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The interplay between side-chain hydrogen bonds and salt bridge networks stabilises thermohalostable enzymes. This
study examined the effects of NaCl (0.6, 2.0, and 4.0 M) and temperature (300, 343, and 373 K) on the conformation of
thermohalostable lipase using molecular dynamics simulations. The simulation was done using the AMBER with the ff14sb
force field for 100 ns in the TIP3P solvent. The enzyme showed minimal structural changes across various temperatures and
NaCl concentrations, as indicated by slight variations in the root mean square deviation (RMSD), radius of gyration (Rg),
and solvent-accessible surface area (SASA). While increasing temperature raised root mean square fluctuation (RMSF)
values, NaCl concentration effects were only significant at 373 K. Minimal changes in the secondary structure composition
support the suggestion of overall structural stability. The catalytic site remained stable, with slight differences in the RMSF
values for the catalytic triad and oxyanion hole residues, although their orientation was altered. Higher temperatures
decreased the number of hydrogen bonds, but salt ions compensated for this loss by enhancing electrostatic interactions with
charged residues, which incurred energy costs. The 0.6 M NaCl concentration was optimal for lipase stability across the
tested conditions. These results advance our understanding of the structural stability mechanisms in thermohalostable
enzymes and may be used in the development of novel enzymes for industrial applications.
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Extremophiles are microorganisms that thrive in harsh
environments and exhibit unique biochemical and
physiological adaptations. These habitats may have
extreme temperatures, non-physiological pH levels, or
increased salinity'. Extremophiles' adaptations are
enabled by unique membrane composition, habitat-
specific gene expression regulation, and specialised
DNA repair mechanisms’. Their enzymes, known as
extremozymes, are specifically adapted to function
optimally under severe conditions’. Extensive
research has been conducted on extremozymes to
understand their stabilising mechanisms and utilise
their potential for various applications™”.

A bacterial strain, designated PLS 80, was isolated
from undersea fumaroles in the Pria Laot Sabang area
of Aceh Province, Indonesia. As it thrives in high-
temperature and high-salinity environments, it
produces a 50-kDa lipase (triacylglycerol hydrolases -
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EC 3.1.1.3) that exhibits thermostability and
halostability®. This enzyme catalyses the hydrolysis
and transesterification of lipids at an optimal
temperature of 70°C and pH 7. The three-dimensional
structure of lipase has been predicted using homology
modelling. Its conformational stability at various
temperatures has been investigated computationally’.

Thermo-halotolerant lipases have applications in
the detergent, food, textile, cosmetic, paper, and
pharmaceutical industries®. They act as efficient
biocatalysts in industrial processes with high
temperature and salinity, such as producing fermented
foods and salt-preserved products’. Their stability has
led to increased use in the pharmaceutical industry,
where reactions in organic solvents are required '°.
They can also be used for bioremediation in lipid-rich
saline environments'".

Protein thermostability is primarily achieved
through increased frequency of side chain hydrogen
bonds'*" and salt bridges networks'®. Stabilising salt
bridges in thermostable enzymes are formed by polar
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residues through short bond lengths and wide donor-
hydrogen-acceptor (DHA) angles”.  Therefore,
charged and polar residues, particularly Arg and
Glu'®", are present at a higher frequency than in
mesophilic proteins. Other factors also support
thermostability, although to a lesser extent, including
distinct secondary structural elements'®, increased
metal ion-binding sites, extended network aromatic-
aromatic interactions'’, and the presence of
disulfide bonds***'. The positioning of proline in B-
turns is also reported to increase stability by
alleviating rigidity™.

Protein halostability is predominantly achieved
through salt bridge formation. Halophilic enzymes
have distinct amino acid profiles with greater
hydrophilicity and acidity”. Their structures are
characterised by a higher occurrence of acidic
residues on their surfaces than on their interiors.
Unlike thermostable proteins, which maintain
a balance between acidic and basic residues,
they compensate for their negatively charged residues
on the protein surface by having fewer basic
residues®**’. Carboxyl groups in acidic residues on
the surface help hydration and ion binding,
promoting  structural  stability under saline
conditions Furthermore, they exhibit a more
flexible  structure  that  facilitates  effective
interaction with water molecules to counteract the
dehydration effects due to high salt concentrations®’.
The modified hydrophobicity also enhances their
solubility in low water activity conditions™,
which arises from the distinct frequency of some
amino acids®.

Although charged residues play a significant role in
both protein thermostability and halostability, their
precise balance for optimising structural stability
remains unclear. Halostable proteins exhibit increased
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flexibility, in contrast to the rigidity commonly
associated with thermostable proteins. Therefore,
understanding the equilibrium of side-chain hydrogen
bonds and salt bridge networks in contributing to
structural stability is crucial in a thermohalostable
protein.

This study evaluated the simultaneous effects of
temperature and salt concentration on the structure of
lipase PLS 80 using Molecular Dynamics (MD)
simulations with Assisted Model Building with
Energy Refinement (AMBER)*. This study is an
extension of our previous study that focused solely on
the effect of temperature changes in a salt-free
environment, which revealed that hydrogen bonding
is significantly perturbed only at very high
temperatures, increasing the molecular flexibility of
some rigid residues’. As haloenzymes are generally
polyextremophilic®' and their stability is modulated
by salt™, it is important to evaluate the effect of salt
concentration at high temperatures to better
understand the role of salt bridges on the surface
of  thermohalophilic  proteins.  Conformational
stability and dynamic structural changes were
evaluated to predict the activity based on changes
in the lipase catalytic region. The results of this
study may provide better insights into how shared
structural features affect the stability. Understanding
the structural characteristics of thermohalostable
enzymes could facilitate advancements in protein
engineering.

Material and Methods
Lipase structure

The simulation used the 3D structure of lipase PLS
80, which consists of 383 residues. This molecule is a
gene-translated structure that has been previously
validated” (Fig. 1, and Suppl. Table 1).
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Fig. 1 — The 3D structure of lipase PLS 80, consisting of 383
residues, was used in the molecular dynamics simulation
Preparation of structure and topology

The lipase structure and topology were prepared by
removing hydrogen atoms and identifying any
missing atoms or gaps in the enzyme. pdb file. A
topology file was created using pdb4amber in the
Assisted Model Building with Energy Refinement
(AMBER) version 22* using the ffl4sb force field**.
The protonation of specific residues was verified at
http://biophysics.cs.vt.edu. The structure coordinates
were aligned to the origin structure using the VMD
software”. The PDB structure and system solvation
parameters were incorporated using LEaP in
AMBER. The solvent was a simple water model-type
tip3p in a truncated octahedral box with a total
volume of 587275.607 A°.

For the NaCl concentration variation simulation, the
solvent system was supplemented with Na™ and CI ions,
consisting of 166 Na" and 167 CI for 0.6 M NaCl, 554
Na' and 555 CI for 2 M NaCl, and 1107 Na" and 1108
CI' for 4 M NaCl. The amount of NaCl added was
calculated using the SPLIT method in AMBER. Each
treatment was performed at 300, 343, and 373 K.

The simulation was performed using the Periodic
Boundary Condition (PBC) method in AMBER to
eliminate surface tension effects and achieve uniform
density and pressure. The SHAKE algorithm with a
10~ tolerance was applied to constrain all the bonds
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involving hydrogen atoms. The system's electrostatic
energy was calculated using the Particle Mesh Ewald
(PME) method.

Preparation of the simulation system

The simulation system consisted of three steps:
minimisation, heating, and equilibration. First,
minimisation was performed by reducing bad contacts
and high-energy steric effects in the solvated lipase
molecule. Each simulation began with a 40-ps
minimisation process to bring the structure to its
lowest energy state using the SANDER feature in
AMBER. The minimisation initially constrained all
atoms, followed by non-hydrogen atoms. The
constraints were then applied to the backbone atoms
(C, O, and N), followed by the C, atoms. Constraints
on the C, atom were applied using a Langevin
Dynamics Thermostat®. Finally, all the constraints
were released. The minimisation produced a restart
file (.rst) and an output file (. mdout).

Secondly, the structure was heated with minimal
energy using the .mdout file as the input. Initially, the
system was set to 0 K and gradually heated to 300,
343, and 373 K using the NVT ensemble (constant
number, volume, and temperature) for 1 ns. The
system was coupled to a thermostat with velocity
rescaling at a coupling constant of 0.1.

Finally, equilibration was performed to stabilise the
system and mitigate thermodynamic disturbances. The
inputs for this step were derived from the heating step.
Initially, equilibration was performed using an NVT
ensemble for 50 ps, followed by an NPT ensemble
(constant number, pressure, and temperature) for 500 ps.
The constraints from the heating step were then removed
from the models. The system was equilibrated to achieve
the target density, and Gamma In was added to represent
the theoretical state of the solution. The equilibration
process was continued for an additional 0.5 ns.

Production simulation

When the structure was well equilibrated, it was
placed in the production run stage. The production
was conducted in the NPT ensemble to control the
pressure and temperature of the system. The
constraints applied during the heating step were
removed, allowing the molecules to move freely
during equilibration. The production was carried out
at temperatures of 300, 343, and 373 K for 100 ns for
all NaCl concentrations. The output of the production
simulation consisted of the coordinates and trajectory
files of the structure, which were then analysed.
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Table 1 — Differences in average RMSD, Rg, and SASA values at various temperatures and NaCl concentrations
compared to the reference structure (343 K, 0.6 M NacCl).
Temperature [NaCl] The difference in the average value
(K) M) RMSD R, Total SASA Polar SASA Nonpolar SASA
(A) (A) (A% (A% (A%

300 0 -0.21 -0.19 -465 -279 -186
0.6 -0.34 -0.18 -283 -134 -149
2.0 -0.24 -0.20 -419 -259 -160
4.0 -0.24 -0.22 -403 -190 -213

343 0 -0.03 -0.03 -43 -34 -10
0.6 0 0 0 0 0
2.0 -0.09 -0.17 -316 -207 -110
4.0 -0.16 -0.14 -288 -193 -96

373 0 0.28 0.13 406 161 245
0.6 0.13 -0.03 136 -54 189
2.0 0.39 0.11 459 207 252
4.0 0.07 -0.03 -51 -57 5

Analysis of simulation results

The simulation results were analysed using the
features available in AmberTools. The parameters
included Root Mean Square Deviation (RMSD),
radius of gyration (R,), solvent-accessible surface
area (SASA), Root Mean Square Fluctuation (RMSF),
total energy, hydrogen Dbonds, electrostatic
interactions, secondary structure composition, and
catalytic site area. Each parameter was analysed and
evaluated by running commands on AmberTools22".

The RMSD was calculated using Equation 1 and
plotted against the simulation time®”*,

Zﬁl(ri_riwf)z
N

RMSD = - (D)
where N is the total number of Ca atoms, is the
coordinates of the protein atoms, and is the
coordinates of the reference atoms’®.

The RMSF provided information on the fluctuation
of each residue during the simulation compared to the
initial residue in the structure, which was calculated
using Equation 2.

RMSF = \EZLM‘ —r@)?

where T is the total number of time steps, r2 is the
position of atom or residue a at time, and r? is the
average position of the residue™.

The R, value was calculated as a function of the
atomic position relative to the centre of the protein
mass*’. The total energy was calculated as the sum of
the energies of the bonds, dihedrals, angular and van
der Waals interactions, and electrostatic interactions
within the protein''. SASA analysis evaluates the

999 (2)

surface area of a protein that is accessible to both
polar and nonpolar solvents”. Secondary structure
analysis measures compositional changes in the a-
helix, B-sheet, 3;p-helix, coil, and turn structures®.
Electrostatic interactions were calculated as the
average number of salt bridges formed during the
simulation. The interactions of Glu, Asp, Lys, and
Arg, which can interact with Na* and CI~ ions, were
analysed*. The catalytic area was calculated based on
the triangles formed by the catalytic triad comprising
Ser110-Asp314-His3557, using Heron's formula®.
The calculation considered the dynamic nature of the
triangle and was calculated using the centre of mass
of the atoms in each triad residue. Structural analysis
was performed to visually evaluate the changes in
lipase conformation using VMD software™.

Results
The change in lipase overall conformation

The conformational changes of lipase PLS 80 were
studied at various temperatures (300, 343, and 373 K)
and NaCl concentrations (0.6, 2.0, and 4.0 M) using the
lipase structure at 343 K and 0.6 M NaCl as a reference
structure. Table 1 shows the average values of the
RMSD, R,, and SASA during the 100 ns simulation.
RMSD quantifies the structural deviation from the
original conformation, whereas R, indicates the structural
compactness’’. SASA quantifies the protein surface area
accessible to solvents. Increases in RMSD, R,, and
SASA indicate structural expansion“. The RMSD, R,,
and total SASA of the reference structure were 1.29 A,
20.19 A, and 16,533 A2 (polar SASA of 11,837 A2 and
nonpolar SASA of 4,696 A?), respectively.

Table 1 presents the differences in the average
RMSD, R,, and SASA at various temperatures and
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Fig. 2 — Percentage of RMSF deviation from the corresponding residues in the initial structure at various temperatures and NaCl
concentrations. (a) 300 K, (b) 343 K, and (¢) 373 K. (—) =0, (—) = 0,6 M NaCl, () =2 M NaCl, and (—) =4 M NaCl

NaCl concentrations, relative to the reference
structure.  Negative  values indicate  lower
measurements than the reference values, whereas
positive values indicate the opposite. At 300 K, both
RMSD and R, were lower than those observed in the
reference structure across all NaCl concentrations. At
343 K, the differences in RMSD and R, were also
negative, with more pronounced effects at 2 M and
4 M NaCl. At 373 K, the RMSD differences were
positive for all NaCl concentrations, notably for 2 M
NaCl. However, the R, values varied, with slight
structural compactness observed at 0.6 M and 4 M
NaCl.

The values of the total, polar, and nonpolar SASA
at 300 K were lower than those of the reference. The
most significant reduction in total SASA was
observed in the absence of NaCl. At 343 K, all SASA
values remained below the reference, although they
were less pronounced than at 300 K. At 373 K, the
SASA exhibited unpredictable changes with
increasing NaCl concentrations. A notable exception
occurred at 4.0 M NaCl, where the structure showed
reduced SASA.

The change in RMSF

While RMSD, R,, and SASA provide insights into
the overall lipase structure, RMSF identifies the
extent of fluctuation of individual residues®’. Low
RMSF values indicate rigidity, whereas high values
indicate increased flexibility*. Generally, the RMSF
values increased with increasing temperature but
varied randomly at different concentrations of NaCl.
At 300 K, the RMSF values were generally low for all

NaCl concentrations. As the temperature increased,
regions 300-360 exhibited increased fluctuations. At
343 K, the residues without NaCl and those with 4 M
NaCl showed greater flexibility. At 373 K, the
residues in 2 M and 4 M NacCl displayed significant
fluctuations of high magnitude within these regions
(Fig. 2).

To determine whether this phenomenon occurs
universally or is restricted to specific groups, the
residues were analysed in clusters. A pattern was
observed; the average RMSF values were consistently
the lowest at 343 K. However, this was not the case
when the RMSF was evaluated for all residues. The
RMSF at 300 K was lower than that at 373 K under
all simulation conditions. An analysis of variance
(ANOVA) indicated that, at a 95% significance level,
varying NaCl concentrations resulted in differences at
each temperature only for all residues, nonpolar, and
polar clusters at 373 K (Table 2).

The change in secondary structure composition

The fluctuation of residues due to various
temperatures and NaCl concentrations may alter the
secondary structure conformation; thus, the changes
in the structural composition were compared with the
reference. The reference structure comprised 28.7%
a-helices, 15.8% p-sheets, 5.9% 3io-helices, 19.4%
coils, and 30.3% turns. Across all simulation
parameters, the compositional differences were
generally minor, ranging from -2.82% (turn at 343 K
and 4 M NaCl) to 3.03% (a-helix at 343 K without
NaCl). The oa-helix composition changed variably,
whereas P-sheet and 3o-helix exhibited a general



1318

decreasing trend with increasing temperature, albeit at

varying degrees. The turn structure increased
irregularly when the temperature and NaCl
concentration increased. In addition, the coil

demonstrated variability with increasing temperature
or NaCl concentration (Table 3). The changes in o-
helix were strongly correlated with changes in the
sum of the 3jp-helix and turn conformations
(R2=0.9241).

As previously discussed, the RMSF in the 300-360
regions showed high fluctuation when the temperature
increased. This region was further examined to assess
alterations in the secondary structure. Generally, the
B-sheet remained unaffected. However, a short 3,-
helix located in the middle of the reference structure
showed conformational changes under various
environmental conditions. This secondary structure
either altered its orientation and length or transitioned
to an a-helix.

Additionally, the secondary structure in the
N-terminal region also underwent modification. It
initially adopted a turn conformation in the
reference structure but transitioned to a 3;,-helix
at several environmental conditions. Nevertheless,
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no consistent pattern of changes was observed
in relation to temperature or salt concentration

(Fig. 3).

The change in the catalytic area

Overall conformational changes may also alter the
lipase catalytic sites. Lipase PLS 80 contains a
catalytic triad composed of Serl10-Asp314-His355’.
The reference structure at 343 K and 0.6 M NaCl had
an area of 23.82 A2 At 300 K, the catalytic area was
generally smaller than the reference value, except at
0.6 M NaCl. At 343 K, the absence of NaCl led to a
notable increase of 4.11 A2 At 2.0 M and 4.0 M
NaCl, the area decreased by 2.78 A2 and 2.49 A2
respectively. At 373 K, the catalytic area increased
with higher NaCl concentrations, except at 0.6 M
NaCl, which showed a decrease of 1.19 A2. Although
the changes in the catalytic area were minor, the
orientation of the side chains was altered, potentially
affecting catalytic efficiency (Fig. 4).

In addition to the catalytic triad, lipase activity is
influenced by the oxyanion hole. In lipase PLS 80, the
oxyanion hole is located at residues 7-12, consisting
of Ile-Val-Leu-Leu-His-Gly"’. This structural feature
plays a crucial role in stabilising the negatively

Table 2 — Average RMSF values at various temperatures and NaCl concentrations

Cluster Temperature
0
All residues 300 K 0.82+0.35
343K 1.01 £0.49
373K 1.26 £0.59
Nonpolar 300 K 0.90 +0.41
343K 0.75 +0.26
373K 1.14 £0.56
Nonpolar aromatic 300K 0.94 £ 0.45
343K 0.77 £0.26
373K 1.25+0.51
Polar 300K 1.03 £0.50
343K 0.81+£0.35
373K 1.26 £0.58
Charged 300K 1.21 +£0.58
343K 1.00 +0.45
373K 1.49 £0.61
Negatively charged 300K 1.08 +£0.45
(Asp, Glu) 343K 0.92+0.35
373K 1.31+0.47
Positively charged 300K 1.45+0.65
(Arg, Lys) 343K 1.16 £0.52
373K 1.68 £ 0.69

*Reference structure
** Significant at o = 0.05

Average RMSF (A) ANOVA
0.6 M NaCl 2 M NaCl 4 M NaCl p-value
0.77+£0.34 0.79 £0.37 0.79 £0.36 0.209
1.02 £0.50* 0.98 £0.40 0.94 +0.40 0.093
1.14+£0.54 1.30+0.72 1.12 +£0.49 0.00002%**
0.93+0.44 0.89 +£0.31 0.85+0.32 0.204
0.68 £0.23* 0.71£0.29 0.71 £0.25 0.363
1.04 +£0.45 1.15+0.59 1.01 £0.43 0.025%*
0.93+043 0.86£0.25 0.87 £0.35 0.101
0.68+£0.21% 0.74 +£0.33 0.68 £0.21 0.714
1.05+0.37 1.15+0.45 1.05+£0.39 0.094
1.02 £ 0.46 0.97 £0.41 0.92+0.39 0.627
0.77 £0.34* 0.75+0.34 0.74 +£0.32 0.300
1.13+£0.50 1.31+£0.71 1.10 £0.48 0.047%*
1.22+0.59 1.22+0.50 1.16 £0.50 0.939
0.97 £ 0.46* 0.97 £0.47 1.00 +0.50 0.867
1.40 £0.68 1.61 £0.93 1.37 £0.55 0.101
1.08 £ 0.40 1.12+0.42 1.05 +0.40 0.950
0.87 £0.38* 0.90 £0.40 0.90 £0.38 0.874
1.22+0.38 1.35+0.56 1.18 £0.42 0.288
1.43+0.74 1.41 +£0.54 1.39+0.55 0.974
1.15+0.51%* 1.12+0.53 1.20 £0.58 0.945
1.66 0.9 1.94+1.22 1.61 +£0.59 0.354
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Table 3 — Percentage of compositional differences in the secondary structures at various temperatures and NaCl
concentrations in comparison to the reference structure (lipase structure at 343 K and 0.6 M of NaCl).

Temp. [NaCl] Compositional difference
(K) (M) (%)
a-helix B-sheet 3 0-helix Coil Turn
300 0 2.43 0.05 -0.44 0.28 -2.32
0.6 1.93 0.07 -0.28 -0.15 -1.57
2.0 2.11 0.11 -0.43 -0.19 -1.60
4.0 1.37 -0.39 -0.80 0.44 -0.62
343 0 3.03 -0.21 -1.47 1.25 -2.60
0.6 0 0 0 0 0
2.0 1.57 -0.07 -1.04 0.08 -0.54
4.0 2.88 0.05 -0.86 0.75 -2.82
373 0 1.53 -0.29 -1.04 0.03 -0.23
0.6 2.11 -0.01 -0.92 0.17 -1.35
2.0 1.72 -0.37 -1.07 0.22 -0.50
4.0 1.94 -0.50 -1.39 -0.03 -0.02
[NaCl] 0 M [NaCl] 0.6 M [NaCl]2 M [NaCl]| 4 M
. e , Reion.
ﬁ? \ o Q!
C-terminu: ’ A ——
300 K L C (_b -
\J \J
> Cleemd = C-terminus \
343K ‘ - &5 )
N\ g
’ germions f s
-nn- \ "O-lrmimn
(.m-uu..;.; \j \/\ c«ml@ \) C.(rrmlll!& ) i mﬁ? L\
313K = (\- / .
\ Y ™~ Q \ ~
o) \) \J

Fig. 3 — The structure of lipase PLS 80 in regions 300-360 at various temperatures and NaCl concentrations. a-helix is shown in purple,
B-sheet in yellow, 3o-helix in dark blue, coil in white, and turn in cyan

charged tetrahedral intermediate that forms during the
hydrolysis of ester bonds. Stabilisation reduces the
activation energy required for the reaction, therebg/
enhancing the catalytic efficiency of the enzyme

Thus, the fluctuation of the residues in the hole was
examined. In the reference structure, Ile, Val, Leu,
Leu, His, and Gly residues exhibited RMSF values of
0.62, 0.80, 0.60, 0.67, 1.16, and 0.71 A, respectively.
At 300 K, all residues within the oxyanion hole
showed reduced RMSF values compared to those in
the reference structure across all simulation
conditions, except for Leu9 in the absence of NaCl.
At 343 K, the RMSF values for all residues were
negative, except for Leul0O at 2 M NaCl. At 373 K,

most RMSF values increased, although the H11 and
G12 values remained negative. Distance-wise, the
RMSF differences of residues in the oxyanion hole
were relatively small, ranging from -0.69 to 0.08 A

(Fig. 5).

The changes in hydrogen bonds and electrostatic interactions
with Na* and CI ions

This study further evaluated whether the relatively
small RMSF differences were due to the effects of
temperature and NaCl concentration. The evaluation was
based on the number of hydrogen bonds and
electrostatic interactions of charged residues with Na
and CI' ions, as both play important roles in
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Fig. 4 — Differences in the area and orientation of the catalytic triad at various temperatures and NaCl concentrations. The reference

structure was at 343 K and 0.6 M NaCl
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Fig. 5 — Differences in average RMSF values of residues within the oxyanion hole at various temperatures and NaCl concentrations
compared to the reference structure (343 K, 0.6 M NaCl). (a) 300 K, (b) 343 K, and (c) 373 K.

thermostability and halostability*. Table 4 presents the
average number of hydrogen bonds and electrostatic
interactions between the charged residues (Glu, Asp,
Lys, and Arg) and Na*/Cl" ions. The reference structure
exhibited 86 hydrogen bonds, 3.7 Glu—Na’, 1.1 Asp—
Na’, 2.6 Lys'—CI’, and 5.4 Arg' —CI interactions.
Generally, the number of hydrogen bonds
decreased as the temperature increased and vice versa.
At 300 K, the number of hydrogen bonds exceeded
that of the reference, peaking at 0.6 M NaCl with 96

hydrogen bonds. At 343 K, the number of hydrogen
bonds remained consistent across various NaCl
concentrations, although it was slightly lower at 4.0
M NaCl. At 373 K, there was a notable reduction in
hydrogen bonds, with minimal differences between
the different NaCl concentrations (Table 4).

Higher NaCl concentrations significantly enhanced
the frequency of electrostatic interactions between
charged residues and salt ions. The frequency
approximately doubled as the concentration increased
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Table 4 — Differences in average hydrogen bonds and electrostatic interactions at various temperatures and NaCl
concentrations compared to the reference structure (343 K, 0.6 M NaCl)

Temp. [NaCl] Difference in average value

(X) M) H-bond Glu—Na" Asp—Na' Lys—CI Arg' —CI

300 0 93 - - - -
0.6 96 2.7 1.1 2.1 4.1
2.0 95 6.1 3.1 8.2 14.7
4.0 91 11.7 6.9 184 35.0

343 0 86 - - - -
0.6 86 37 1.1 2.6 54
2.0 86 7.1 34 10.5 17.4
4.0 84 11.8 6.8 22.0 333

373 0 79 - - - -
0.6 80 4.8 1.7 33 6.4
2.0 78 8.1 4.2 11.7 19.9
4.0 79 11.1 6.2 19.3 344

from 0.6 M to 2 M and from 2.0 M to 4.0 M NaCl. A
moderate increase in electrostatic interactions was
observed with increasing temperature at comparable
NaCl concentrations. Notably, the increase in
interactions involving positively charged residues was
substantially greater than that of negatively charged
residues, a trend that was more pronounced at higher
ionic strengths. This finding is particularly
noteworthy, given the lower number of positively
charged residues (12 Lys and 26 Arg) compared to
negatively charged residues (22 Asp and 20 Glu)
within the structure.

The fluctuations of the positively charged residues
(Arg and Lys) were further investigated. The RMFS
of Arg in the reference structure (6.8% of the total)
ranged from 0.54 to 2.89 A, whereas that of Lys
(3.1% of the total) ranged from 0.75 to 1.79 A. Argl
at the terminus was excluded from all calculations
because of the fraying. At 300 K, almost all Arg
residues showed negative RMSF values regardless of
NaCl concentration, with a few exceptions (Fig. 6). At
343 K, the RMSF of Arg residues increased, with
notable deviations in Arg 309 and Arg 327. At 373 K,
nearly all Arg residues exhibited higher RMSF than
the reference, with Arg 309 and Arg 327 at 2 M NaCl
displaying the most significant fluctuations. The
RMSF differences of Arg across all simulation
conditions ranged from -1.09 A (R150 at 300 K and 2
M NaCl) to 4.96 A (R327 at 373 K and 2 M NaCl).
Similarly, the RMSF patterns for Lys mirrored those
of Arg. Lys326 was notably the most fluctuating Lys
residue in this structure. The RMSF differences of
Lys across all simulation conditions ranged from -
0.55 (K248 at 300 K and no NaCl) to 3.76 (K326 at
373 K and 2 M).

Table 5 — The difference in the average total energy at various
temperatures and NaCl concentrations. The reference structure
was lipase at 343 K and 0.6 M NaCl

Temperature [NaCl] The difference in the
(K) M) total energy
(kcal/mol)

300 0 -885

0.6 -726

2.0 -655

4.0 -464
343 0 -167

0.6 0

2.0 51

4.0 171
373 0 283

0.6 565

2.0 722

4.0 646

The change in total energy

This study estimated the energy required for lipase
to adopt its structure at different temperatures and
NaCl concentrations. The total energy was calculated
by summing the contributions of the bonds, dihedrals,
angular interactions, van der Waals forces, and
electrostatic interactions within the protein. The
sign and magnitude of the total energy provide
insights into conformational stability. The lipase
structure at 300 K in the absence of NaCl
required 885 kcal/mol less energy than that of
the reference. The reference structure had a total
energy of -5277 kcal/mol. In general, the energy
increased as the NaCl concentration and temperature
increased. An exception was observed at 373 K and
4.0 M NaCl, where the energy slightly decreased
compared to that at 2.0 M at a similar temperature
(Table 5).
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Fig. 6 —Differences in the average RMSF of arginine and lysine at various temperatures and NaCl concentrations compared to the
corresponding residues in the reference structure (structure at 343 K and 0.6 M NaCl). (a) Arg at 300 K, (b) Arg at 343 K, (c) Arg at 373
K, (d) Lys at 300 K, (e) Lys at 343 K, and (f) Lys at 373 K. Positive and negative values indicated that the RMSF was higher and lower

than that in the reference structure, respectively

Discussion

The computational simulations used in this study
were limited by the inherent flexibility of the protein
structures, potentially leading to inaccuracies in the
observation of certain protein regions™***. This
study used a simulation system designed to closely
replicate native conditions and conducted over
extended timescales to facilitate better observations of
protein dynamics. However, the limitations of force
field algorithms could affect the results***'. Moreover,
discrepancies may exist between native and simulated
conditions, with unanticipated forces due to the
absence of ligands in the structure®”.

Lipase PLS 80 exhibited remarkable stability at
various temperatures and NaCl concentrations. When

the temperature increased, the structure expanded
only slightly. The small changes in the RMSD values
indicate that the structural deviation was minimal. The
change in R, was also minimal, with a variation of less
than 1%. Regressing the average RMSD against the
average R, values yielded a reasonable positive
correlation (R? = 0.881). In addition, the SASA values
varied by approximately 1.3% (Table 1).

The RMSF results support the structural stability
assertion. The fluctuation of residues at regions 300-
360 was notably higher than that at other regions
(Fig. 2). The RMSF values generally increased with
increasing temperature but varied unpredictably at
different concentrations of NaCl. These results
differed from those of a non-thermohalostable protein
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(PDB 1BBL), where the structure is greatly affected
by increased salt concentrations. It is loose at low salt

concentration but more compact at a higher
concentration™.
Based on ANOVA, the effect of NaCl

concentration on RMSF was only significant at 373 K
but did not affect the charged residues (Table 2). The
structural stability claim is also supported by the
minor compositional differences in the secondary
structure, ranging from -2.82% to 2.88% (Table 3),
where the coils and helices contribute more to
structural stability'’. In addition, the differences in
RMSF values of residues in the catalytic triad area
and oxyanion hole were minor, ranging from -0.35 to
-0.39 A and -0.69 to 0.08 A, respectively, across all
simulation conditions.

Minor differences in the RMSF allow proximal
residues to maintain their interactions and catalytic
activity. However, the active structural configuration
is influenced not only by the distance but also by the
bond angles of the interacting residues. For instance,
the hydrogen bond distance between the hydroxyl
group of Ser and the Ne2 of His in the catalytic triad
ranges from 2.0 A to 2.7 A, requiring a bond angle
between 115° and 140°>*. Changes in the bond angles
can alter the side-chain orientation, thereby affecting
the catalytic efficiency. This condition may explain
the observed reduction in lipase PLS 80 activity by
approximately 10% with a 10°C increase in
temperature and a 50% reduction with a 10°C
decrease®, despite the overall structural stability
predicted in this simulation. This reduction could be
due to the shift in bond orientation of the catalytic
triad residues, which were not explored in this study.

The stability of the lipase PLS 80 could be
explained by the balance between hydrogen bonds
and salt bridges, as well as the presence of salt ions.
At elevated temperatures, the number of hydrogen
bonds decreased’. While the effect of NaCl
concentration on the bonds varied at similar
temperatures, 0.6 M NaCl was optimal for promoting
hydrogen bond formation. In the presence of NaCl,
the reduction in hydrogen bonds appears to be
compensated for by enhanced electrostatic
interactions between charged residues and salt ions™,
although this relationship is not linear. The
interactions between Glu-Na*, Asp-Na*, Lys™-Cl,
and Arg"-Cl™ increased, particularly at higher salt
concentrations (Table 4), because more ions were
present. Increased NaCl concentrations allow charged
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surface residues to interact with salt ions,
compensating for the loss of hydrogen bonds. The
electrostatic  equilibrium was maintained by
neutralising the amino acid charges, thus preventing
aggregation. The stability may also be contributed to
by the preservation of key hydrogen bonds near the
hydrophobic core to protect against denaturation®®.

In halostable enzymes, salt ions of particular
concentration stabilise and compact the structure, thus
enhancing its substrate affinity”’. In this study,
moderate salinity counteracts the destabilising effects
of elevated temperatures, allowing the molecule to
remain flexible yet structurally stable®®”. A higher
ionic strength screens these interactions and alters the
hydration shell, affecting hydrogen bonding with
water. It is reported that hydrated electrolyte ions
contribute to the solvation shell without excessively
competing for water®. These factors may explain why
lipase exhibited greater stability at 0.6 M NaCl under
all simulation conditions.

However, an energy penalty is incurred when the
formation of electrostatic interactions with salt ions
counteracts the loss of hydrogen bonds. The energy
increased as the temperature and salt concentration
increased to maintain structural stability (Table 5). This
increase can be attributed to several factors. First,
electrostatic interactions typically lead to a decrease in
entropy compared to hydrogen bonding, as salt ions are
more ordered and possess less freedom of movement
when bound to molecules®'. Second, salt ions are usually
well hydrated in aqueous solutions, and when they form
electrostatic interactions with molecules, they must
partially shed their hydration shell, which requires
energy™. Third, although electrostatic interactions
can be strong, hydrogen bonds often provide better
geometry and strength for stabilising molecular
structures in biological systems®***. Moreover, networks
of hydrogen bonds can reinforce each other, providing a
cooperative strengthening effect that is often lost when
replaced by individual electrostatic interactions®.
Additionally, hydrogen bonds are generally more
specific and directional than electrostatic interactions
with salt ions, enhancing the stability of specific
conformations™.

This study suggests that the balance between
hydrogen bonds, salt bridges, and interactions with
salt ions contributes to enzyme stability under various
conditions. However, further investigation into the
bond orientations, rotamer preferences and the
influence of surrounding residues is required to fully
explain the observed changes in the lipase activity.
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Conclusion

In conclusion, lipase PLS 80 demonstrated
remarkable stability across a range of temperatures
and NaCl concentrations with minimal structural
deviations. These results suggest that the enzyme
maintains its structural integrity primarily through a
balance between hydrogen bonds and electrostatic
interactions. While increased temperature and salt
concentrations disrupt hydrogen bonding networks,
the latter may simultaneously enhance electrostatic
interactions, thereby supporting the overall stability.
However, local structures were affected by the
shifting of the secondary structures. The energy costs
associated with these interactions are significant,
suggesting entropic effects and hydration dynamics
during the process. Despite the overall structural
stability, the catalytic efficiency may be affected by
bond angles; thus, further investigation is necessary to
understand this better. These findings highlight the
complex interplay between environmental factors and
enzyme stability. These findings add to our
understanding of lipase stability and its potential
applications.
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