of interaction

Figure 5. Interatomic distance distributions curve between the catalytic triad (Ser77, His156, Asp133) and oxyanion hole (Ile12, Met78) of BSLA in water (black),
DOX (green), DMSO (red) and TFE (blue): (a) Ser77-OG · · ·His156-NE2 (b) His156-ND1 · · ·Asp133-OD1 and (c) Ile12-N · · ·Met78-N. Representative structures of the
catalytic triad and oxyanion hole were selected based on cluster analysis of the MD trajectories. The catalytic triad and oxyanion hole are shown as ball-and-
stick with carbon (green), oxygen (red), nitrogen (blue). The dashed line indicates the distance between two atoms. (d) A close-up view from substrate
binding cleft of BSLA. The BSLA surface is shown in grey, substrate binding cleft of BSLA in cyan, Ser77 (part of the catalytic triad) in red. The depth of Ser77
residue from BSLA surface was calculated by Depth server [27].

Figure 6. Solvation of the BSLA substrate binding cleft in (a) DOX, (b) DMSO, and (c) TFE, respectively. Representative structures of the substrate binding and
solvent molecules were selected from the last 40 ns of MD trajectories. The BSLA surface is shown in grey, catalytic triad (Ser77, Asp133, and His156) in yellow,
oxyanion hole (Ile12, Met78) in green. The catalytic triad is also shown as ball-and-stick with carbon (green), oxygen (red), nitrogen (blue), hydrogen (white).
OS and water molecules are shown as sticks with carbon (green), oxygen (red), hydrogen (white), sulfur (yellow), fluorine (pink). The dashed line (red) indicates
an H-bond between two atoms.
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energy, including the binding energies (~Gbinding), the van der
Waals (~EvdW), and electrostatic energy (~Eelec), between cata-
lytic triad/oxyanion hole and OS molecules agrees well with the
above solvation phenomenon (see details in SI, Figure S20a–c).

To experimentally confirm the inhibition behavior by OSs,
characterization studies of the purified BSLA in water and the
selected OSs were carried out with pNPB activity assay. The
obtained Km and kcat for BSLA in Table 4 closely match with
reported values.[29] The BSLA in all three OSs showed decreased
turnovers (kcat) and profitless effects on the pNPB substrate
recognition (increased Km values). Overall, DOX, DMSO, TFE
decreased the catalytic efficiency (kcat/Km) to 45.3%, 34.5%, 48%
compared with the BSLA in water, respectively. The above
results confirmed the potent inhibition of three OSs towards
the BSLA.

2.4. Analysis of amino acid substitutions in BSLA substrate
binding cleft from “BSLA-SSM” library

Generally, the substitutions in the BSLA substrate binding cleft
are directly correlated to the inherent function of the enzyme.
From the catalytic mechanism of lipase, it is believed that
substrate binding is typically one of the rate-limiting steps
preceding catalytic reaction.[18c,30] Therefore, we performed
molecular docking based on the substrate pNPB to identify the
most critical residues in the substrate binding cleft. Molecular
docking studies (Figure S21) revealed that apart from the
catalytic triad residues (Ser77, Asp133, and His156), the seven
non-polar (hydrophobic) residues (Ile12, Met78, Ala105, Leu108,
Ile135, Val136, Leu140) were also involved in the interaction
with the pNPB. Figure S22 in SI summarizes the OSs resistance
of the identified substrate binding positions from the “BSLA-
SSM” experimental library. After screening of the SSM libraries
of seven non-polar amino acids positions (in total 134

substitutions=7 positions×19 substitutions+wild type), 14
(10%), 21 (16%), and 20 (15%) beneficial substitutions were
obtained for DOX, DMSO, and TFE resistance, receptively. These
beneficial substitutions were located on mostly (57–71%)
identified substrate-contacting positions. The preferred amino
acid type to improve resistance in the substrate binding cleft
was non-polar (�42.9%) for all three OSs (Table 5). Interest-
ingly, non-polar substitutions also showed the lowest fatality
rate (7.8–18.9%, Table 5). This agrees with the evolutionary
conservation analysis of amino acid residues that the seven
substrate-contacting residues were not well conserved but
mainly exchanged by non-polar residues (Figure S23 and
Table S5 in SI). These results suggested that the proper hydro-
phobicity of substrate binding cleft would contribute to the
binding of the hydrophobic substrates.[31]

Subsequently, we investigated both residue-OS contact
frequency and substrate (pNPB) binding affinity (by molecular
docking) to reveal the potential molecular mechanism for
beneficial non-polar variants located in substrate binding cleft
(Figure S24 in SI and Table S6). The seven identified substrate-
contacting non-polar residues, on average, did not show high
contact frequency compared to the polar and charged catalytic
triad (Figure S24 in SI), which agrees well with the overall trend
for the whole BSLA (Figure 3). Among beneficial non-polar
substitutions (in total, 6–9), three common non-polar substitu-
tions (I12 A, I12 W, L140 A) showed improved resistance
towards all three OSs. Five common non-polar substitutions
(I12 V, I12 M, M78G, V136 L, L140G) showed improved resist-
ance towards two OSs. Besides, not surprisingly, the highly
exposed catalytic triad residues Ser77, Asp133, and His156
show high contact frequency with all three OSs, especially
His156 (His156-DOX: 81%; His156-DMSO: 90%; His156-TFE:
73%, Figure S24 in SI). This high contact frequency might lead
to the relatively high flexibility of His156 located in α4 helix
(See Figure S2c). Generally, binding affinity from the molecular
docking using substrate in catalytically competent docking
poses can be correlated with catalytic efficiency of enzyme.[32]

The docking results of eight BSLA variants and wild type are
described in Table S6. Notably, all beneficial non-polar variants
showed an increased absolute value of binding energy
compared to BSLA wild type, indicating the substrate pNPB has
a higher binding affinity to the beneficial non-polar substitu-
tions. In summary, the low contact possibility of OS and high

Table 4. Kinetic characterization of the purified BSLA in water and OSs.
The pNPB assay was used to measure kinetic characterization[a].

Solvent Km [mM] kcat [min
� 1] kcat/Km [mM

� 1 min� 1]

Water 0.51�0.02 185�4 362
DOX 0.57�0.03 93�5 164
DMSO 0.65�0.03 81�4 125
TFE 0.78�0.02 136�6 174

Table 5. [a] Kinetic parameters were determined by fitting the calculated reaction rates to the Michaelis-Menten equation using software Origin pro
8.6.Table 5
Classification of beneficial and inactive amino acid substitutions in BSLA substrate binding cleft[a].

Organic solvent Amino acid type [%] (variant number)
Non-polar Polar Positively charged Negatively charged

Beneficial rate DOX 42.9% (6) 42.8% (6) 14.3% (2) 0.0% (0)
DMSO 42.9% (9) 33.3% (7) 9.5% (2) 14.3% (3)
TFE 42.9% (8) 28.6% (6) 19.0% (4) 9.5% (2)

Fatality rate DOX 17.7% (16) 26.6% (24) 36.6% (33) 50.0% (45)
DMSO 7.8% (6) 13.3% (11) 19.9% (16) 45.0% (37)
TFE 18.9% (17) 26.6% (23) 30.0% (26) 45.0% (40)

[a] The positions were identified from molecular docking, and the catalytic triad positions were excluded during the calculation. Beneficial rate is defined as
the number of all beneficial substitutions divides the number of one type beneficial substitutions. Similar definition is for fatality rate.
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substrate affinity are two dominant reasons for non-polar amino
acids in substrate binding cleft to improve OS resistance.

3. Discussion

Routinely employing enzymes in OSs enable exciting possibil-
ities in biocatalysis for chemical production. Numerous enzyme
classes (e.g., hydrolases,[7a,11a,33] oxidoreductases,[34]

transferases,[8] transpeptidase[35]) have been successfully tailored
toward improved OS resistance by using protein engineering
methods. By integrating results from computational studies
with “BSLA-SSM” experimental library data, this study provided
molecular insight into the effect of OSs on BSLA. These findings
were used in turn to devise general rational protein engineering
strategies to improve the resistance of lipase in OSs.

3.1. Organic solvents strip off essential waters from the BSLA
surface

Enzymes generally require some essential water molecules
bound to the surface of enzymes to maintain protein structure,
dynamics, and function.[4c,36] The addition of water molecules
can increase both the kinetics and flexibility of enzymes in
OSs.[37] Although water activity (aw) is an important experimental
factor for enzyme activity in non-aqueous media (e.g., pure
OSs),[5a] however, it is challenging to predict critical hydration
level in polar OSs.[38] MD simulations can provide fundamental
insight into the role of solvation at the molecular level. The
SDF, hydration shell and/or OS layer results of all three OSs
(DOX, DMSO and TFE) for BSLA agree well with the prevailing
view that polar OS molecules can disturb the hydration shell of
the enzyme surface.[22,39] As we observed from OS orientation
and contact frequency analysis (Figure 3 and Figure 4), H-bond
interaction is most likely the primary interaction between BSLA
and OSs when compared to hydrophobic interactions and van
der Waals interactions. On the BSLA surface, all groups capable
of forming H-bonds, especially polar amino acid side chains, are
most likely form H-bond to OS molecules (e.g., the H-bond
acceptor: DOX, DMSO; H-bond acceptor/donor: TFE). The similar
phenomenon about DMSO interaction was reported by Afonso
and coworkers,[22] that polar amino acid side chains of peptide
sMTM7 have dipole-dipole interactions with the oxygen atom
of DMSO and form H-bond. Compared to hydrophilic OSs (e.g.,
DMSO, TFE, acetonitrile), hydrophobic OSs (e.g., hexane, methyl
tertiary butyl ether) possess less ability to remove the essential
water from the enzyme surface because of missing active H-
bond acceptor/donor.[3,40] Overall, solvation data for BSLA in OSs
suggested that H-bond interaction with the BSLA surface might
be the critical factor for competing with essential water
molecules on the BSLA surface, which leads to the destruction
of hydration shell. Undoubtedly, the functions (e.g., activity,
stability, resistance) of BSLA would be influenced by losing
essential water molecules from the BSLA surface.

3.2. Inhibition and conformational change of active site
reduce the BSLA activity

Polar OSs usually show an apparent affinity towards the active
site and act as an inhibitor to enzymes (e.g., lipase,[11]

subtilisin,[41] cellulase[42]). The kinetic experiments in combina-
tion with solvation behavior studies of substrate binding cleft
(see Section 2.3) strongly supported inhibition as one of the
explanations for activity reduction of the BSLA in the OSs. Also,
as the overall solvation of the whole BSLA showed, H-bond
interaction also has a crucial role in the solvation of the
substrate binding cleft (Figure 6). Generally, different solvent
molecules have different binding affinity towards active site of
enzymes,[11a] indicating that inhibition behavior is related to not
only the OS but also to the enzyme. For instance, Roccatano
and coworkers found that DMSO molecules were not able to
diffuse into the substrate binding site of cytochrome P450 BM-3
during the 15 ns of simulation.[43] The H-bond interaction
between OSs-amino acid residues indicates that inhibition
behavior might be the main reason for the change of the
structure and flexibility substrate binding cleft region (see
Figure 5 and Figure S2c). In previous studies, similar behavior
was found for Candida rugose lipase (CRL) that CCl4 rendered
the side chains in the hydrophobic substrate binding site of CRL
more mobile.[44] These results also confirmed that local protein
dynamics are associated with solvents interaction.[37,45] Thereby,
except inhibition and water stripping off, the conformational
change caused by the interaction of OSs with residues in the
substrate binding cleft could also be another main factor that
influences the enzyme activity.[46]

3.3. General principles to stabilize lipase in OSs

By a combination of computational results and the “BSLA-SSM”
library dataset, two complementary rational strategies to
improve BSLA resistance in OSs are proposed:
(i) Surface charge engineering (introduction of positively

charged residues)
By analyzing the BSLA-solvent interaction in MD simulation
and beneficial substitutions pattern in “BSLA-SSM” library,
we confirmed that the surface positively charged substitu-
tions is the best candidate to improve the OS resistance
(see Section 2.1 and 2.2). The possible mechanism is
explained as follow: introduction of surface positively
charged residues could attract more water molecules to
prevent interaction with OSs, which result in stronger
hydration shell and weaker OS layer. To render lipases
stable in OSs, the surface property and surface charge
distribution of lipases are usually the dominant deciding
factors.[33a] These finding encourage us to propose the
surface charge engineering strategy, which can be applied
to the overall protein surface. The proposed surface
charged engineering strategy matches well with generally
accepted concept that positively charged residue plays
important roles in keeping functional protein structure (e.g.,
favoring solubilization of protein and peptide in water,[47]
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modifying the orientation and configuration of multi-
subunit complex,[48] and even affecting membrane
binding[49]). This strategy also agrees well with the report
that most lipases having equivalent surface-exposed pos-
itive and negative charged residues were stable in a wide
range of OSs.[33a] A newly introduced, surface-exposed
charge either form a new salt bridge, build an isolated
charge, or break a preexisting salt bridge. However, our
previous comprehensive structural analysis of “BSLA-SSM”
library illustrated that the formation of salt bridges by newly
introduced charged residues is of minor importance for
increased resistance to water-miscible OSs.[17c] The newly
introduced “isolated” charged amino acid might mainly
contribute to stabilize the enzyme and increase the OSs
resistance by synergically attracting the water molecules
and breaking the OSs layer. In terms of the potential
application, surface charge engineering could be applied
for engineering not only the stability of enzymes in non-
conventional media ( e.g., OSs,[17c,50] ionic liquids,[19,51]

detergents), but also other enzyme properties ( e.g., pH-
activity,[52] oxidative stability[53]).

(ii) Substrate binding cleft engineering (introduction of non-
polar residues)
How to ingeniously tailor the amino acids in the substrate
binding cleft is always a challenge for protein engineers.
According to the pattern of substitutions and molecular
understanding in Section 2.3 and 2.4, we found non-polar
substitutions in substrate binding cleft would be in favor of
improving the stability of BSLA in OSs. The beneficial non-
polar substitutions in substrate binding cleft most likely
prevent OSs access to the active sites and increase substrate
binding affinity, which would significantly decrease the
inhibition phenomenon caused by OSs. Although substitu-
tions close to the active site might reduce enzyme activity
to some extent, however, it is still possible to improve the
OS resistance (i. e., lipase activity in OS/its activity in buffer)
and activity in parallel.[54] The non-polar substrate binding
cleft engineering strategy could be implemented with
CASTing,[55] CompassR[56] and focused mutagenesis method
with reduced amino acid alphabet[57] to design smart
libraries with minimum experimental effort. For reducing
the OSs interaction or tailoring the binding affinity, the
introduction of a single substitution might not be enough
to retain the enzyme activity. Numerous reports point out
that further improved variants could be obtained by
recombining beneficial substitutions.[58] Hence, combined
strategies could be implemented with multi-site muta-
genesis methods (e.g., ISM,[59] Iterative CASTing,[55a]

OmniChange,[60] PTRec[61] and StEP[62]) to guide recombina-
tion of beneficial substitutions identified from directed
evolution campaigns, and thereby speed up the design of
significantly improved OSs resistant enzymes.

4. Conclusion

In summary, the integrative computational studies and directed
evolution experiments (“BSLA-SSM” library) discovered that: i)
three predominant factors (stripping off water, flexibility and
conformational change of the substrate binding cleft, and
solvent inhibition) impair BSLA activity; ii) H-bonds interactions
of BSLA and water/OS have a primary influence on the BSLA
structure, solvation behavior, and activity; iii) surface charge
engineering (introduction of positively charged substitutions)
and substrate binding cleft (introduction of non-polar substitu-
tions) engineering strategies could serve as general rational
protein engineering principles to stabilize lipases in OSs and
might apply to other enzymes sharing a similar α/β-hydrolase
fold. More experimental studies are required to expand the
scope of two proposed strategies, such as, investigating the
solvation phenomenon, examining the substitutions in other
types of enzymes, or testing the additive effect by recombina-
tion. Our experimental studies on recombining the BSLA
beneficial substitutions are in progress and will be reported in
due course.

5. Computational and Experimental Section

5.1. Molecular dynamics simulations

The starting structure for all simulations was taken from crystal
structure of BSLA wild type (PDB ID: 1I6 W,[25] Chain A, resolution
1.5 Å). The GROMOS96 (54a7) force field was used for the
simulations of BSLA in DOX, DMSO, TFE. This force field has been
reported to be a reliable force field for simulations of OSs and
proteins.[35,63] The protonation state of ionizable residues was
defined corresponding to pH 7.4. The histidine (His156), which is a
part of the catalytic triad, was treated neutral with the proton on Nδ

atom so that it could form the essential hydrogen bond (H-bond)
with the negatively charged Asp133. The resulting system has a net
charge of zero. Structures were solvated into a cubic box of SPCE
water molecules[64] using periodic boundary. All organic solvent
structures (DOX, DMSO, and TFE) were taken from ATB (Automated
force field Topology Builder) with the parameter set of GROMOS96
(54a7) force field.[65] All organic solvent structures (DOX, DMSO, and
TFE) were firstly taken from ATB (Automated force field Topology
Builder) with the parameter set of GROMOS96 (54a7) force field.[65]

Then the parameters of each model were modified according to
the reported models.[66] In order to further validate OSs force field
parameters, triplicate10 ns MD simulations were performed using
both pure OS and OS-water mixtures to determine reproducibility
of the experimental property (Table S7, see detailed procedures in
SI). It was observed that OSs density obtained from MD simulations
showed good agreement with experimental density of all three
OSs. The OS systems were prepared according to experimental
conditions, i. e., 22% (v/v) DOX, 60% (v/v) DMSO and 12% (v/v) TFE
in water in a simulation box (volume: 500 nm3). The box was filled
with around 15764 water molecules in water only system, 531 DOX
molecules and 12653 water molecules in DOX system, 1932 DMSO
molecules, and 7475 water molecules in DMSO system, 507 TFE
molecules and 13619 water molecules in TFE system, respectively.

In all cases, the system was carefully minimized and equilibrated
using the following protocol. First, 1000 steps of energy minimiza-
tion were carried for protein using steepest descent algorithm until
it converged with a force tolerance of 500 kJmol� 1 nm� 1. Then,
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5000 steps of energy minimization were carried only for solvent
molecules with a force tolerance of 250 kJmol� 1nm� 1 after filling
the box with water and OSs. After minimization, each system was
equilibrated to 298 K through a stepwise heating protocol in the
NVT ensemble followed by 100 ps equilibration in the NPT
ensemble with position restraints on the protein molecule. The
production simulation time for all systems was chosen to be 100 ns,
in which RMSD achieved the stable conformation that providing
reliable data for comparing with experimental studies. 298 K and
1 bar with using a time step of 1 fs were used for all systems after
the protein relaxed. For each system, three independent MD
simulation runs with different starting atomic velocities were run to
avoid artifacts. Root mean square deviation (RMSD), radius of
gyration (Rg), root mean square fluctuation per residue (RMSF), B-
factor, solvent accessible surface area (SASA), H-bonds, second
structure change (DSSP), radial distribution function (RDF), spatial
distribution function (SDF), contact analysis were calculated by
GROMACS tools. Pymol[67] and VMD 1.9.2[68] were used to analyze
the structural change of protein, interactions between BSLA and
OSs, salt bridges, and distance measurement. Molecular Mechanics-
Poisson Boltzmann Surface Area (MM-PBSA) approach, which is an
effective method for the calculation of biomolecular complexes,[69]

was used to calculate the binding free energy as applied
previously.[70] g_mmpbsa tools were applied with the default
setting for the analysis of snapshots taken from MD trajectories of
BSLA in OSs.[69a,71] The default solvent dielectric constant of 80 was
taken,[69a] which is close to the real experimental dielectric constant
of water and OS mixtures (Table S7). All molecular dynamics (MD)
simulations were performed using GROMACS v5.1.2 software.[72]

Furthermore, a detailed system setup for molecular docking is
described in SI.

5.2. Analysis of “BSLA-SSM” library

Chemically competent Escherichia coli DH5a and Escherichia coli
BL21-Gold (DE3) (Agilent Technologies; Santa Clara, USA) were used
as hosts for plasmids amplification and protein expression,
respectively. The plasmid pET22b(+)-bsla wild type was constructed
in the previous work.[18f] A detailed description of the “BSLA-SSM”
library generation and the activity assay with pNPB in 96-well MTP
was reported in our previous studies.[18f] BSLA resistance (wild type
or variant) was evaluated as activity in the presence of OSs divided
by activity in the absence of OSs (see equations 1 and 2 in
Supporting information (SI)). The concentration of OSs (22% (v/v)
DOX, 60% (v/v) DMSO, and 12% (v/v) TFE) resulting in a residual
BSLA activity of ~30% were chosen for the experiment because the
concentration of each OS had proven as a good compromise
between the reliable enzyme’s activity and the enzyme’s resistance
compared to BSLA wild type in previous studies.[20–21] The beneficial
substitution was defined as a substitution that increases BSLA
resistance (RV�RWT+3σ) to the respective OS.[17c] Properties of
selected OSs were shown in Table S7. Furthermore, a detailed
expression of BSLA in flask, purification, and characterization of
purified BSLA wild type in OSs are described in SI.
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