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Less Unfavorable Salt Bridges on the Enzyme Surface Result in More

Organic Cosolvent Resistance

Haiyang Cui, Lobna Eltoukhy, Lingling Zhang, Ulrich Markel, Karl-Erich Jaeger,

Mehdi D. Davari,* and Ulrich Schwaneberg*

Abstract: Biocatalysis for the synthesis of fine chemicals is
highly attractive but usually requires organic (co-)solvents
(OSs). However, native enzymes often have low activity and
resistance in OSs and at elevated temperatures. Herein, we
report a smart salt bridge design strategy for simultaneously
improving OS resistance and thermostability of the model
enzyme, Bacillus subtilits Lipase A (BSLA). We combined
comprehensive experimental studies of 3450 BSLA variants
and molecular dynamics simulations of 36 systems. Iterative
recombination of four beneficial substitutions yielded superior
resistant variants with up to 7.6-fold (D64K/D144K) improved
resistance toward three OSs while exhibiting significant
thermostability (thermal resistance up to 137-fold, and half-
life up to 3.3-fold). Molecular dynamics simulations revealed
that locally refined flexibility and strengthened hydration
jointly govern the highly increased resistance in OSs and at
50-100°C. The salt bridge redesign provides protein engineers
with a powerful and likely general approach to design OSs-
and/or thermal-resistant lipases and other o/f-hydrolases.

Introduction

The application of organic (co-)solvents (OSs) as reaction
media for biocatalysts is mandatory for a large number of
applications in the chemical industries. OSs are needed to
solubilize hydrophobic substrates and products, they allow for
easy product recovery and shift the reaction equilibrium into
the desired direction.!'! However, native enzymes often suffer
from low activity and/or sensitivity in the presence of OSs,?
constraining their extended application for biocatalysis. OSs
can affect the catalytic activity of enzymes mainly for the

following reasons: (a) they induce conformational changes,”’
(b) their presence results in a loss of essential water molecules
on the protein surface,¥ (c) they cause competitive inhib-
ition,! or (d) solubility changes of the substrate,*! and (e)
they stabilize the charged transition state.

Another important and attractive property of industrial
biocatalysts is thermal resistance, which often correlates well
with process and storage stability. Therefore, this property
also needs to be present or improved for industrial chemical
production.”! Thermal-resistant enzymes can be isolated from
thermophilic and mesophilic microorganisms.” Further, pro-
tein engineering strategies, including directed evolution and
(semi-)rational design, have succeeded in improving the
thermostability and other properties of enzymes (e.g., resist-
ance in OSs).”) Thermostability of enzymes is influenced by
many factors, such as (a) the enzyme’s solvent-exposed
surface area,'” (b) the number and length of loops,!! (c)
metal-binding capacity,'” (d) oligomerization and intersubu-
nit interactions.'?*" (¢) amino acid composition,' and their
various interactions (e.g., hydrophobic interactions,™ ion
pairs,'*! cation-mt interactions'"! and salt bridge net-
works14®:171),

Salt bridges play predominant roles for protein structure
and function, e.g., protein recognition, flexibility,'” allos-
teric regulation,!'”>*" and thermostability.”!! The formation of
a salt bridge is determined by the protonation state of
oppositely charged residues (< 4 A).” Basically, salt bridges
in enzymes are considered to stabilize,” and expectedly,
more salt bridges are found in thermophilic enzymes.['**?!
Generally, well-designed salt bridge networks and geometries
(e.g., fork-fork, fork-stick) play an essential role in producing

[*] Dr. H. Cui, L. Eltoukhy, Prof. Dr. L. Zhang, U. Markel,
Dr. M. D. Davari, Prof. Dr. U. Schwaneberg
Institute of Biotechnology, RWTH Aachen University
Worringer Weg 3, 52074 Aachen (Germany)
E-mail: m.davari@biotec.rwth-aachen.de
u.schwaneberg@biotec.rwth-aachen.de

Dr. H. Cui, Prof. Dr. U. Schwaneberg
DWI Leibniz-Institute for Interactive Materials
Forckenbeckstrasse 50, 52074 Aachen (Germany)

Prof. Dr. L. Zhang

Tianjin Institute of Industrial Biotechnology

Chinese Academy of Sciences

West 7th Avenue 32, Tianjin Airport Economic Area, 300308 Tianjin
(China)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Prof. Dr. K. E. Jaeger
Institute of Molecular Enzyme Technology
Heinrich Heine University Diisseldorf
Wilhelm Johnen Strasse, 52426 Jilich (Germany)
and
Institute of Bio-and Geosciences IBG 1: Biotechnology
Forschungszentrum Jiilich GmbH
Wilhelm Johnen Strasse, 52426 Jilich (Germany)
@ Supporting information and the ORCID identification number(s) for

the author(s) of this article can be found under https://doi.org/10.
1002/anie.202101642.

d\ © 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angew. Chem. Int. Ed. 2021, 60, 11448 —11456


http://orcid.org/0000-0001-8360-0447
http://orcid.org/0000-0001-8360-0447
http://orcid.org/0000-0002-3384-2576
http://orcid.org/0000-0002-3384-2576
http://orcid.org/0000-0002-5655-5342
http://orcid.org/0000-0002-5655-5342
http://orcid.org/0000-0002-6036-0708
http://orcid.org/0000-0003-0089-7156
http://orcid.org/0000-0003-0089-7156
http://orcid.org/0000-0003-0089-7156
http://orcid.org/0000-0003-4026-701X
https://doi.org/10.1002/anie.202101642
https://doi.org/10.1002/anie.202101642
http://dx.doi.org/10.1002/anie.202101642
http://dx.doi.org/10.1002/ange.202101642
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202101642&domain=pdf&date_stamp=2021-04-07

GDCh
~~

thermostability™**! and protein folding/unfolding.*’ The
loss of a conserved salt bridge can lead to higher flexibility in
an enzymes’ active site and trade a decrease in thermal
stability for improved catalytic efficiency.””!

With respect to the influence of salt bridges on the OS
resistance of enzymes, it is generally considered that nonpolar
OSs often strengthen the salt bridges in the enzyme, which
can impair the catalytic function by reducing the enzyme’s
structural flexibility.® In polar solvents like dimethyl sulfox-
ide (DMSO), the salt bridge with the zwitterionic form
becomes much more favored.” But the role of salt bridges,
especially those at the surface, on protein stability in the
presence/absence of OSs is still controversial today.”**! For
instance, Kawata et al. reported that the formation of a new
salt bridge (D51-R157) in Pseudomonas aeruginosa 1.ST-03
lipase increased the stability of the loop structure and thereby
increased the stability of LST-03 lipase in nonpolar and polar
OSs (e.g., n-octane, n-hexane, and DMSO).PY A similar result
with the increase of thermal stability and tolerance toward
methanol was obtained via building up a salt bridge in Proteus
mirabilis lipase.”” In contrast, the disruption of two salt
bridges in a laccase from Bacillus sp. HRO3 resulted in
improved kinetic parameters in water and different OSs (e.g.,
methanol, ethanol, 1-propanol).” And positive effects on OS
resistance upon introduction of charged residues were not
necessarily ascribed to the formation of new salt bridges.”"
Clearly, to obtain a fundamental understanding of how salt
bridges cause these changes in enzyme stability and function
in OSs and rationally tailor the enzyme’s OS/thermal
resistance, a systematic analysis concerning the salt bridge
landscape of enzymes in OS environments is a prerequisite.

Indeed, very few reports have been conducted looking at
the effect of naturally occurring substitutions on OS resist-
ance of enzymes, but Bacillus subtilits Lipase A (BSLA) is
a rare exception.”*31 A site saturation library (BSLA-SSM)
was constructed in our previous study and screened for
variants with improved resistance toward three water-mis-
cible OSs (1,4-dioxane (DOX), DMSO, 2,2 2-trifluoroethanol
(TFE)).”*3+38] This library covers the full natural diversity at
each of 181 amino acid positions consisting in total of 3440
BSLA variants (19x181 + wild-type(WT)=3440) and is
therefore well-suited to study a putative correlation between
salt bridges and OS resistance, thus opening the way to guide
salt bridge engineering for obtaining OS and thermal
resistance. It is generally accepted that a good correlation
exists between enzyme thermostability and robustness in
08Ss.2%37 Integrating protein engineering and computa-
tional methods such as molecular dynamics (MD) simulation
and thermodynamic stability analysis provides a way to
understand the molecular mechanisms responsible for jointly
changed thermostability and OS resistance and subsequently
comprehend a sequence-structure-function relationship.

Herein, we report a smart salt bridge design strategy to
simultaneously improve OS resistance and thermostability of
the model biocatalyst BSLA. The design principle utilizes
computational MD simulations to identify salt bridges within
enzymes, which are formed in OSs and are absent in water.
The salt bridges formed in OSs are replaced by two residues
with the same charge, which ensures local flexibility in OSs
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and a tight attraction and binding of water molecules.
Surprisingly, these substitutions improve not only the activity
of BSLA in OSs but also its thermal resistance in the aqueous
environment.

Results and Discussion

MD simulation and salt bridge local landscape in the BSLA-SSM
library suggest a salt bridge redesign strategy

Before the MD simulation study, we analyzed the salt
bridge landscape in the BSLA-SSM library toward resistance
against DOX, DMSO, and TFE (Table S1-S3 and Figure S1).
See more details in Supporting Information (SI)). The results
suggested that a balanced number of salt bridges is required
within the BSLA structure to improve the OSs resistance of
BSLA. And the native salt bridge positions might not be the
best candidates for enzyme engineering. OS resistance of
BSLA was evaluated as activity in the presence of OS divided
by activity in the absence of OS [see Eq. (1) in SI].

100 ns MD simulations of BSLA WT in water and three
OSs (DOX, DMSO, and TFE) were performed in our
previous study (a summary is given in Figure S2 in SI).”"!
By comparing the salt bridge formation/disruption results of
BSLA WT in water and three OSs, we found three “unfav-
orable salt bridges” on the BSLA WT surface formed between
amino acids D34-K35; K61-D64; and K112-D144 (see Fig-
ure la and Table S2 in SI). We defined unfavorable salt
bridges as salt bridges that are formed in the presence of OSs
(but not in water) and which restrict the flexibility (and often
also the activity) of the enzyme.

Salt bridges tended to be energetically stabilized in polar
OSs and were mostly formed at the protein surface,**3!
which has also been observed in other lipases, e.g., Geo-
bacillus thermocatenulatus lipase in toluene,”™ Candida
rugosa lipase in carbon tetrachloride,* and Bacillus thermo-
catenulatus lipase in ethanol and nonpolar OSs.[*"! Thus, these
OS-stabilized salt bridges might be a clue to improve the OSs
resistance also in BSLA. In combination with the three
identified unfavorable salt bridges in BSLA, these findings
led us to propose that breaking the unfavorable salt bridge(s)
on the protein surface by well-designed substitution(s) might
result in a recovery of the interaction networks among surface
residues and thereby enhance the stability of enzymes in OSs.

To validate this hypothesis, we examined the OS resist-
ance pattern of all possible single amino acid substitutions at
the three identified unfavorable salt bridges from the BSLA-
SSM library. The results of this analysis are depicted in
Figure S3 and summarized in Table 1. Substitutions to
charged amino acids predominantly improved OSs resistance
(7-17 %) and resulted in the lowest rate of decreased (3-6 %)
and inactive (0% ) variants when compared to polar, aromat-
ic, and aliphatic substitutions (Table 1). Interestingly, the
single amino acid substitutions in BSLA, including D34K,
D34R, K112D, K112E, K112D, and D144K, which inverted
the charge and thus disrupted the salt bridges at the respective
positions, all showed elevated OSs resistance (Figure S3 and
S4). Moreover, all the substitutions were located at a distance
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Figure 1. a) Location of three additional salt bridges in BSLA WT in the presence of OSs compared to water (“unfavorable salt bridges”). The
BSLA structure is shown with a cartoon in grey. A close-view of residues forming salt bridges is shown as sticks with carbon (marine), oxygen
(red), and nitrogen (blue). The dashed line indicates the salt bridge. The catalytic triad residues (S77, D133, and H156) are shown as the cyan
spheres. The structural model was generated using the structural model of BSLA WT (PDB ID: 1i6w,"*?) Chain A) with Pymol."*l b) OSs resistance
of BSLA recombinants relative to BSLA WT. The OS resistance was measured in the absence or presence of 22% (v/v) DOX, 60% (v/v) DMSO,
and 12% (v/v) TFE as cosolvent after 2 h incubation with crude culture supernatant.

Table 1: Classification of BSLA substitutions at six positions that form
additional salt bridges in OSs.

OS resistance Classification of amino acid substitution % (variants)®

Charged Polar Aromatic Aliphatic
Beneficial 7-17% 0-2% 6-11% 0-7%
(2-5) (0-1) (1-2) (0-2)
Unchanged 77-87% 71-81% 72-78% 73-93%
(23-26) (30-34) (13-16) (22-26)
Decreased 3-6% 7-17% 6-22% 3-23%
(1-2) (3-7) (1-4) (1-7)
Inactive 0% 12% 6% 3%
() M M

[a] The amino acid positions 34, 35, 61, 64, 112, 144 were selected for
statistical analysis. OSs include 22% (v/v) DOX, 60% (v/v) DMSO, and
12% (v/v) TFE. Charged substitutions were the best choice for
improving the OS resistance comparing to polar, aromatic, and aliphatic.
The results of all individual amino acid exchanges are depicted in
Figure 2b.

of at least 16 A from the nearest active site residue and
significantly exposed on the BSLA surface (Figure 1a). Such
residues are likely to increase the stability without compen-
sating changes elsewhere.[*!! In summary, introducing oppo-
sitely charged amino acids to break up unfavorable surface
salt bridges could be a promising design principle for salt
bridge engineering to improve the OSs resistance.

The salt bridge redesign strategy showed additive effects and
yielded a highly OSs tolerant BSLA variant

To examine putative additive effects of the design
principle and further enhance the OSs resistance of BSLA,
recombination among four BSLA substitutions (D34K,
D64K, D144K, and K112E; Figure S5) was investigated.
These four substitutions were selected since they exhibited
improved resistance in at least two OSs. In total, eleven BSLA
recombinants were constructed and examined for OS resist-
ance with their crude culture supernatants (Figure 1b). All
recombinants exhibited elevated resistance toward three OSs
compared to BSLA WT. Remarkably, the “best” variant
(BSLA D64K/D144K) had a 6.6-fold, 5.3-fold, and 7.6-fold
improved resistance against DOX, DMSO, and TFE, respec-
tively. In D34K/D144K, two salt bridges were broken, and
~4.2-fold higher OSs resistance was gained in the presence of
DOX or TFE (3-fold higher DMSO resistance). In variant
BSLA D34K/D64K/D144K, three unfavorable salt bridges
were broken, and the increased TFE resistance factor is 5.6-
fold (DMSO; 5-fold). Moreover, the variant D34K/D64K/
K112E/D144K, harboring four substitutions but with only two
disrupted salt bridges, had a 3.8-fold to 5.4-fold improvement
in OSs resistance. These results demonstrate that breaking
unfavorable salt bridges results in increased OS resistance.
The specific activity in buffer of the evolved variants showed
comparable results with 43-96 % specific activity relative to
BSLA WT (Figure S6a in SI). And the results of specific
activity in OSs agree well with the observation within OS
resistance (Figure S6b).

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 11448 — 11456
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Figure 2. OSs resistance of the purified BSLA variants. Comparison of a) DOX, b) DMSO, and c) TFE resistance for WT and variants in different
concentrations of OSs. Residual activities in OSs were measured with pNPB after 2 h incubation. All data shown were average values from

measurements performed at least in triplicate.

Investigation of OSs resistance profiles and kinetic
characterization

The five most promising BSLA recombination variants
and BSLA WT were purified (Figure S7 in SI), and their OSs
resistance profiles (Figure 2) and catalytic kinetics were
investigated (Table S4). Residual activity of purified BSLA
WT and variants was measured at room temperature using
pNPB as the substrate in the presence of various concen-
trations of three OSs (DOX, DMSO, and TFE) after 2h
incubation. Residual activity in buffer at room temperature
(25°C) was defined as 100 %. As shown in Figure 2a-c, the
profiles of the five purified recombination variants were
shifted to higher residual activity over nearly the entire range
of the investigated three OS concentrations in comparison
with BSLA WT. This trend was most significant for DOX. For
example, variants D64K/D144K and D34K/D64K/D144K still
showed remarkable activity at high concentration of OSs:
D34K/D64K/D144K had ~50 % residual activity in >40%
(viv) DOX, and ~25% residual activity in >80% (v/v)
DMSO. Moreover, almost all recombinants were activated in
<15% (v/iv) DOX, <20% (v/v) DMSO, and <6% (v/v)
TFE, as commonly observed for enzymes at low OSs
concentration.4**# These results illustrated that BSLA
variants of significantly higher OS resistance were obtained
by applying the salt bridge design principle. Detailed kinetic
characterization was shown in Table S4. Some variants
showed a decreased Ky, with the substrate pNPB (e.g.,
D64K/D144K) or increased turnover numbers (k) (e.g.,
D34K/D64K) in the presence of OSs. Besides, the “best”
resistant variant D64K/K144K showed slightly lower catalytic
efficiency (k./Ky) in both buffer and OSs than BSLA WT
under the same conditions. However, a dramatically im-
proved enzyme stability in OSs could enable higher total
turnover numbers (TTNs) in a given biotransformation.

Thermostability profiles of OS resistant BSLA variants
The global thermal profile of the five purified BSLA
recombinants was investigated as well, including thermal

resistance (Figure 3) and #,,, (1, being the enzyme’s half-life
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Figure 3. Comparison of thermal resistance of the purified BSLA WT
and variants. The residual activities in buffer were measured after
incubating at different temperatures from 25°C to 100°C for 60 min.
Residual activity in buffer at room temperature (25°C) was defined as
100%. All data shown were average values from measurements
performed at least in triplicate.

at 50°C; Table 2 and Figure S8). BSLA WT lost >90%
activity after 1h heat treatment at 50-100°C (Figure 3). In
comparison, all variants’ thermal resistance, except D34K/
D64K/K112E/D144K, significantly increased over the entire
temperature range of 40-100°C. Notably, D34K/D144K
showed an increase of up to 137-fold in thermal resistance
at 100°C compared to BSLA WT. Interestingly, a re-activa-
tion phenomenon of BSLA double and/or triple substitutions
at high temperature (> 70°C) was observed, and the residual
activities went up to ~70 % residual activity. This phenom-

Table 2: Comparison of half-life for BSLA WT and variants.

BSLA Variant £, [min]
WT 18
D34K/D64K 54
D34K/D144K 53
D64K/D144K 54
D34K/D64K/D144K 60
D34K/D64K/K112E/D144K 54

[a] 1, is the half-life at 50°C.
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enon indicates that the denaturation mode might be different
at <70°C and >75°C. The observed re-activation effects of
BSLA variants were also observed in a previous BSLA
study.®! Upon reaching the denaturation temperature
(=70°C, Figure 3), the protein might unfold into the
intermediate that was prone to irreversible aggregation and
precipitation.*>-4]

Moreover, all variants exhibit an increase (2.9- to 3.3-fold
improvement) in t;,, compared to WT (Table 2). Notably, the
11, value of D34K/D64K/D144K harboring three substitutions
was shown to increase prominently from 18 min (BSLA WT)
to 60 min (Table 2). It should be noted that these results with
salt bridge disruption are different from most previous studies
in which the formation of new salt bridges stabilized the
enzyme at higher temperatures with increasing rigidity.*"*"!

Consequently, we have shown that BSLA recombinants
evolved for enhanced OSs resistance by removing unfavor-
able salt bridges also show remarkably improved thermo-
stability. Notably, the thermostability of BSLA can be
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gradually improved upon iteratively, disrupting the additional
salt bridges by a recombination process. Screening for the
enhanced particular property relating to thermostability (e.g.,
melting temperature, f,,) should also induce higher OS
resistance, as it was previously shown.[¥4!

Computational analysis revealed the molecular mechanism of
improved OS and thermal resistance of BSLA variants

MD simulation is a prominent technique to understand
the physical basis of enzymes’ structure and function.”™*" To
reveal the predominant factor(s) that govern the OS resist-
ance and thermostability simultaneously, we investigated in
total 36 MD simulation runs of six BSLA variants (WT and
the five most promising variants) under six conditions,
including water at 25°C (~8363 water molecules in the
system), 22 % (v/v) DOX at 25°C (& 280 DOX molecules and
~ 6950 water molecules), 60 % (v/v) DMSO at 25°C (~952

(a) ——WT —— D34K/D64K —— D34K/D64K/D144K —— D34K/D64K/K112E/D144K (b)

1 Water
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Figure 4. Overall and local structural and solvation change of BSLA variants in cosolvents and at different temperatures. a) RMSF of BSLA
residues determined from the last 40 ns of MD simulations. The secondary structure elements were calculated using the DSSP program.F°
Secondary structure elements are shown by the following color Scheme: a-helix (pink in box), 3/10-helix (red), f-sheet (yellow), and loop (green).
Catalytic triad residues (Ser77, Asp133, and His156) and oxyanion hole residues (lle12 and Met78) are labeled with black asterisks. The
substituted sites (D34K, D64K, D144K, and K112E) and their located secondary structure (Loop 3 with residue 29-35, a-helix B with residue 47—
67, and Loop 7 & 9 with residue 109-124 and 142-147) are labeled with red asterisks and lines, respectively. b) Time-averaged internal H-bond of
Loop 3 (residue 29-35) and c) time-averaged RMSD of the heavy atoms determined from the last 40 ns of simulations under six conditions
(water at 25°C, DOX at 25°C, DMSO at 25°C, TFE at 25°C, water at 50°C, water at 100°C). For better comparison, grey, blue, and red colors
were used to indicate water, OSs, and high temperatures, respectively. Loop 3 includes residue 29-35. As the geometric cut-off for the evaluation

of hydrogen bond, distance 3.5 A, and angle 30° were used.
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DMSO and ~4200 water), 12% (v/v) TFE at 25°C (~223
TFE and ~ 7192 water), water at 50°C (=~ 8363 water), water
at 100°C (~8363 water) (Figure S2). In addition, the
thermodynamic stability (AAG,4) of six BSLA variants was
investigated to reveal the intrinsic stability change introduced
by amino acid substitutions (Table S5). Subsequently, a com-
prehensive computational analysis examined the overall/local
structural stability, flexibility, and solvation phenomenon of
the BSLA variants.

Changes in structure and flexibility were observed at local
regions in OSs and at high temperatures. As shown in
Figure 4b and S9b, the internal H-bond numbers within Loop
3 harboring D34K decreased from ~4 to ~2 compared to
BSLA WT in all systems. Meanwhile, Loop 3 also represented

(a)

Water (100°C)

X
3
<
s
(=]
¥
53
@
(=]
¥
53
©
o

(b)

Research Articles

Internati

higher flexibility with increased RMSF values (e.g., residue
K34 in D34K/D64K/D144K increased from 1.20 A to 1.94 A
in 50°C system, Figure 4a and S10). Similar results were
obtained for Loop 7 & 9 harboring K112E and D144K,
respectively (Figure S9¢c and S10). For instance, Loop 7 & 9 of
D64K/D144K showed increased averaged-RMSF value com-
pared to BSLA WT in all systems, especially in TFE with
increasing 124 A from 1.73 A (Table S6). Nevertheless,
comparable flexibility was observed within a-helix B (harbor-
ing D64K; Figure 4a, S9a, and S10) in almost all BSLA
variants compared to BSLA WT, e.g., the changes of
averaged-RMSF value were less than 0.15A in water,
DOX, and 50°C system (Table S6). Their corresponding
RMSD values at local structure also confirmed these obser-
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< [_]D34K/DB4K
i} [C_] D34K/D64K/D144K
WT 8 400 [ D34K/D64K/K112E/D144K

54 | D34KID6AK 2 } H {
3 350- {

46 | p34KiD144K 5
© i

3.9 | D6aK/D144K < 300

6.1 s

"' |D34KIDE4KID144K 2 2504
©
S

31 | D34KIDB4KIK112EID144K* S,
T 200

o] B 10 L - | |

Number of increased water molecules

Water DOX DMSO TFE 50°C 100°C

Figure 5. Solvation phenomenon of BSLA variants in cosolvents and at different temperatures. a) Spatial distribution of water and/or OS
molecules at the molecular surface of the BSLA WT and D34K/D64K/D144K in water (100°C) and DMSO (25°C). The BSLA surface is shown in
grey, Ser77, Asp133, His156 (the catalytic triad) in green, and Ile12, Met78 (oxyanion hole) in yellow; the OS molecules in red, the water
molecules in blue. The substitutions are shown in magenta and indicated by the red arrow. The 180-degree rotation is offered to give a complete
view of BSLA. The contours are shown with isovalue 10 for water and isovalue 14 for DMSO molecules. b) Heatmap indicating the number of
water molecules around the substituted sites averaged over the last 40 ns of MD trajectories. The substituted sites include positions 34, 64, 112,
and 144. Asterisks: only two unfavorable salt bridges were removed in D34K/D64K/K112E/D144K. c) Hydration shell around BSLA variants
averaged over the last 40 ns of MD trajectories. The hydration shell is defined as water molecules whose oxygen atom is localized at a distance
<3.5 A from any non-hydrogen atom of the protein.”*"! The number of water molecules is defined as hydration level.*" For better comparison,
grey, blue, and red colors were used to indicate water, OSs, and high temperatures, respectively.
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vations (Figure S1la-c). This finding suggests that the sub-
stitutions to oppositely charged amino acids (e.g., D34K) not
only resulted in the collapse of the salt bridges (e.g., D34-
K35) but also led to flexibility modifications, mostly to
increased or comparable flexibility at locally defined regions
under unnatural conditions (i.e., OSs and high temperatures).
Apart from these findings, there is no significant and common
overall structural change among variants in each system
(Figure 4¢, S12-S15, and Table S5; see more details in SI).

Solvation of the enzyme plays a critical role in OS
systems.’ Therefore, local and overall solvation phenomena
were investigated by analyzing the spatial distribution func-
tion (SDF), the hydration shell, the OS solvation layer, the
water/OS molecules around the substituted sites and in the
substrate-binding cleft (Figure 5 and S16,S17). Notably,
observations from each system show that all recombinants
(especially, D34K/D64K/D144K; Figure Sa) gain great hy-
dration around the substituted sites and comparable even
slightly intensive overall hydration shells compared to WT
(Figure 5b,c), indicating that the hydration is a predominant
factor to affect the multiple OSs and thermal resistance of
BSLA.PY In terms of the other solvation phenomena (i.e.,
solvation in the substrate binding cleft and overall/local OS
solvation), BSLA substitutions did not lead to a noticeable
difference (Figure S16a,b and S17a—c). These results indicate
that the broken salt bridges within the recombinants “un-
cage” the charged amino acids that were previously trapped in
salt bridges, ultimately leading to the increased attraction of
water molecules. On the other hand, the removal of detri-
mental salt bridges did not result in changes in the orienta-
tion, distribution, and assembly of OS molecules. This finding
agrees well with the generally accepted concepts that water
molecules bonded to a protein surface are universally
essential to maintain the catalytically active enzyme con-
formation,” and enzyme activity is often dependent on
bound water and/or water content,[***33"]

In summary, we found the enhanced OSs and thermal
resistant variants mainly benefit from two factors: (i) refined
flexibility at a local region, and (ii) improved hydration
around the substituted sites and the entire BSLA enzyme.

Conclusion

A salt bridge design strategy was reported that enabled us
to improve the OSs and thermal resistance of the model
lipase, BSLA. Lipases are of high industrial relevance for the
synthesis of chemicals, and their stability under the process
conditions is a crucial parameter. By introducing oppositely
charged amino acids, three salt bridges on the BSLA surface
that were specifically formed in the presence of OSs (termed
“unfavorable salt bridges”) were disrupted. By recombina-
tion, five OS-resistant BSLA variants were obtained with an
up to 7.6-fold (D64K/D144K) improvement, an up to 137-fold
higher thermal resistance, and an up to 3.3-fold enhanced
half-life at 50°C (t;,). MD simulations revealed that the
refined local flexibility and the strengthened hydration near
the substitution sites were the main factors leading to the
improvements. In summary, we present here a rational
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approach to improve OS resistance by protein engineering.
We anticipate that the given strategy can be transferred to
other a/p-hydrolases and different enzyme classes and
empower researchers to expand the industrial application
range of biocatalysis in OSs and at elevated temperatures.
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