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Abstract

Bacillus thermocatenulatus lipase (BTL2), a member of the isolated lipase family known as thermoalkalophilic lipases, carries
potential for industrial applications owing to its ability to catalyze versatile reactions under extreme conditions. This study
investigates the molecular effects of distinct solvents on the stability of BTL2 at different temperatures, aiming to contribute to
lipase use in industrial applications. Initially, molecular dynamic (MD) simulations were carried out to address for the molecular
impacts of distinct solvents on the structural stability of BTL2 at different temperatures. Two lipase conformations representing the
active and inactive forms were simulated in 5 solvents including water, ethanol, methanol, cyclohexane, and toluene. Low
temperature simulations showed that polar solvents led to enhanced lid fluctuations compared with non-polar solvents reflecting
a more dynamic equilibrium between active and inactive lipase conformations in polar solvents including water, while the overall
structure of the lipase in both forms became more rigid in non-polar solvents than they were in polar solvent. Notably, the native
lipase fold was maintained in non-polar solvents even at high temperatures, indicating an enhancement of lipase’s thermostability in
non-polar organic solvents. Next, we conducted experiments for which BTL2 was expressed in a heterologous host and purified to
homogeneity, and its thermostability in different solvents was assessed. Parallel to the computational findings, experimental results
suggested that non-polar organic solvents contributed to BTL2’s thermostability at concentrations as high as 70% (v/v). Altogether,
this study provides beneficial insights to the lipase use under extreme conditions.
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Introduction forming it. They catalyze a wide range of chemical reactions

including hydrolysis and synthesis of esters and

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are group of
enzymes acting on carboxylic ester bonds, by either breaking or
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transesterification reactions [1-4]. Owing to the versatility of
the reactions that can be catalyzed by lipases, they carry para-
mount potential for industrial applications such as oleochemistry,
biofuel, and pharmaceutical production [5-8].

Notwithstanding such catalytic advantages offered by li-
pases, harsh conditions encountered in industrial processes,
particularly elevated temperatures and high exposure to organ-
ic solvents, may limit their industrial use. Basically, due to
their biochemical nature, proteins are generally unstable at
high temperatures and in the presence of organic solvents
and denature under such extreme conditions [9].
Nevertheless, this concept holds for most of the proteins; stud-
ies over the last decades have led to a shift in this paradigm of
protein instability at high temperatures and in organic solvents
[10, 11]. As such, some of the enzymes including lipases are
shown to become thermo-stabilized in non-aqueous solvents.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-020-04396-3&domain=pdf
http://orcid.org/0000-0003-0841-4577
https://doi.org/10.1007/s00894-020-04396-3
mailto:mohamed.gyte@gmail.com

122 Page 2 of 12

J Mol Model (2020) 26: 122

For example, the porcine pancreatic lipase was reported to
have a half-life of several hours at 100 °C and in organic
solvents whereas it underwent thermal denaturation only with-
in few seconds in aqueous medium [12].

Designing lipase variants with optimal stabilities for indus-
trial processes requires a complete understanding of the mo-
lecular mechanism behind thermal and organic solvent stabil-
ity. Although numerous studies have investigated selectivity
and stability of thermoalkalophilic lipases, [ 13—17] thermosta-
bility of these lipases has not been studied in different sol-
vents. Particularly, a molecular level understanding of lipases’
thermostability in different organic solvents would contribute
to the design of highly stable thermoalkalophilic lipase vari-
ants at elevated temperatures and in organic solvents.

In this study, we combined both theoretical and experimen-
tal approaches to understand how different organic solvents
affect the structure and activity of the lipase originating from
the microbial species Bacillus thermocatenulatus (BTL2).
BTL2 which was selected as a representative for the
thermoalkalophilic lipase family is a viable candidate for pro-
spective industrial applications owing to its ability to catalyze
versatile reactions [18]. For the theoretical studies, molecular
dynamic (MD) simulations of both of the lipase conforma-
tions representing the active/open (PDB ID: 2 W22) [19]
and the inactive/closed form (PDB ID: 1KUO) [20] of
thermoalkalophilic lipases were carried out. Both of the con-
formations were solvated in 5 different solvents and simulated
at 2 different temperatures. Overall, a total of 20 different
systems were generated and analyzed by MD simulations
which provided us with the significant observation of en-
hanced thermostability in non-polar solvents. Overall, com-
paring the experimental results with the insights gained from
simulations provided us with a better understanding of the
behavior of lipases in different organic solvents. The results
obtained by this study shed light on the organic solvent sta-
bility of thermoalkalophilic lipases at elevated temperatures
reflecting the importance of computational methods for under-
standing protein stability and activity at extreme conditions.

Material and methods

Structure preparation The active/open (PDB ID: 2 W22,
2.2 A, R-factor=0.182) and inactive/closed (PDB ID:
1KUO, 2.0 A, R-factor=0.185) conformations of
thermoalkalophilic lipases were retrieved from the PDB.
Prior to simulations, the water molecules were removed from
the structure, whereas the metal ions, Zn*?, and Ca*™® were
kept. The co-factors were also removed from the structures
prior to simulations. Among two molecules, EGC acts as a
substrate analog which led capturing of the open conforma-
tion. The reason of removing EGC from the structures is to
test the movement of the open conformation only in response
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to different solvents. None of the structures contain atoms
with multiple occupancies. For the dimer closed structure,
chain A was selected for the simulations because no apparent
discrepancies were noted between two subunits. The open and
closed conformations were fully solvated with water, ethanol,
methanol, toluene, or cyclohexane. The systems were gener-
ated by placing the lipase at the center of the box which was
then filled with the solvent molecules. Given the large size of
some of the solvent molecules, they were initially placed at
least 2 A apart from each other to allow translational and
rotational movements during equilibration [21].The solvation
box dimensions were approximately 45 A in each direction (x,
y, z), and the protein was located at least 10 A from the box
edges. All of the solvated systems were neutralized by Na*
and CI” ions.

Molecular dynamic simulations The resulting systems of open
and closed lipase structures in 5 different solvents were fully
energy-minimized by the default minimizer of the NAMD
algorithm which uses conjugate gradient and line search algo-
rithms and equilibrated by initially NVT and then NPT ensem-
bles [22]. A minimization of 40,000 steps followed by 0.25 ns
of equilibration (NVT) of solvent molecules was performed
for all of the systems wherein the protein atoms were fixed.
Next, the same minimization and equilibration steps were per-
formed without fixing the protein. Then, an equilibration sim-
ulation (NPT) was performed for all of the systems until a
stable RMSD pattern was monitored for protein backbone.

All the simulations were carried out by the CHARMM36
all atom force field with map correction, [23] with a time-step
of 2 fs and periodic boundary conditions in all dimensions [24,
25]. For water, TIP3P model was used [26]. The simulations
were performed for 100 ns at 310 K and at 450 K using
Langevin piston pressure method and Langevin dynamics
temperature [27]. The particle-mesh Ewald (PME) method
was used in the calculation of the electrostatic interactions
with 12 A non-bonded cutoff [28].

Data analysis For visualization of the structures and the trajec-
tories, VMD is used [29]. The trajectories were analyzed by
means of backbone RMSD, carbon alpha (Ce) fluctuations,
atom distances, and dihedral angles for which plugins of
Visual Molecular Dynamic (VMD) program were used.
Analyses of Essential Dynamics (ED) and Dynamic Cross
Correlation Map (DCCM) were performed on the Cx atoms
by the Bio3D package of R [30].

Expression and purification of BTL2 lipase As a representative
of the thermoalkalophilic lipase family, the lipase originating
from B. thermocatenulatus lipase (BTL2) was chosen.
Escherichia coli BL21 (DE3) cells were transformed with
the pMCSG7 plasmid harboring the 1161 bp fragment
encoding the mature BTL2 lipase gene [31]. The cells were
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grown overnight on LB Agar plates containing 100 pg/ml
ampicillin at 37 °C. Then, a single colony was cultivated at
37 °C in LB starter culture containing 100 pg/ml ampicillin.
For expression of the native lipases, an auto-induction proto-
col was applied with slight modifications to the Studier et al.
[32]. Expression was carried out at 30 °C with vigorous shak-
ing (165 rpm) in the Studier media of pH 7.0 which supple-
mented with 100 pg/ml of ampicillin. After 18 h of incubation
with shaking, the cells were harvested by centrifugation at
5800 rpm for 20 min and 4 °C. Cell pellets were re-
suspended in 20-mM sodium phosphate buffer at pH 7.4,
and the suspension was incubated at room temperature for
30 min with gentle shaking. The cells were lyzed mechanical-
ly by sonication on ice for 6 min with the pulse on for 15 s and
off for 45 s. In order to remove the cell debris, the crude cell
free extract was centrifuged at 10,000 rpm for 45 min at 4 °C.
For purification, the clarified extract was loaded onto a 2-ml
Nickel coated HisTrap™ column (Amersham Biosciences,
UK). A 20-mM sodium phosphate buffer containing 50 or
500 mM imidazole was used for binding or elution of the poly
histidine (6xHis) tagged protein, respectively. The elution
fractions were loaded onto a PD-10 desalting column
(Amersham Biosciences, UK) for imidazole removal and
buffer-exchange with sodium phosphate (50 mM, pH 7.5).
The protein solution was concentrated to a final concentration
of 2.50 mg/ml. The amount of protein was quantified by
Bradford assay [33]. The expression and purification of lipase
(BTL2) were confirmed by 12% SDS-PAGE gel.

Lipase assays Enzyme activity was measured in a 96-well
black micro-titer plate using 6 nM of lipase and the fluores-
cence substrate of 4-methylumbelliferyl butyrate. The reaction
buffer contained 25 mM of sodium phosphate at pH 7.00. The
substrate fluorescence was measured by the excitation wave-
length of 355 nm and an emission wavelength of 460 nm in a
kinetic fashion for every 30 s of an hour. The measurements
were performed in triplicates and the initial velocities are cal-
culated by using the software of the fluorimeter. A 600 nM of
freshly prepared BTL2 were incubated in six different organic
solvents (ethanol, methanol, acetone, 2-propanol,
cyclohexane, and toluene) at different concentrations (0—
90% v/v) for 30 min at 25 °C and in water, ecthanol, and
cyclohexane at different concentrations (25-70% v/v) for
30 min at 60 °C. The residual lipase activity of the one-
hundredth of the incubated enzyme solution (6 nM) was ana-
lyzed by enzyme assays in a similar manner.

Results and discussion

MD simulations for probing molecular impacts of organic
solvents and high temperatures Lipases maintain an equilib-
rium between two distinct conformations. In aqueous

environment, the lid domain hinders the active site of the
lipases, rendering them inactive. When it comes in physical
contact with an oil droplet, the lid opens at the water lipid
interfaces by adsorption of the lid domain onto the lipid inter-
face. This process known as interfacial activation is basically
regulated by the structural rearrangements of the lid domain
[34]. Although the size and composition of the lid domains
differ among lipases, thermoalkalophilic lipases which com-
prise an isolated lipase family with high thermal and organic
solvent stability possess a relatively large lid domain
consisting of 2 o-helices (x6 and «7) spanning the amino
acids from 169 to 239 in the closed structure (Fig. 1) [19].
Apparently, in this lipase family, lid opening requires an ex-
tensive structural movement for replacing 2 large helices cov-
ering the active site. In order to unravel the structural impact of
solvents on thermoalkalophilic lipases, it would be essential to
investigate both of the conformations.

Owing to the high sequence conservation among the mem-
bers of thermoalkalophilic lipases, all of the structures depos-
ited in the protein databank (PDB) were investigated, and
fortunately, both of the lipase structures at two distinct lid
conformations were found to be resolved in separate crystal-
lization studies (Fig.1). Bacillus stearothermophilus lipase
(L1) were resolved in the closed state (PDB ID: 1KUO) while
B. thermocatenulatus lipase (BTL2) were co-crystallized with
substrate analogs in the open state (PDB ID: 2 W22) [19, 20].
Given the high sequence conservation between BTL2 and L1
(>90%), these structures can be considered valid representa-
tions of the active and inactive conformations of
thermoalkalophilic lipases respectively. Hence, these struc-
tures were recruited to MD simulations to study the impacts
of solvents on structural stability. To specifically account for
the solvent effects on thermostability, high temperature simu-
lations were carried out at 450 K. Although the temperature of
450 K is an unrealistic experimental condition, such high tem-
perature simulations are used to observe structural changes
induced by elevated temperatures in relatively short time
scales (ns). Examples of such “out of range” high temperature
simulations are present as they offer a tradeoff between afford-
able computational sources and extreme conditions [35-37].
Overall, a total of 20 different simulations were carried out to
address the molecular behavior of thermoalkalophilic lipases
leading to organic solvent and thermal stability.

MD simulations revealed that the simulations showed a
stabilized RMSD pattern for both of the open and closed state
structures at 310 K, suggesting an equilibrium conformation
for both states at 310 K (Fig. S1A). As anticipated, 450 K
simulations showed an increased RMSD pattern fluctuating
~3 A for the last 20 ns period of the simulations (Fig. S1B).
Overall, MD simulations indicated equilibration for both of
the lipase conformations that were solvated by 5 different
solvents and simulated at 2 different temperatures. Hence,
we underline the applicability of the molecular dynamic
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Fig. 1 Two different views of the
aligned crystal structures of the
open (2 W22) and the closed
(1KUO0) forms of
thermoalkalophilic lipases. The
lid portion was colored either red
in the closed state or green in the
open state. The Cox of the catalytic
serine (S114) was also shown as
an orange van der Waals sphere.
Top panel shows the top view of
the catalytic cleft and bottom
panel shows the side view of the
cleft

simulations carried out here for inspecting the molecular be-
havior of lipase in response to changes in the physical
environment.

Polar solvents enhance lid fluctuations of both lipase confor-
mations The equilibrated closed structures showed enhanced
fluctuations for the lid domain spanning the region between
169 and 239, particularly in the presence of polar solvents
including water, ethanol, and methanol (Fig. 2a). Water led
to the highest fluctuations which was followed by ethanol.
Lastly, methanol was the polar solvent that led to a slight
increase in the lid fluctuations. Fluctuations of the open con-
formation were strikingly very similar to the closed state such
that the lid portion became more flexible in the polar solvents
(Fig. 2a). On the other hand, the non-polar solvents including
toluene, cyclohexane led to a much more rigid structure at
310 K regardless of the lid conformation (Fig. 2a).

Regardless the lid conformation, at 310 K, lipase showed
significantly high SASA in the polar solvents while it
remained tightly packed in the non-polar solvents (Fig. 3a).
Concurrently, the radius of gyration analysis at 310 K showed
that regardless the lid conformation, lipase maintains less
compact structure in polar solvents than in non-polar ones
(Fig. S2A). These observations propose that lipase structure
regardless of its lid conformation becomes more flexible in the
polar solvents while it stays intact in non-polar solvents.

The difference in protein flexibility between the polar and
non-polar solvents is thermodynamically expected, since trans-
ferring a folded globular protein from water to less polar solvents
like ethanol and methanol leads to burial of some of the protein
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polar groups resulting in an increase in the solvation free energy
(AG) [38]. One the other hand, transferring a protein from a polar
environment to nonpolar solvents such as cyclohexane and tolu-
ene leads to much higher solvation free energy (AG) [38]. This is
mainly due to the burial of all the protein polar groups in order to
overcome the unfavorable non-polar environment. This results in
a very tightly packed and rigid structure of the protein in these
nonpolar solvents [38]. Our observations on the change in the
protein solvent accessible surface area (SASA) and radius of
gyration (Rg) are in agreement with this solvation model
(Figs.3, Fig. 4 and Fig S2A).

Non-polar organic solvents potentiate structural stability at
high temperatures Molecular dynamic simulations at 450 K
were analyzed to evaluate thermal stability of lipase structure
in different solvents. RMSF profiles at 450 K showed an in-
creased mobility in polar solvents compared with the condi-
tion in non-polar solvents (Fig. 2b). Here we note a striking
difference between the final structures obtained from 450 K
simulations of polar and non-polar solvents. Regardless of the
lid conformation, 450 K simulations led to a large structural
destabilization i.e., thermal unfolding of the lipase structures
in the polar solvents, while the structure was intact in non-
polar solvents throughout 100 ns of simulation (Figs. 4 and
S1B). Resistance to unfolding in the non-polar solvents was
likely to be resulted from the reduced mobility in non-polar
solvents (Fig. 2b). On the other hand, polar solvents such as
water induced a thermal unfolding due to much increased
mobility of the backbone (Figs. 2 and 4) The increased mo-
bility of the lipase at high temperature in polar solvents can be
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easily spotted by the SASA analysis at 450 K (Fig. 3b). SASA
of the lipase was increased to a higher level at which the
compactness of the lipase structures is disturbed significantly
(Fig. 2b). On the other hand, lipase remained tightly packed in
the non-polar solvents despite this very high temperature. In
line with these observations, the analysis of radius of gyration
at 450 K showed that the two conformations of lipase maintain
highly compact structure in non-polar solvents compared with
polar solvents. The radius of gyration of lipase in polar sol-
vents was high enough to indicate thermal unfolding (Fig
S2B). Among the polar solvents, water had the lowest radius
of gyration. This could be due to the unfolding of the protein
to a collapsed or semi-aggregated structure as seen in Fig. 4c.

Flexibility disparities between the polar and non-polar sol-
vents can also be seen by the structural visualizations
representing the last frame of the 100-ns trajectory (Fig. 4).
Polar solvents led to large alterations in the overall globular
structure regardless of the lid conformation. Further Co fluc-
tuations reached to much higher values in the presence of
polar solvents (Fig. 4c—e). Another notable point is that open
conformation was more stable in ethanol than it was in water
or methanol (Fig. 4c). This behavior was also seen in the
RMSD profile of ethanol, which was similar to the polar

T T T T T T
100 150 200 250 300 350 400
Residue Number

Residue Number

solvents, particularly for the first period of the simulation
(40 ns), while toward the end of simulation, it showed a sim-
ilar behavior to the non-polar solvents (Fig. S1B). In ethanol,
the lipase structures displayed some behavioral characteristics
to both polar and non-polar solvents. Despite the polar nature
of water, it did not produce similar results with ethanol. One of
the possible reasons behind this observation would be the
reactions induced in the presence of aqueous media such as
GlIn/Asn deamidation and peptide bond hydrolysis that are
detrimental to enzyme stability [39].

The central of mass (COM) radial distribution function
(RDF) analysis of the solvent molecules around the two lipase
structures showed that the destabilizing effects of the polar
solvents are beyond the protein surface. As seen in
Figure S3A, at 310 K, regardless the lid conformation, the
probability of polar solvents molecules being close to the pro-
tein core is higher than the non-polar solvent molecules. This
could be due to the fact that polar solvent molecules are small
enough to diffuse into the protein hydrophobic core disturbing
its non-polar-buried groups. The diffusion rate of the polar
solvent molecules increased at high temperature which could
be due exposing of the protein hydrophobic core upon starting
thermal unfolding (Fig. S3B).
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Fig. 3 SASA analysis of the
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Other observations supporting that non-polar organic sol-
vents contribute to the structural stability of the lipase regard-
less of its conformation were obtained from the analyses of
Essential Dynamics (ED) (Fig. S4) and Dynamic Cross
Correlation Map (DCCM) (Fig. S5). ED analysis showed that
the lipase spanned a limited conformational space when sol-
vated in cyclohexane and toluene regardless of its lid confor-
mation (Fig. S4). The lipase sampled a smaller number of
conformations in these non-polar solvents at high temperature
compared with the condition in polar solvents. DCCM analy-
sis was also performed to assess the correlated motions in the
simulations [40]. The lipase regardless of its lid conformation
displayed similar positively and negatively correlated motions
in non-polar solvent at both temperatures, underscoring higher
thermostability in non-polar solvents. Overall, the ED analysis
suggests higher stability of the lipase in non-polar solvents for
both of the states. However, the correlated motions largely
differed from low to high temperature simulations in the polar
organic solvents, especially water and methanol. Notably,
both ED and DCCM analyses suggested that the lipase struc-
ture in water was more tolerant to increased kinetic energy in
its closed conformation compared with the open conforma-
tion. In contrast to this observation, the lipase is more
thermo-tolerant in ethanol in its open form than its closed
form. Given these theoretical analyses, one would expect an
improved structural stability in non-polar organic solvents
than in water, particularly at elevated temperatures. Overall,
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these results agree that the thermoalkalophilic lipase structure
regardless of its lid conformation became stabilized in the
presence of solvents of non-polar characteristics while they
became destabilized in the presence of polar solvents with a
notable exception in ethanol.

Polarity of the solvent mediates structural stability of lipase
One of the important interactions that play a critical role in
interfacial activation is the formation of the salt bridge be-
tween Aspl79 and Argl42 [19]. This salt bridge is located
at the critical hinge region of the lid domain and stabilizes the
open form by linking the lid domain to the hydrophobic core.
Further two other salt bridges were found to be formed be-
tween Glu24:Lys208 and Arg93:Asp210. Although they are
not specific to the active (open-lid) conformation, they are
essential for the overall fold of the lipase. These salt bridges
can be monitored to assess (i) the open-to-closed transition of
the lid domain in which disruption of Asp179-Arg142 inter-
action would indicate lid closing, and (ii) the overall stability
of the lipase.

The simulations performed at 310 K confirmed that all of 3
salt bridges were intact in all of the organic solvents through-
out the entire simulation period, while they were slightly less
persistent in water (Fig. 5a). Disrupted salt bridge that is char-
acteristic to the open lipase structure indicates that the open
lipase lid tends to adapt the closed conformation. Hence, par-
allel to the noted increase in the lid fluctuations at 310 K in
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Fig. 4 Flexibility of the closed

and open states of lipase at 450 K

in a cyclohexane, b toluene, ¢

water, d ethanol, and e methanol a

polar solvents (Fig. 2a), we surmise that among the polar
solvents water was the one that enabled the most dynamic
equilibrium between open to closed state.

At 450 K, all of 3 interactions except Glu24:Lys208 were
maintained in non-polar solvents while they were either
completely or partially disrupted in the presence of polar solvents
(Fig. 5b). Particularly, the salt bridge Glu24:Lys208 was
completely disrupted in water while Arg93:Asp210 interaction
was only partially affected in all of the polar solvent (Fig. 5b).
Lastly, the salt bridge (Asp 179: Argl42) was lost in water and

Closed state

Open state

Water

Ethanol

RMSF (A)
5.00

methanol while it was intact in ethanol and the non-polar solvents
(Fig. 5b). As opposed to the observation in water at 310 K (Fig.
4a), the interaction between Glu24:Lys208 was largely separated
in the presence of polar solvents, such that the distance reaching
to values of 20-30 A (Fig 5b). Here, we stress that such a large
separation indicates thermal unfolding. This assertion was indeed
supported by the RMSD measurements (Fig. S1B), SASA anal-
ysis (Fig. 3), and visual inspection of the lipase structure (Fig. 4c—
e), all of which indicate thermal unfolding in the presence of
polar organic solvents.
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Fig. 5 Distance analysis of the
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In addition to the salt bridges, we also monitored the cata-
lytic machinery which is formed by a catalytic triad amino
acids and an oxyanion hole [19]. The catalytic triad is formed
by Serl14, Asp318, and His359 in BTL2 and Serll13,
Asp317, and His358 in L1, and the oxyanion hole is formed
by the amide groups of main chains of Phel7 and GIn115. In
order to unravel the impact of organic solvents on the struc-
tural stability of the active site, we measured the radius of
gyration of the catalytic machinery and distances between
triad amino acids.

At 310 K, regardless the lid conformation, the distances
between catalytic triad amino acids and the compactness of
the catalytic machinery were found unaffected by the organic
solvents (Fig. 6a and Fig. S6). We note that both of the cata-
lytic triad distances and the radius of gyration differed from
open to closed conformation, probably due to the difference
between the folds of the oxyanion hole from open to closed
state. Similarly, we note that the open form has a slightly less
compact catalytic site than that of the closed form at 310 K
(Fig. 6a), probably due to enhanced flexibility of the active
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site in the open conformation. Notwithstanding such natural
discrepancies between closed and open state measurements,
this analysis led us to reach similar conclusions with RMSD,
RMSEF, salt bridge, and structural visualizations. As such, the
triad distances and radius of gyration of the catalytic machin-
ery were found to be unchanged in the presence of non-polar
organic solvent at 450 K while they became largely separated
in the presence polar organic solvents (Fig. 6b and Fig. S7),
suggesting an unfolding in the presence of polar solvent.
Given these comprehensive theoretical analyses, one would
expect an improved structural stability of lipase in non-polar
organic solvents than in water, particularly at elevated
temperatures.

Experiments corroborate with the simulations: lipase thermo-
stability is enhanced in non-polar solvents To validate the
insights gained from MD simulations, we experimentally
studied the effect of different organic solvents on the lipase
activity at varying concentrations and temperatures. For this
purpose, BTL2 gene harboring plasmid was expressed in
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E. coli and purified (Fig. S8). Recombinant BTL2 exhibited
its maximum activity in 2-propanol and ethanol. As such, the
activity increased by 4.75 and 3.46-fold in 80% of 2-propanol
and 70% of ethanol, respectively (Fig. 8a). These improve-
ments were observed to be much less for acetone and metha-
nol when compared with the rest of the polar solvents. BTL2
activity was increased by 1.66 and 1.72 folds in 40% methanol
and 60% acetone, respectively. On the other hand, BTL2 ac-
tivity was slightly decreased at high concentrations of ethanol
and 2-propanol while high concentrations of acetone and
methanol completely inactivated the enzyme. Such inhibitory
effects of methanol and acetone, particularly at high concen-
tration, are likely to occur due to decreased solubility of the
BTL2 since these two solvents lower protein solubility and
often used for protein precipitation [41]. Furthermore, similar
inhibitory effects of acetone on lipases were previously report-
ed that it replenished the activity of a thermostable lipase from
isolated from Bacillus sp. at concentrations higher than (60%
v/v) [42]. Notably, we observed that the Phel7 which is the
sole residue that changes its conformation from open-to-close
state by adapting an alternate side chain conformation (Ay =
110°) [19] started to attain the closed conformation in the
presence of methanol. On the other hand, in water and ethanol,

60

—— Water
—— Ethanol —— Ethanol
—— Methanol —— Methanol i
Toluene Toluene
—— Cyclohexane —— Cyclohexane
80 100 20 40 60 80 100
Time (ns)

the side chain of Phel7 maintained its open conformer
(Fig. 7). Hence, such inhibitory effect of methanol can be
resulted from the altered Phel7 conformation which blocks
the entrance to the active site.

Generally, all the organic solvents were found to improve
lipase activity until a specific concentration after which the
activity either diminished or completely lost (Fig. 8a).
Ethanol and 2-proponal have folded the lipase activity up to
5 and 3 folds respectively. On the other hand, non-polar sol-
vents did not make such a significant increase in the activity.
Enzymes conserve some level of flexibility particularly at
their active site for substrate binding and catalysis [43, 44].
Thus, it should be noted that polar solvents might be more
advantageous than non-polar solvents to maintain a level of
flexibility at low temperatures where atomic fluctuations are
naturally low. Parallel with this assertion, we observed that the
polar solvents remarkably enhanced the lipase activity at am-
bient temperatures (Fig. 8a). Furthermore, lipases are unique
enzymes that depart from conventional Michaelis-Menten ki-
netics owing to the fact that they are solved at the same phase
with their substrates [45]. Hence, enhanced activity in organic
solvents regardless of the polarity might be resulted from in-
creased solubility of the substrates in organic solvents than in

@ Springer
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water. Toshi-Asakura et al. observed that organic solvents
were found to stabilize hemoglobin at low concentrations,
while the protein becomes denatured at high concentrations.
Similar effects of organic solvents were reported also on sickle
cell hemoglobin [46].

The behavior of lipase in non-polar solvents was also ana-
lyzed (Fig. 8a). Lipase activity increased by 2.78 and 1.73
folds in 70% cyclohexane and 50% toluene, respectively.
However, a severe drop was noted at the high concentrations
of non-polar solvents. These lowered activities could be due to
the high stiffness of the BTL2 in these solvent which may
hamper the enzymatic activity [47]. As observed for the
310 K simulations, the lipase structure regardless of the lid
conformation maintained a rigid conformation in the non-
polar organic solvents (Fig. 2a), (Fig. S2A), and (Fig. 3a).
High stiffness in the lipase structure along with reduced solu-
bility of the lipase in non-polar solvents might account for the
diminished activity (Fig. 8a).

Aiming to understand the link between the organic solvents
and thermostability, the residual activity was monitored upon
incubation of the lipase in the presence of organic solvents at
elevated temperature. It was noted that lipase restored higher
activity when incubated in the presence of ethanol and cyclo-
hexane than in water (Fig. 8b). Ethanol increased the lipase
activity by 4.89 folds at 25%, but no activity was observed at
higher concentrations (50% and 70%) (Fig. 8B). Such high
stability in ethanol was anticipated by the 450 K simulations
which showed that the catalytic machinery of lipase was main-
tained in the presence of ethanol (Fig. 6 and Fig. S6). One the
other hand, heating up lipase at high concentrations of polar
solvents such as ethanol and water led to over flexibility and
thus may impart in inducing protein unfolding. Such high
flexibility was clearly seen in the RMSF profiles of the back-
bone atoms in the polar solvents at high temperatures (Fig. 2b,
Fig. S2A, and Fig. 4). In addition to the over flexibility of
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lipase in polar solvents, an increased diffusion of the solvent
molecules into the protein hydrophobic core may contribute to
the protein unfolding by disturbing its hydrophobic core.

Cyclohexane on the other side improved lipase activity by
2.5 and 2.8 folds at 50% and 70% (v/v), respectively, and no
denaturation or in activation was observed even at such high
concentrations. These observations are consistent with our
high temperature simulation results. Lipase regardless of its
conformation was found to be very stable over all the simula-
tion period, and no unfolding was observed at such very ele-
vated temperature (Fig. S1B). Enhanced thermal stability of
proteins in non-polar solvents was reported to be due to the
high rigidity of anhydrous solvents and their inert nature [48].
Such a very high rigidity was seen clearly in the RMSF and
SASA, and Rg profiles of lipase in non-polar solvents at
450 K (Fig. 2b, Fig.3, Fig. S2B, and Fig.4a—b). Another rea-
son for this high stability could be due to the burial of the
peptide bonds and the other polar side chains inside the pro-
tein structure protecting the folded globular form from the
hydrophobic environment [38]. Harpaz et al. analyzed the
contribution of buried residues to the overall stability of 108
different proteins [49]. Their results showed that polar group
burial contributes favorably to protein stability more than the
burial of non-polar groups. This explains the high compact-
ness of lipase catalytic machinery in non-polar solvents seen
during our high temperature simulations.

Overall, our findings provide molecular insights that can be
useful in the rational design of stable lipases and thus in the
optimization of the conditions of lipases in industry. These
findings can also be adapted to other lipases especially in the
lipase family 1.5 and different enzyme groups. In conclusion,
this study is an effort to explain a unifying perspective to
lipase stability at extreme conditions with a guidance for pro-
tein engineering studies.

Conclusions

The results obtained by this study shed light on the
effect solvent polarity on the stability and the activity
of thermoalkalophilic lipases. The study also reflects the
utility of computational methods in understanding pro-
tein stability and activity at extreme conditions at the
molecular level. Altogether, our findings can help in
tailoring the solvent environments for lipase reactions
to improve their implementations in industry. Future
studies will be centered on understanding the stability
mechanism of lipases in the non-conventional deep eu-
tectic solvents (DES). Despite the growing number of
studies utilizing DES in lipase reactions, the mechanism
of lipase stability in this solvent is still elusive at the
molecular level.
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