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Abstract

Methanol intolerance of lipase is a major limitation in lipase-catalyzed methanolysis reactions.
In this study, to understand the molecular mechanism of methanol-induced inactivation of
lipases, we performed molecular dynamics (MD) simulations of Thermomyces lanuginosus
lipase (TLL) in water and methanol and compared the observed structural and dynamic
properties. The solvent accessibility analysis showed that in methanol, polar residues tended
to be buried away from the solvent while non-polar residues tended to be more solvent-
exposed in comparison to those in water. Moreover, we observed that in methanol, the van
der Waals packing of the core residues in two hydrophobic regions of TLL became weak.
Additionally, the catalytically relevant hydrogen bond between Asp?! OD2 and His?*® ND1 in
the active site was broken when the enzyme was solvated in methanol. This may affect the
stability of the tetrahedral intermediates in the catalytic cycle of TLL. Furthermore, compared
to those in water, some enzyme surface residues displayed enhanced movement in methanol
with higher Ca root-mean-square atomic positional fluctuation values. One of such methanol-
affecting surface residues (I1le?**) was chosen for mutation, and MD simulation of the 1241E
mutant in methanol was conducted. The structural analysis of the mutant showed that
replacing a non-polar surface residue with an acidic one at position 241 contributed to the
stabilization of enzyme structure in methanol. Ultimately, these results, while providing
molecular-level insights into the destabilizing effect of methanol on TLL, highlight the
importance of surface residue redesign to improve the stability of lipases in methanol
environments.
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1 Introduction

Biodiesel, an alternative to diesel fuel, is produced by transforming oil into fatty acid alkyl
esters in the presence of alcohols, such as methanol or ethanol, via chemical catalysts or
biocatalysts. Enzymatic biodiesel production with lipases has attracted broad attention from
both academia and industry since it offers an environmentally friendly condition with
simplified separation and purification processes compared to the chemical production of
biodiesel [1], [2], [3] and [4]. Recently, lipase from ascomycetous fungus Thermomyces
lanuginosus (TLL) has been explored for enzymatic biodiesel production due to its high
methanolysis activity [5], [6], [7] and [8]. In TLL-catalyzed methanolysis reaction between
crude non-degummed soybean oil and methanol, the yield of fatty acid methyl ester (biodiesel)
was over 96% (w/w of oil) in the presence of 3-5% (w/w of oil) water [4]. This indicates that
TLL is an efficient, convenient and soluble biocatalyst for cost-effective biodiesel production
in water-requiring systems [4], [6] and [8]. Despite its great promise, the use of TLL to
catalyze methanolysis reactions has its limitation because the presence of high concentrations
of methanol can inactivate the enzyme [4], [5] and [8]. In this context, understanding the
molecular basis of methanol-induced inactivation of TLL, and applying this knowledge to
rationally engineer TLL, e.g., fine tuning the enzyme structure, to improve its methanol
tolerance will facilitate TLL’s application as a suitable industrial biocatalyst for biodiesel
production.

The mature TLL consists of 269 amino acids forming a single chain protein (excluding the
signal and propeptide sequences). Several crystal structures of TLL have been solved. They
display a typical a/p hydrolase fold [9] and [10], stabilized by three disulfide bonds (Cys?*-
Cys?%8, Cys*- Cys® and Cys'®-Cys?) [8]. Similar to other lipases, TLL has a helical lid,
which is composed of residues 86-92, and two hinge regions of the lid, which consists of
residues 82-85 and 93-96 [8]. The lid, in its so-called closed conformation, shields the active
site in aqueous solution. Upon ligand binding, the lid undergoes a conformational
rearrangement, which makes the active site accessible to the lipid substrate by a hinge
bending movement resulting in the exposure of a large hydrophobic protein-lipid interaction
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surface [8] and [11]. The essential functional center of TLL is the catalytic triad Ser**6-His°8-
Asp®®, Another important component of the active center of TLL is the so-called oxyanion
hole, formed by the backbone NH groups of Ser® and Leu¥’. The catalytic mechanism of
TLL-catalyzed methanolysis reaction between methanol and ester molecules or hydrolysis
reaction between water and ester molecules is illustrated in Fig. 1. In the acylation step, the
deprotonated Ser'*® hydroxyl group nucleophilically attacks the carbonyl carbon of ester
substrate generating the first tetrahedral intermediate stabilized by the oxyanion hole. The
first product, an alcohol molecule leaves the active site and an acyl enzyme intermediate is
formed. In the subsequent deacylation step, either a methanol molecule (methanolysis) or a
water molecule (hydrolysis) enters the active site and performs the second nucleophilic attack
on the carbonyl carbon of the acyl enzyme forming the second tetrahedral intermediate. Upon
reformation of the carbonyl, a transacylation product is released and Ser'*® becomes free for
the next catalytic cycle [12].

Previous experimental studies have examined the effect of alcohol on the structure and
function of lipases in aqueous alcoholic solutions. On one hand, it was reported that the active
site was perturbed structurally by the presence of alcohols. A nuclear magnetic resonance
(NMR) study of Bacillus subtilis lipase in 40% (v/v) methanol and 30% (v/v) isopropanol
showed that alcohol molecules caused significant perturbations of the chemical shifts of
residues in the active site or its close vicinity, suggesting that alcohol-induced inactivation of
the enzyme was directly linked to the conformational change in the active site [13]. In
addition, Mattos and co-workers solved the crystal structures of porcine pancreatic elastase
(serine protease that belongs to the o/B-hydrolase fold family with the Ser?%-His®-Asp!® triad)
in 80% (v/v) isopropanol, 80% (v/v) ethanol and 40% (v/v) trifluoroethanol, respectively [14].
They found that alcohol molecules clustered in the enzyme active site, changing the side-
chain conformations of active site residues. On the other hand, Tanaka et al. observed that the
rate of thermal unfolding of Pseudomonas cepacia lipase was accelerated in the presence of
longer hydrophobic alkyl chain of alcohols (methanol, ethanol, propanol and butanol) as
measured by adiabatic scanning calorimetry [15]. The effect of alcohols on the thermal
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unfolding of enzyme is interpreted as that increased hydrophobicity of alcohol solvent
weakens the intra-molecular hydrophobic interaction between the protein’s side chains and
thus destabilize its tertiary structure. Although these experimental studies support the notion
of a destabilizing effect of alcohol on lipase, more direct mechanistic details, in particular
how alcohol affects the enzymatic reaction mechanism are still needed.

In recent years, molecular dynamics (MD) simulations have emerged as a useful complement
to the experimental studies for understanding the underlying molecular mechanism of
methanol-induced inactivation of lipases. Li et al. reported that methanol molecules could
reach into the active site and interacted with catalytic triad residues of Candida antarctica
lipase B (CALB) [16]. The interaction destroyed the hydrogen bond (H-bond) between Ser%
OG (Ser'® hydroxyl oxygen atom) and His?** NE2 (nitrogen atom from His?** ring), as
indicated by the distance of Ser'® OG-His®* NE2 being longer than 3.5 A. Park et al.
observed that some CALB surface residues displayed enhanced movement with higher root-
mean-square deviations (RMSDs) in methanol than in water [17]. Substituting these
methanol-affecting surface residues by site-directed mutagenesis to lower their RMSDs
improved the enzyme stability in 80% (v/v) methanol. Li et al. found that the native
hydrophobic interactions in Yarrowia lipolytica lipase were weakened at high methanol
concentrations (more than 30%), which disrupted the tertiary structure of the enzyme [18].
These MD simulation studies highlight several underlying structural and dynamical changes
in lipases induced by the presence of methanol molecules, i.e., disrupting the catalytically
relevant H-bond in the active site, inducing enhanced movement of some enzyme surface
residues and weakening the intra-protein hydrophobic interactions.

In the present study, we used a computational approach to understand the molecular
mechanism of methanol-induced inactivation of TLL. MD simulations of wild type (WT)
TLL in water and methanol were performed for 5 ns. Changes in both the overall structure
and the active site conformation of the enzyme induced by methanol were observed. In
particular, some surface residues exhibited enhanced flexibility in methanol. We subsequently
mutated one of the methanol-affecting surface residues, 11e?*! to glutamic acid and ran a 5 ns
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MD simulation of the 1241E mutant in methanol. The structural analysis of the mutant
showed that replacing a non-polar residue with an acidic one at position 241 contributed to
the stabilization of enzyme structure in methanol. Our computational studies provide a
detailed molecular-level understanding of the destabilizing effect of methanol on TLL, and
highlight the utility of combining MD simulation with surface residue redesign to rationally

engineer industrially important lipases for improved methanol tolerance.

2 Materials and methods

2.1 Simulation model preparation

The X-ray crystal structure of TLL was taken from Protein Data Bank (PDB) (PDB ID: 1EIN)
[8]. It is an open conformation of TLL with a phospho-lipid (diundecyl phosphatidyl choline,
PLC) present in the active site. The 3D structure of the 1241E mutant was predicted via
RosettaDesign based on the WT TLL structure with isoleucine 241 replaced by glutamic acid
[19] and [20]. The structure of the ester substrate, i.e. methyl caproate, was constructed using
program GaussView 5.0.9 [21] and then superimposed onto PLC. The protonation states of
titratable residues were determined at pH 7.0 using H++, a web-based system that computes
pK values of ionizable groups in enzymes [22]. All crystallographic water and PLC molecules
were removed and hydrogen atoms were added using the Leap program within AMBER12
program package [23] and [24].

The system comprising 269 amino acid residues and ester substrate was solvated in a
rectangular solvent box with at least 8 A between the edge of the box and protein. TIP3PBOX
model and MEOHBOX model were used for water and methanol solvation environment,
respectively [25] and [26]. Sodium ions were added to neutralize overall charge of the system.
The protein was modelled using Amber ff99SB force field while the ester substrate was

represented by the general Amber force field (GAFF) [27] and [28].



2.2 MD Simulations

Initially, the solvated system was energy minimized by a two-stage approach. In the first
stage, solvent and ions were minimized with 500 steps of the steepest descent method
followed by 1500 steps of the conjugate gradient method while both the enzyme and the
substrate were fixed. In the second stage, the entire system was minimized with 200 steps of
the steepest descent method followed by 3800 steps of the conjugate gradient method.
Following minimization, the system was heated to 298 K within 20 ps under the constant
volume periodic boundary condition. The system was then equilibrated for 200 ps under the
constant pressure periodic boundary condition with an average pressure of 1 bar. Production
simulations were performed at 298 K and 1 bar for 5 ns. To avoid the ester substrate diffusing
away from the active site, three pairwise distance restraints (less than 3 A with the force
constant of 50 kcal.mol™.A?) were incorporated during MD simulations, i.e., distance
between OG from Ser’*® and C1 from the ester substrate, distance between O1 from the ester
substrate and H from Leu®’ and distance between O1 from the ester substrate and H from
Ser® (Fig. 1) [29]. The long-range electrostatic interactions were treated using particle mesh
Ewald method with cut-off distance at 8 A. SHAKE algorithm was used to constrain bonds
involving hydrogen atoms [30]. Production trajectories were collected at every 250 steps (0.5
ps) with a step size of 2 fs. Cpptraj program within Amber12 was used for processing and
analyzing trajectories [31]. Configurations in the trajectories were visualized with VMD

software [32].

3 Results and Discussions

3.1 The overall conformational changes induced by methanol

To evaluate the structural stability of TLL in water and methanol, the RMSDs of backbone
heavy atoms were calculated, as shown in Fig. 2A. For the WT TLL simulated in water, the
RMSDs became stable after 500 ps of simulation, reaching a plateau between 0.9 and 1.3 A.
For the WT TLL simulated in methanol, the RMSDs fluctuated between 0.9 and 1.2 A after
500 ps and exhibited slightly lower RMSDs compared to the WT in water in most of the
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simulation. The radius of gyration (Rg), which represents the maximal distance between any
atom and geometry center of the enzyme, can be used to determine the compactness of
enzyme structure within MD simulation timescale [33]. The WT TLL solvated in water was
characterized by a higher average Rg value (17.4 A + 0.1) than the one in methanol (17.2 A +
0.1) (Fig. 2B), indicating that TLL expanded slightly in water.

TLL is a globular a/B-type protein containing eight central -strands that are flanked on both
sides by six a-helices [8]. We compared the secondary structure contents of WT TLL in water
and methanol (Supplementary Fig. S1). Three regions (residues 23-26, residues 114-119 and
residues 241-244) displayed noticeably different secondary structural types in the two
solvents (Fig. 3). Furthermore, the last structures from the simulations were superimposed
onto the initial crystallographic structure of TLL (Fig. 4). It was observed that in water,
residues 114-119 which originally displayed a-helix structure in crystallization medium
changed to turn structure, and residues 23-26 changed from 3i0-helix to turn (Fig. 4A). In
methanol, the secondary structural type of residues 241-244 was transformed from turn to 310-
helix (Fig. 4B), although overall, there is no obvious loss in its secondary structure when TLL
is solvated in methanol. The result obtained from MD simulation of WT TLL in methanol is
consistent with a previous circular dichroism spectra study of WT TLL in high concentration
isopropanol solutions (up to 50%), which revealed that isopropanol molecules did not cause
major alterations in secondary structure, although the enzyme became completely inactive in
50% isopropanol [34]. X-ray structures of serine proteases, subtilisin Carlsberg and porcine
pancreatic elastase, crystallized in neat acetonitrile, 80% (v/v) isopropanol and 80% (v/v)
ethanol, respectively, also confirmed a native-like secondary structure of each enzyme [35]
and [14].

Changes in hydrogen-bonding interactions for WT TLL in the two solvents were also
investigated. As shown in Fig. 5B, in most of the simulation, the number of intra-protein
backbone H-bonds present in WT TLL was marginally higher in methanol (70 + 5 H-bonds
on average) than in water (65 + 6 H-bonds on average), which could be responsible for the
reduced flexibility of backbone structure in methanol as seen in the RMSD analysis (Fig. 2A).
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The number of backbone H-bonds present in WT TLL is lower in each solvent as compared
to that in the crystal structure (89 H-bonds). Additionally, as seen in Fig. 5A, the population
of overall intra-protein H-bonds present in WT TLL was higher in methanol (156 + 7 H-
bonds) than in water (132 £ 8 H-bonds) and in the crystal structure (129 H-bonds). Methanol
is a weaker H-bond forming solvent compared to water. As shown in Fig. 5C, the hydrogen-
bonding interactions between the enzyme and the solvent molecules were significantly
reduced when TLL was solvated in methanol (262 + 8 H-bonds in methanol versus 402 + 11
H-bonds in water). Overall, solvation of WT TLL in methanol strengthened the intra-protein
hydrogen-bonding interactions.

Furthermore, the solvent accessible surface area (SASA) of WT TLL in two solvents was
calculated using the linear combinations of pairwise overlaps algorithm [36], as shown in Fig.
6. Consistent with Rg values, the average SASA of WT TLL in water was 11541.6 A2 + 159.1,
increased by 6% relative to that in methanol (10871.7 A% + 152.1). The total SASA could be
divided into non-polar, polar uncharged and polar charged surface area based on the character
of residues’ side chains. As shown in Fig. 6, the increased total SASA of WT TLL in water
was due to the increased solvent exposure of polar residues, both charged (4124.3 A? in water
versus 3548.5 A? in methanol) and uncharged ones (3406.7 A? in water versus 3260.8 AZ in
methanol). In contrast, the solvent exposure of non-polar residues slightly increased in
methanol (4062.3 A?) compared to in water (4010.6 A?). This indicates that in methanol, polar
residues tend to be buried away from the solvent while non-polar residues tend to be more
solvent-exposed in comparison to those in water. Moreover, we observed that the van der
Waals packing between the core residues (Leu®?-Leu®, Leu®’-1le’, Val*?8-Val'*® and Val?*°-
11e?®-Val?) in two hydrophobic regions of TLL (R1 and R2) was tighter in water (Fig. 7A)
than in methanol (Fig. 7B). The observation of reduced interactions between the side chains
of hydrophobic amino acids of TLL induced by methanol is in agreement with previous
experimental studies. A combined fluorescence spectroscopy and catalytic activity study of
TLL in high concentration isopropanol solutions (more than 15%) demonstrated that the
loosening of its tertiary structure due to reduced hydrophobic interactions led to the activity
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loss of enzyme [34]. Gekko et al. also reported that addition of acetonitrile to water weakened
the hydrophobic bonding capacity of non-polar side chains of lysozyme, leading to the
destabilization of its tertiary structure by means of densimetric and refractometric methods
[37]. Sashi et al. found by fluorescence and NMR methods an alcohol-induced intra-protein
hydrophobic collapse of cytochrome c, which led on to the unfolding of cytochrome c [38]. In
summary, the destabilizing effect of methanol on the overall structure of TLL could be
explained by diminished interactions between the side chains of hydrophobic amino acids,
concomitant with a reduced solvent exposure of polar residues and an increased solvent

exposure of non-polar residues in methanol.

3.2 Changes within the active site of TLL

The catalytic triad of TLL consists of residues Ser'*6, His?%® and Asp?®, as shown in Fig. 1. In
the enzymatic reaction, NE2-deprotonated His?® acts as a base to abstract the proton from the
hydroxy! side chain of Ser, enhancing its nucleophilicity as it attacks the carbonyl carbon of
ester substrate. The side chain oxygen of Asp?, on the other hand, acts to stabilize the
positive charge on His?® once NE2 acquires the proton from Ser#®. Hence, the H-bonds
between Ser'#6 and His?*® and between Asp?®* and His?%® are crucial for the stabilization of two
tetrahedral intermediates along the reaction path [10]. During MD simulations of WT TLL in
two solvents, the distance of Ser*® OG-His?*® NE2 was maintained at approximately 2.8 A
(Fig. 8A). The distance between Asp?®* OD1 (oxygen atom from Asp?” side chain) and His?*®
ND1 (nitrogen atom from His?*® ring) was ~3.0 A in water and ~2.8 A in methanol (Fig. 8B).
However, the distance between Asp?* OD2 (oxygen atom from Asp?® side chain) and His?%®
ND1 fluctuated at approximately 4.9 A in methanol, whereas it fluctuated at a significantly
lower value of 2.9 A in water (Fig. 8C). Therefore, in water, both distances of Asp?®! OD1-
His?® ND1 and Asp?* OD2-His*® ND1 were within the hydrogen-bonding distance (Fig. 9A),
while in methanol, only Asp?®®* OD1 can form H-bond with His?®® ND1 (Fig. 9B). This
indicates that, with the weakened stabilizing effect from the side chain oxygen of Asp?®, two
tetrahedral intermediates may be less stable in methanol than in water.
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The observation that methanol could perturb the H-bond between catalytic triad residues of
WT TLL is consistent with a previous MD simulation study on CALB, in which the H-bond
between Ser'® OG and His?** NE2 was not preserved in methanol, as indicated by the distance
of Ser'® 0G-His??* NE2 being longer than 3.5 A [39]. In addition, it was reported that the H-
bond between Asp®? OD1 and His® NE2 was not maintained when subtilisin, a serine
protease, was solvated in polar solvents (tetrahydrofuran and acetonitrile) (~2.5 A in water
versus ~7 A in polar solvents) [40]. Overall, the analysis presented here demonstrates that the
overall structural change of TLL induced by methanol, e.g., different hydrogen-bonding
patterns and solvent accessibility changes, could directly alter the active site conformation, in
particular perturbing H-bond between the crucial catalytic triad residues, thus the stability of

tetrahedral intermediates, which may slow down or halt the catalytic cycle of TLL.

3.3 Computational prediction of a stabilizing mutation for TLL

The root-mean-square atomic positional fluctuations (RMSFs) of backbone a-carbon (Ca)
atoms of all residues were plotted (Fig. 10), alongside the crystallographic Ca B-factors,
which reflect the mobility of their counterparts in crystalline state [41]. As shown in Fig. 10,
the Co. RMSFs obtained from MD simulations were in reasonable agreement with the Ca B-
factors in terms of identifying the rigid and flexible regions of TLL. It is not surprising that
the largest Co RMSF values in both simulations are associated with the lid region of TLL
(residues 82-96).

Contrary to our observation that the overall structure of WT TLL was more flexible in water
(Fig. 2A), some residues displayed higher Ca. RMSF values in methanol than in water (Fig.
10). This included residues 25-29, 42-47, 100-103, 161-163, 240-241 and 248-249 that are all
located on the surface of TLL. The average SASA of each residue in two solvents is listed in
Table S1 of the supplementary information. It has been reported that motions of surface
residues are linked to the stability of lipase in polar solvents (methanol, acetonitrile, DMSO
and dimethylformamide) [17], [42] and [43]. It is also known that polar solvents, as
dehydrating agents, are able to bind to the surface residues of enzyme (lipase, protease and
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other enzymes), perturbing the essential layer of water that provides enzyme with
conformational flexibility needed for catalysis and thus decreasing the enzymatic activity [40],
[44], [45], [46], [47], [48], and [49]. Therefore, the capacity of lipases to tolerate polar
solvents could be improved by introducing more intra-protein interactions on the flexible
surface region or reducing the interactions between polar solvent molecules and enzyme
surface residues. For example, introduction of additional H-bonds to increase interactions
between enzyme surface residues increased the stability of Geobacillus stearothermophilus
lipase in 60% (v/v) methanol by 66 folds and doubled its methanolysis activity [42]. Reetz et
al. performed saturation mutagenesis on the flexible surface residues of B. subtilis lipase with
higher B-factors and obtained several mutants with markedly enhanced tolerance to the polar
solvents (acetonitrile, DMSO and dimethylformamide), which was due to an increase of intra-
molecular H-bonds and salt bridges on the surface of enzyme [43]. The stability of CALB in
80% (v/v) methanol can also be enhanced 1.8 folds by increasing the hydrogen-bonding
interactions between surface side chains of enzyme and water molecules [17]. Thus, our Ca
RMSFs analysis on TLL surface residues, coupled with the structural analysis, e.g., solvent
accessibility analysis, provide a concrete knowledge base to rationally select mutation sites
for enzyme engineering to improve the methanol tolerance of TLL by fine-tuning its structure.
With the goal of rationally engineer TLL to enhance its methanol tolerance, we mutated one
of the methanol-affecting surface residues, lle?** to glutamic acid. lle?** was chosen for
mutation since it displayed a different secondary structural type in methanol compared to
those in water and crystalline state (Fig. 3 and Fig. 4). Moreover, lle?*! also had a higher Ca
RMSF value in methanol than in water (Fig. 10), and the SASA of Ile?*! in two solvents
varied considerably (Supplementary Table S1). These data indicate that methanol molecules
disturb the secondary structural type and dynamic behavior of I1le?*!, The mutation
information (1241E) was obtained by RosettaDesign, a program aiming at finding the lowest
free energy sequences for target protein structures and being able to predict new sequences of
proteins more stable than their WT [19] and [20]. Based on the RosettaDesign prediction, the
mutation (1241E) could lead to a reduction in free energy of 2.1 kcal/mol.
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We performed MD simulation of the 1241E mutant in methanol and compared its structural
properties with those of the WT solvated in methanol. The mutant was stable across the 5 ns
MD simulation. RMSDs of the mutant fluctuated between 0.8 A and 1.3 A after 500 ps and
the final values were close to those of the WT (Fig. 2A). Rg of the mutant did not show
substantial variations compared to the WT (Fig. 2B). As shown in Fig. 5A, in most of the
simulation, the number of overall intra-protein H-bonds present in the mutant (159 + 7 H-
bonds on average) was slightly higher than that in the WT (156 + 7 H-bonds on average). On
the other hand, as shown in Fig. 6, the average SASA of polar residues (both charge and
uncharged) of the mutant was 6994.3 A2 increased by 3% compared to that of the WT
(6809.3 A?). In addition, the average SASA of non-polar residues of the mutant was 4000.2
A2, decreased by 2% compared to that of the WT (4062.3 A?). The solvent accessibility
analysis indicates that mutation of surface residue lle?*! to glutamic acid tends to shift the
solvent exposure of both polar and non-polar residues in methanol towards that of the WT in
water, i.e. non-polar residues tend to be buried away from the solvent while polar ones tend to
be more solvent-exposed. Moreover, as seen in Fig. 7C, in the mutant, the core residues in
hydrophobic regions of R1 and R2 were observed to be more compact. Therefore, it is
speculated that the 1241E mutant may counteract the deleterious effect of methanol on
reducing the interactions between side chains of hydrophobic amino acids of TLL.
Interestingly, the catalytically relevant H-bond between Asp?® OD2 and His®®® ND1 was
maintained when the mutant was solvated in methanol (Fig. 8C and Fig. 9C). Overall, the
structural analysis of the mutant indicates that replacing a non-polar surface residue of TLL
with an acidic one at position 241 is able to change the enzyme structure in methanol into the
one that resembles what’s seen of the WT in water, e.g., tighter hydrophobic packing in R1
and R2 regions (Fig. 7) and retention of the active site structure (Fig. 9). Based on the MD
simulation results, the 1241E mutation contributed to stabilizing the enzyme structure in
methanol.

Previous studies have identified several hydrophobic regions on enzyme surface where
methanol solvent molecules tended to accumulate. A NMR study of B. subtilis lipase in
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methanol showed that methanol molecules exhibited binding preference towards the
hydrophobic patches on enzyme surface [11]. A static light-scattering study of lysozyme by
Liu and co-workers demonstrated that methanol molecules could be absorbed onto the
hydrophobic sites on enzyme surface [45]. Several studies reported that replacing
hydrophobic surface residues with polar or charged ones could improve the enzyme’s
resistance to methanol, which was likely the result of the inhibition of hydrophobic
interactions with methanol molecules. Dror et al. found that the stability of G.
stearothermophilus lipase in 60% (v/v) methanol could be enhanced by 21 folds after
mutating the surface residue alanine to threonine [42]. Similarly, Park et al. found that in 80%
(v/v) methanol, CALB mutants A8T and A92E showed 1.5-fold and 1.8-fold higher stability,
respectively, relative to the WT [17]. Badoei-Dalfard et al. also reported that the Salinivibrio
zinc-metalloprotease mutants A195E and G203D in 40% (v/v) methanol exhibited both
increased stability and activity compared to the WT [50]. In the present study, based on MD
simulations, single 1241E mutation on the surface of TLL is predicted to be able to help
stabilize the enzyme structure in methanol. This is consistent with previous experimental
examinations, which demonstrated the effectiveness of single point mutations of hydrophobic
surface residues to polar ones [42], [17] and [50]. In addition, based on variations in
secondary structural types, Co RMSFs and SASA of TLL in two solvents, we further predict
mutation sites of Asn®, Pro?, Pro*?, Ala*" and Gly*®!, which could be subsequently explored
for enzyme engineering to improve the methanol tolerance of TLL by fine-tuning its

structure.

4 Conclusions

MD simulations of TLL in water and methanol were performed to investigate the effect of
methanol on the structural and dynamic properties of TLL. The solvent accessibility analysis
showed that in methanol, polar residues tended to be buried away from the solvent while non-
polar residues tended to be more solvent-exposed in comparison to those in water. Moreover,
we observed that in methanol, the van der Waals packing of the core residues in two
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hydrophobic regions of TLL (R1 and R2) became weak. Additionally, the catalytically
relevant H-bond between Asp?®* OD2 and His?®® ND1 in the active site was broken in
methanol. This may affect the stability of tetrahedral intermediates in the catalytic cycle of
TLL. Furthermore, some enzyme surface residues displayed enhanced movement with higher
Ca RMSF values in methanol than in water. One of such methanol-affecting surface residues
(11e**Y) was chosen for mutation, and MD simulation of the 1241E mutant in methanol was
conducted. The structural analysis of the mutant indicates that replacing a non-polar surface
residue with an acidic one at position 241 could help stabilize the enzyme structure in
methanol. Several improved structural features of the mutant include: (i) maintenance of the
H-bond between Asp?®* OD2 and His?*® ND1; (ii) enhanced interactions between the side
chains of hydrophobic amino acids; (iii) improved intra-protein hydrogen-bonding
interactions. In summary, the simulation results presented here unravel several factors that
could be related to the methanol intolerance of TLL on the molecular level. The beneficial
mutation of Ile?* to glutamic acid highlights the importance of surface residue redesign to

improve the enzyme stability in methanol environments.
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Fig. 1. Catalytic mechanism of Thermomyces lanuginosus lipase for methanolysis or
hydrolysis reaction. R1COOR represents the fatty acid ester substrate. R,OH represents the
methanol molecule in methanolysis reaction or the water molecule in hydrolysis reaction. CG:
carbon atom in the side-chain carboxyl group of Asp?t. ND1 and NEZ2: nitrogen atoms from
His?®8 ring. OG: Ser'*® hydroxyl oxygen atom. O1: carbonyl oxygen of the ester. C1: carbonyl

carbon of the ester.
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Fig. 2. RMSDs of the backbone heavy atoms (A) and radius of gyration (B) as a function of
the simulation time for both the WT TLL and the TLL 1241E mutant. Blue solid lines, the WT

in water; Black solid lines, the WT in methanol; Red solid lines, the mutant in methanol.
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Fig. 3. Secondary structural types of WT TLL residues 23-26, 114-119 and 241-244 in water
(A) and in methanol (B) as a function of the simulation time. Each residue (y-axis) is assigned
a secondary structural type (0 = no structure, 1 = parallel p strand, 2 = antiparallel B strand, 3
= 3w-helix, 4 = a-helix, 5 = Pi helix, 6 = turn). The same color code is adopted in all plots (0,

white; 1, blue; 2, black; 3, yellow; 4, green; 5, violet; and 6, red).
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Resid 23-26

Fig. 4. Superimposition of the last structures from MD simulations of WT TLL in water (cyan
color in figure A) and in methanol (yellow color in figure B) with the reference
crystallographic structure (green color). Residues 23-26 are colored in magenta, residues 114-
119 in orange, and residues 241-244 in blue. Lid helix (residues 86-92) are marked. Catalytic
triad residues (Ser'*6-Asp?’1-His?%®) and ester substrate (EST) are labelled and represented in

bonds.
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Fig. 5. The number of H-bonds present in the WT and the mutant over the course of the
simulations. (A) the number of total protein-protein H-bonds; (B) the number of intra-protein
backbone H-bonds; (C) the number of protein-solvent H-bonds. Blue solid lines, the WT in

water; Black solid lines, the WT in methanol; Red dash lines, the mutant in methanol.
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Fig. 6. Solvent accessibility of amino acid residues for the WT in two solvents and the mutant
in methanol. Non-polar amino acids are amino acids Ala, lle, Leu, Phe, Val, Pro and Gly.
Polar uncharged amino acids are amino acids GlIn, Asn, Ser, Thr, Tyr and Trp. Polar charged

amino acids are amino acids Arg, Lys, Asp, Glu and His with hydrogens on both nitrogens.
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(A) WT_TLL_Water

(8) WT_TLL_Methanol

Fig. 7. Distribution of non-polar and polar amino acid residues in the structures from the last
snapshot of three simulation trajectories (left) and the van der Waals packing between the
core residues in two hydrophobic regions of R1 and R2 (right). (A) The WT in water. (B) The
WT in methanol. (C) The mutant in methanol. The same color code is adopted in all plots
(hydrophobic amino acids, green; polar uncharged amino acids, magenta; and charged amino
acids, blue). The backbones are superimposed before the structural comparison. Only the side
chains of amino acid residues are shown. The core residues in R1 (Leu®?, Leu®, Leu®, Ile’,
Val'? and Val'**®) and R2 (Val?, Val?® and 11e%*%) are labelled and displayed in bold green

lines. Catalytic triad residues and EST substrate are also displayed (light grey).
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Fig.8. H-bond distance between the catalytic triad residues for the WT in two solvents and the

along the simulations. (A) Distance between Ser'*® OG and His®® NE2.

(B) Distance between Asp?! OD1 and His?®® ND1. (C) Distance between Asp®* OD2 and
His?® ND1. OD1 and OD2: oxygen atoms from Asp?” side chain. ND1 and NE2: nitrogen
atoms from His?® ring. OG: Ser'*® hydroxyl oxygen atom. Blue solid lines, the WT in water;

Black solid lines, the WT in methanol; Red dash lines, the mutant in methanol.
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Fig.9. Hydrogen-bonding interactions among the catalytic triad residues and the closest
solvent molecule around the triad. (A) The WT in water (WAT). (B) The WT in methanol
(MOH). (C) The mutant in methanol (MOH). Only the side chain of each amino acid residue
(Sert*8, Asp®! and His®®) is shown. Amino acid residues and ester substrate (EST) are shown
in CPK model. OD1 and OD2: oxygen atoms from Asp?* side chain. ND1 and NE2: nitrogen
atoms from His?®®8 ring. OG: Ser*® hydroxyl oxygen atom. Carbon atoms are colored in cyan,

nitrogen atoms in blue, oxygen atoms in red, hydrogen atoms in white.

-29 -



Lid residues —+— X-ray

1.8 .T —— MD on TLL in water
—— MD on TLL in methanol
1.6 - ﬁ B +— MD on TLL mutant in methanol
~1.4 H
< 11,
ZETY AW | Vel 5&#‘%‘ Ly
2 J I ﬂ [ 1 Y‘ ! ¢ ‘ T
Cﬂ - L I, ‘l l
0.8 | 294 i i A
3 ? ( n“ )] ‘il |’ o981 1’* l‘ J ‘
B [l [ $s T (3R | |
@) 0.6 A { If's j /i ‘ 9 "‘{ : a | ':\ J\ :
04 3 IR - o S U
0.2
0.0 L R 1 R 1 . 1 R ) R )
0 50 100 150 200 250

Residue number

Fig. 10. Ca RMSFs from the MD simulations and the X-ray structure. The Ca RMSF of the
crystal structure is calculated from the X-ray Ca B-factor data with the standard equation

RMSF = (3B/8n?)%? where B = B-factor of the Ca atom.
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