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Abstract
The stability of lipase in organic solvents is crucial for biocatalytic processes in industrial biotechnology. Previously, 
we described a thermostable and solvent-tolerant Lip 42 from Geobacillus sp. Despite these features, the wild-type 
Lip 42 activity deteriorated and became unstable in methanol at high temperatures, limiting its effectiveness in 
solvent-driven catalysis. This study aims to integrate experimental data with molecular dynamics simulation, free 
energy landscape (FEL), and principal component analysis (PCA) to explore the structural and dynamic properties 
of V171S mutant lipase, in aqueous and methanol environments. Optimal conditions were determined at pH 8.0 
and 70 °C, with notable thermal stability at 65 °C. Importantly, V171S exhibited solvent tolerance, maintaining over 
70% relative activity in methanol, ethanol, acetone, 1-propanol, heptanol, octanol, and n-hexane. To further evaluate 
its performance in methanol, comparative in silico analyses were performed against the wild-type lipase. Structural 
analysis revealed that V171S maintained stability with only minor fluctuations compared to the native Lip 42 in 
methanol condition at 65 °C. Root mean square fluctuation (RMSF) analysis highlighted increased flexibility in the 
lid 1 region, suggesting structural adaptation to solvent exposure. The principal component analysis demonstrated 
that Lip 42 adopted broader structural distributions in methanol compared to the V171S variant. Free energy 
landscape analysis confirmed the presence of distinct and stable energy minima for V171S in methanol. 
Collectively, V171S mutation improves structural integrity under methanol stress, especially at high temperatures. 
This study contributes to the development of robust biocatalysts that function efficiently in mixed-solvent systems 
operating at elevated temperatures, especially in the field of biodiesel production.
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Introduction
Lipases (EC 3.1.1.3) are ubiquitous hydrolases present 
in many organisms and catalyze the breakdown of esters 
and triacylglycerides into fatty acids and glycerol. In a 
micro water environment, lipases can catalyze the syn-
thesis reaction for interfacial activation (Qin et al. 2023). 
Additionally, lipases exhibit positional or random speci-
ficity toward hydrolysis and synthesis reactions (Albayati 
et al. 2020). Because of these distinguishing features, 
lipase has the potential to be an outstanding biocatalyst 
in a variety of practical applications. Thermostable lipases 
from thermophiles are especially appealing since indus-
trial processes frequently demand harsh, high-temper-
ature operating conditions. Recently, lipases have been 
increasingly used in non-aqueous environments such 
as methanol and ethanol for transesterification in bio-
diesel production (Salgado et al. 2022). Alcohols become 
more miscible with oil at higher temperatures, promot-
ing a more uniform reaction environment and potentially 
reducing the overall reaction time. These factors can con-
tribute to higher productivity and faster biodiesel conver-
sion. However, high temperatures also pose significant 
challenges, especially to the stability of enzymes. Many 
lipases are sensitive to heat and may destabilize due to 
the disruption of structural interactions. Protein engi-
neering approaches, such as rational design and directed 
evolution, are powerful tools for diversifying enzyme 
functions and characteristics. Site-directed mutagenesis 
has successfully enhanced the catalytic efficiency and 
stability of several enzymes. Site-directed mutation of 
G210C on lipase from Staphylococcus epidermidis AT2 
(rT-M386) successfully enhanced the catalytic activity 
and thermostability, exhibited an optimal temperature 
switch from 25 to 45  °C and stability up to 50  °C (Veno 
et al. 2019). Min et al. (2021) successfully improved the 
characteristic of lipase from Bacillus subtilis in water-
ethanol solvent via rational surface engineering with 50% 
of activity remaining. Additionally, mutant Thermomy-
ces lanuginosus lipase (TLL) demonstrated significantly 
improved thermostability and catalytic efficiency with a 
higher yield in fatty acid methyl esters (FAME), making it 
suitable for biodiesel production (Qu et al. 2024).

One unique property that lipase has as compared to 
other lipolytic enzymes is the presence of the lid domain. 
The structure of this mobile subdomain profoundly 
impacts the enzyme properties, by altering the open 
and closed conformation at lipid-water interfaces which 
reflects the active and inactive state of the enzyme. The 
key aspects of lid structure that affect lipase stability 
and functionality are the flexibility, rigidity and amino 
acid sequence. Hence, the lid is an attractive region for 
protein engineering in order to understand its dynamic 
and altered properties. Protein motions and conforma-
tional changes can be studied with the help of molecular 

dynamics (MD) simulations (Padhi et al. 2022). This 
computational tool enables the atomistic insights of the 
enzyme and the observation of dynamic processes over 
time (Radkiewicz and Brooks 2000; Wand and Sharp 
2018; Khan et al. 2020). Previously, solvent-tolerant lipase 
Lip 42 of thermostable Bacillus sp. strain 42 (Acces-
sion number: AY 78735) was isolated locally from palm 
oil mill effluent (Eltaweel et al. 2005). Recombinant Lip 
42 was successfully purified using the Strep-tag II affin-
ity tag and well characterized. Lipase Lip 42 is a thermo-
stable lipase with optimum catalytic activity at 70 °C. The 
wild-type Lip 42 retained high activity in various organic 
solvents, including methanol, at moderate temperatures. 
However, when Lip 42 was exposed to methanol at a tem-
perature of 60 °C, the residual activity decreased dramati-
cally (Hamid et al. 2009a). A single-point mutation using 
rational design on a residue located at the lid was per-
formed, namely V171S lipase, to understand the role of 
hydrophobic interaction for the interfacial activation of 
lipase in solvents, particularly DMSO (Hamid et al. 2009 
b).

In this study, we first presented the biochemical char-
acterization of V171S mutant lipase to understand the 
mutation impact on its stability and functionality. In 
biodiesel production, methanol serves as the common 
solvent used in transesterification reaction between tri-
glycerides and alcohol. Considering the growing interest 
in lipases as biocatalysts in biodiesel field, the behavior 
of the V171S mutant was specifically investigated under 
methanol-containing conditions through detailed kinetic 
simulation analysis (Almeida et al. 2021). Taken together 
the experimental data and the in silico studies, V171S 
mutant lipase demonstrated an improvement in metha-
nol tolerance.

Materials and methods
Purification of V171S mutant lipase
E. coli BL21(DE3)pLysS harbouring pET51b/V171S 
was obtained from Enzyme and Microbial Technology 
Research Centre (EMTech), Universiti Putra Malaysia. 
Previously, site-directed mutagenesis was performed on 
recombinant plasmid pET51b harboring the lip42 gene 
using the QuikChange kit (Stratagene, USA). Specific 
forward and reverse primers were designed to substitute 
Val171 with Ser and the presence of the V171S mutation 
was confirmed by DNA sequencing (Hamid et al. 2009b). 
The V171S mutant lipase was purified to homogeneity 
by affinity chromatography as described by Hamid et al. 
(2009a, b). The purified protein was analyzed by sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) according to Laemmli (1970).
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Lipase assay and protein determination
The hydrolysis of lipase to liberate free fatty acids was 
determined calorimetrically according to Kwon and 
Rhee (1986), using olive oil as the substrate. A mixture 
containing 2.5 mL of substrate (1:1 of olive oil and Tris-
HCl buffer at pH 8.0 ratio), 20 µL of 20 mM CaCl2, 10 
µL protein sample, and 990 µL Tris-HCl buffer pH 8.0 
was incubated in a water bath shaker at 70 °C for 30 min 
with agitation at 200  rpm. 1 mL of 6  M HCl and 5 mL 
of isooctane were added to the reaction mixture and 
homogenized for 30  s with a vortex mixer. After allow-
ing the solvent mixture to separate, 4 mL of the upper 
layer containing the fatty acids was pipetted into a test 
tube. Cupric acetate-pyridine reagent (1 mL) was added 
and the mixtures were vortexed for 30  s. Subsequently, 
the mixture was incubated at room temperature for 2 h 
until the aqueous phase separation of isooctane and free 
fatty acid was observed. The amount of free fatty acid was 
determined by measuring the product at an absorbance 
of 715 nm. One unit of lipase activity was defined as the 
rate of liberation of 1 µmol fatty acid released per min at 
70 °C assay condition.

The Bradford method was used to determine the pro-
tein concentration, using the Bradford reagent from 
Supelco® (Sigma-Aldrich) with bovine serum albumin 
(BSA: Sigma, USA) as the standard (Bradford 1976).

Characterisation of V171S mutant lipase
Optimal temperature and thermal stability
The optimum temperature profile of the mutant lipase 
was determined at temperatures ranging from 30  °C to 
80  °C (5  °C intervals). The assay mixture containing 2.5 
mL of substrate (1:1 of olive oil and Tris-HCl buffer at pH 
8.0 ratio), 20 µL of 20 mM CaCl2, 10 µL protein sample, 
and 990 µL Tris-HCl buffer pH 8.0 was incubated in a 
water bath shaker for 30 min with agitation at 200 rpm. 
The optimum activity was recorded as 100% relative 
activity.

For lipase stability study, lipase was pre-incubated at 
different temperatures (65  °C, 70  °C, and 75  °C) for 4 h. 
The remaining lipase activity was assayed at 70 °C using 
olive oil (emulsified in 100 mM Tris-HCl buffer, pH 8.0) 
as the substrate in a 1:1 ratio for 30 min. Each experiment 
was conducted three times to obtain the mean value of 
lipase activity.

Optimal and pH stability
Lipase activity was determined at different pH values 
by emulsifing olive oil in the following buffers: 100 mM 
sodium acetate (pH 4.0–6.0), 100 mM potassium phos-
phate (pH 6.0–8.0), 100 mM Tris-HCl (pH 8.0–9.0), 100 
mM glycine-NaOH (pH 9.0–11.0), and 100 mM diso-
dium hydrogen phosphate (pH 11.0–12.0). The reaction 
was initiated by adding 100 µL of purified enzyme to 

reaction mixtures containing 2.5 mL of substrate (ratio 
1:1 of olive oil and buffer), and the lipase activity was 
assayed at 70  °C using the method described by Kwon 
and Rhee (1986).

The pH stability profile of mutant lipase was initi-
ated by mixing 250 µL of purified enzyme in 250 µL of 
100 mM Tris-HCl buffer at different pH values (7.0, 8.0, 
and 9.0) and incubated for 3 h. The residual activity was 
assayed every 30 min at 70 °C using olive oil (emulsified 
in 100 mM Tris-HCl buffer, pH 8.0) as the substrate in a 
1:1 ratio. Residual lipase activity was measured from the 
mean values of triplicate assays.

Effect of metal ions
The mutant lipase stability in the presence of metal ions 
was assessed by pre-incubating the purified enzyme for 
30  min at 65  °C with the following metal ions at two 
concentrations (1 mM and 5 mM): Na+, K+, Ca2+, Mn2+, 
Mg2+, Zn2+, and Fe3+. The control did not contain any 
metal ions. Lipase activity was assayed at 70  °C using 
olive oil as the substrate. Relative activities were the 
means of triplicate assays with ± standard deviations.

Effect of surfactants
The mutant lipase stability was determined by incubating 
the enzyme with different surfactants. The mixtures were 
incubated at 65 °C for 30 min in 100 mM Tris-HCl buffer 
(pH 8.0) containing 0.1% (v/v) or 1% (v/v) of the follow-
ing surfactants: Tween 20, Tween 40, Tween 60, Tween 
80, and Triton X-100. The control did not contain any of 
these surfactants. The residual activity was measured at 
70 °C using olive oil (emulsified in 100 mM Tris-HCl buf-
fer, pH 8.0) as the substrate in a 1:1 ratio. Lipase activi-
ties were measured in triplicate and the mean value was 
taken as the residual activity.

Effect of inhibitors
The effect of inhibitors on the stability of V171S mutant 
was investigated by pre-incubating the enzyme with 1 
mM and 5 mM concentrations of phenylmethylsulpho-
nyl fluoride (PMSF), p-chloromercuricbenzoate (pCMB), 
and ethylenediaminetetraacetic acid (EDTA) at 65 °C for 
30  min in 100 mM Tris-HCl buffer (pH 8.0). Inhibitor-
free reaction was regarded as the control (100%) and the 
remaining activities of the treated enzyme were measured 
under standard assay condition at 70  °C. All measure-
ments of relative activity were performed in triplicate.

Effect of organic solvents
The effect of organic solvents on lipase activity was 
investigated by pre-incubating the enzyme with various 
organic solvents (25% v/v) at 65 °C for 30 min with shak-
ing at 200  rpm. The following solvents were selected to 
provide a range of log P values: methanol (-0.76), ethanol 
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(-0.24), acetone (-0.23), propanol (0.28), butanol (0.80), 
propylacetate (1.2), benzene (2.0), heptanol (2.4), octanol 
(2.9), hexane (3.5), heptane (4.0), isooctane (4.5), dodec-
ane (6.6), and n-hexadecane (8.8). Stability was expressed 
as the residual lipase activity relative to that of the con-
trol (without organic solvent). The residual activity was 
measured at 70 °C using olive oil (emulsified in 100 mM 
Tris-HCl buffer, pH 8.0) as the substrate in a 1:1 ratio. 
The mean value of the residual activity was calculated 
from triplicate assays.

Stability of V171S mutant in different methanol 
compositions
The effect of methanol on the mutant variant and native 
lipase Lip 42 was tested with a series of methanol com-
positions (15, 30, 45, 60, 75, and 90% v/v). The methanol-
enzyme mixture was briefly vortexed and pre-incubated 
at 40  °C with shaking of 200  rpm for 30  min prior to 
enzyme assay under standard assay condition. The per-
centage of relative activity was calculated with respect to 
the highest activity (100%). All samples were conducted 
in triplicate.

Statistical analysis of the V171S mutant and native lipase
Two-way analysis of variance (ANOVA) was performed 
with two independent categorical variables, which were 
the enzyme types (V171S mutant and Lip 42) and metha-
nol compositions (0, 15, 30, 45, 60, 75, and 90% v/v). Post-
hoc test was applied to determine which group means 
differed significantly.

Molecular dynamics simulation of lipases
The structures of Lip 42 (wild-type lipase) and V171S 
(mutant lipase) were predicted using AlphaFold2 (​h​t​t​p​​s​
:​/​​/​c​o​l​​a​b​​.​r​e​​s​e​a​​r​c​h​.​​g​o​​o​g​l​​e​.​c​​o​m​/​g​​i​t​​h​u​b​​/​s​o​​k​r​y​p​​t​o​​n​/​C​​o​l​a​​b​F​
o​l​​d​/​​b​l​o​​b​/​m​​a​i​n​/​​A​l​​p​h​a​F​o​l​d​2​.​i​p​y​n​b) (Jumper et al. 2021). 
The sequence of Lip 42 and V171S lipases was used as an 
input. Distance Geometry method was used in Alpha-
Fold to generate and construct the protein models. The 
predicted structures were subjected to verification using 
online verification tools, including Verify 3D, ERRAT and 
PROCHECK (https://saves.mbi.ucla.edu/). The 3D ​m​o​d​e​
l​s were used to perform molecular dynamics simulations 
in water and methanol environments using YASARA 
software package version 12.10.3 (Krieger et al. 2013).

A cubic simulation box was created with a 10 Å buf-
fer distance around all atoms of the protein. Periodic 
boundary conditions were applied to the protein mol-
ecule using the most recent AMBER14 force field in the 
x, y, and z directions with nonbonded cutoff value of 8 
Å. MD simulation was performed in 25% methanol and 
water at 338.15 K. Before running the simulation, energy 
minimization was performed using the steepest descent 
method for approximately 2000 steps, with each sub-step 

comprising 1.25 femtoseconds across two simulation sub-
steps. MD simulations were performed at 1 bar, 338.15 K 
for 100 ns after the system reached density equilibration 
according to the respective solvent relative densities. The 
molecular dynamics simulation trajectories were further 
analyzed using built-in modules in YASARA 12.10.3. The 
stability and flexibility of the simulation trajectories were 
evaluated by calculating the root mean square devia-
tion (RMSD), radius of gyration, surface accessible area 
(SASA), and root mean square fluctuation (RMSF) of 
each residue.

Elastic netwok model-based normal mode analysis
The PDB file of the final simulation snapshots was sub-
mitted to the Elastic Network Model (ENM) website (​h​
t​t​p​​s​:​/​​/​w​w​w​​.​s​​c​i​e​​n​c​e​​s​.​u​n​​i​v​​-​n​a​n​t​e​s​.​f​r​/​e​l​n​e​m​o​/) for normal 
mode analysis (NMA). This online tool is a computa-
tional technique used to study the dynamics of macro-
molecules around their equilibrium conformation and 
focuses on the low-frequency normal modes, which are 
critical for understanding large-scale conformational 
changes in macromolecules. This method simplifies a 
molecular system by modeling it as a network of nodes 
connected by bonds or interactions (Suhre and Sane-
jouand 2004). In this analysis, ENM was employed to 
compare the mutant and wild-type dynamics in order to 
understand the contributions of each normal mode to 
conformational changes.

Principal component analysis and free energy landscape
Principal component analysis and free energy landscape 
were conducted using GROMACS software (Lindahl 
et al. 2001). The simulation trajectories from YASARA 
were converted into trajectory.xtc using md_convert.
mcr of YASARA modules. Covariance matrices of lipases 
in water and methanol were calculated using protein 
backbone atomic fluctuations following the elimination 
of rotational and translational motions using the gmx 
trjconv of the GROMACS tool. The covariance matri-
ces of Ca atoms for the Lip 42 and V171S in water and 
methanol trajectories were constructed and diagonalized 
using the gmx covar module of GROMACS software. 
Gmx anaeig was used to generate the eigenvalues and 
eigenvectors of the protein backbone atoms. The eigen-
vectors are directions in conformational space and repre-
sent the collective motions of atoms along the directions. 
The eigenvalues represent the mean square fluctuations 
(MSF) of atoms along the corresponding eigenvectors. 
Reaction coordinates, PC1 and PC2 were calculated and 
concatenated to generate free energy landscape (FEL) 
of protein using gmx sham to capture the lowest stable 
energy state. Two- and three-dimensional FEL plots were 
generated using Matplotlib. Free energy landscape is a 
useful tool for understanding and analyzing biomolecular 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://saves.mbi.ucla.edu/
https://www.sciences.univ-nantes.fr/elnemo/
https://www.sciences.univ-nantes.fr/elnemo/
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processes such as protein folding, protein aggregation, 
and molecular recognition.

Results
Expression and characterization of V171S mutant lipase
The V171S mutant lipase was engineered from Lip 42, 
originally derived from Bacillus sp. strain 42, through a 
single amino acid substitution in the loop region near the 
lid, distant from the active site, with the aim of investigat-
ing its molecular interactions and conformational behav-
ior in solvent environments. To analyze the effect of Lip 
42 mutations on enzyme activity and stability, Strep-tag 
II affinity chromatography was employed to purify the 
V171S mutant lipase. As reported in Table 1, the pooled 
protein fractions contained approximately 7.12  mg of 
V171S lipase, implying 60% recovery with a 2.8-fold puri-
fication factor. The pooled fractions were subjected to 
SDS-PAGE to determine the protein purity. As shown 
in Fig. 1, the gel revealed an intense single band with an 
expected molecular weight of 43  kDa. Using the Strep-
tag purification system, excellent purification with good 
yield of the V17S mutant lipase could be achieved in a 
single step under mild conditions (Guo et al. 2022).

Characterization of mutant V171S lipase
The effect of temperature on the activity of V171S lipase 
was determined at various temperature ranges over 
30–80 °C at 5 °C intervals. As shown in Fig. 2a, the enzy-
matic activities of V171S mutant increased steadily with 
increasing temperatures. The V171S mutant lipase exhib-
ited a slight drop in hydrolysis activity at moderate tem-
peratures from 40 °C to 45 °C, where the enzyme retained 
20% of its relative activity. The activity of V171S mutant 
lipase reached its maximum activity at 70 °C. The activ-
ity of V171S lipase decreased sharply at temperatures 
higher than the optimum temperature, where the mutant 
retained only 58.8% of relative activity at 75 °C and 39.5% 
activity at 80 °C.

The thermostability of V171S was determined by mea-
suring the residual enzyme activity after pre-incubation 
at different temperatures, ranging from 65  °C to 75  °C. 
Following 30 min of incubation, the mutant lipase exhib-
ited a decline of almost 90% in relative activity at 75 °C, 
while maintaining 64.3% of its relative activity at the 
optimum temperature of 70  °C (Fig.  2b). Interestingly, 
treatment of the enzyme at 65  °C demonstrated great 
thermal stability, with more than 90% of its relative activ-
ity remaining after 30 min of incubation. Within 60 min 
of incubation at 70 °C, the activity dropped to 47.8% and 

Table 1  Purification enhancement of V171S lipase following affinity chromatography
Fraction Volume (mL) Total protein (mg) Specific activity (U/mg) Total activity (U) Yield (%) Fold purification
Crude 15 32.70 56.42 1845 100 1.0
Affinity chromatography 10 7.12 155.90 1110 60 2.8

Fig. 1  SDS-PAGE analysis of V171S mutant lipase using Strep-tag II affin-
ity chromatography. Lane 1: Unstained protein ladder expressed in kDa 
(Fermentas). Lane 2: Crude protein extract. Lane 3: Purified V171S protein 
at 43 kDa
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more than 90% of its relative activity was lost after 90 min 
of incubation. In contrast, the enzyme maintained 80% 
relative activity at 65 °C for the same incubation duration 
and and completely lost its activity after 180 min.

The influence of pH on the activity and stability of 
V171S mutant lipase was evaluated by measuring the 
enzyme activity in reaction mixtures with pH values 
ranging from 4 to 12. The mutant lipase was found to be 
active over a broad range of pH values from 6 to 9 with 
maximum activity at pH 8.0, as depicted in Fig. 2c. The 
maximum catalytic activity appeared to be the same as 
that of the wild-type Lip 42 at pH 8.0 in 100 mM Tris-
HCl buffer. However, under extreme acidic and alka-
line conditions, the activity of mutant lipase decreased 
sharply, falling to 1.0% and 4.5% at pH 4.0 and 5.0, 
respectively. Treatment under pH 10, 11, and 12 recorded 
13%, 11%, and 1.1% of relative activities, respectively.

The pH stability of V171S was examined by measuring 
the relative enzyme activity after 30  min of pre-incuba-
tion in buffer systems ranging from pH 4.0 to 12.0. Based 
on the obtained results (Fig. 2d), V171S mutant showed 
good stability at a broad pH range from pH 6 to 9 within 
30 min of treatment. Although the optimal pH of V171S 
lipase was determined at pH 8.0, the enzyme exhibited 
the highest stability at pH 9.0, indicating that the overall 

structure of the mutant was more durable at pH 9.0 over 
time. The remaining activity of V171S mutant declined 
after 50  min of treatment at all pH values. Overall, the 
mutant lost 50% of its enzymatic activity after 60 min of 
treatment at pH 7.0, 8.0, and 9.0.

Metal ion dependency on the activity and stability of 
V171S mutant was investigated by treating the enzyme 
with two different concentrations of metal ions (1 mM 
and 5 mM) for 30 min prior to enzyme assay. As shown 
in Fig. 3a, the activity of V171S lipase was stimulated by 
the addition of Ca2+. The addition of 1 and 5 mM Ca2+ 
increased the activity by 33.6% and 23.6%, respectively, 
relative to the control. In contrast, the addition of Zn2+ at 
1 or 5 mM inhibited the activity of V171S lipase, reduc-
ing the enzymatic activity to 2.2% and 7.7%, respectively. 
The results obtained were in accordance with the findings 
on wild-type Lip 42 lipase (Hamid et al. 2009a). Dramatic 
reductions in the lipase activity of V171S lipase were 
observed with 1 and 5 mM Fe3+. The activity of V171S 
lipase was enhanced by 27% in the presence of 1 mM K+, 
however, the increase of K+ to 5 mM reduced the enzyme 
activity to 41%. A similar trend was observed upon treat-
ment with Mg2+ and Mn2+.

Several surfactants were tested for their effects on the 
lipase activity of V171S mutant lipase at two different 

Fig. 2  Characterization of V171S lipase. a Effect of temperature on V171S mutant lipase activity. b Temperature stability of V171S lipase. The residual ac-
tivity was measured using olive oil every 30 min at 70 °C. The symbols ■, ▲, and x indicate the temperature of 65, 70, and 75 °C, respectively. c Effect of 
pH on lipase activity. pH buffer system: Sodium acetate buffer (♦); Sodium phosphate buffer (■); Tris-HCl buffer (▲); Glycine-NaOH buffer (x), Na2HPO4-
NaOH (-). d Stability of V171S lipase at different pH environments. The residual activity was measured at 70 °C with the method of Kwon and Rhee (1986) 
using olive oil emulsified in 100 mM Tris-HCl buffer, pH 8.0) as the substrate in a 1:1 ratio. The symbols ♦, ■, and ▲ indicate pH 7, 8, and 9, respectively. 
Activities are represented by mean values ± standard deviation of means (n = 3)

 



Page 7 of 18Johan et al. AMB Express          (2025) 15:155 

concentrations (0.1% and 1% v/v). The addition of surfac-
tants did not enhance the overall lipase activity (Fig. 3b). 
V171S mutant lipase retained 92.7% of its activity in the 
presence of 0.1% Triton X-100, nevertheless, its activity 
was greatly reduced by 1% Triton X-100. A negative effect 
was also observed in the presence of other tested Tween 
additives (Tween 20, 40, 60, and 80) when the concentra-
tion of the additive increased to 1%.

The influence of three different classes of inhibi-
tors, namely PMSF, pCMB, and EDTA, was tested on 
V171S lipase by measuring the residual activity of the 
enzyme after 30  min of treatment. High concentration 
of all inhibitors at 5 mM repressed the residual activity 
of V171S mutant lipase by up to 80% (Fig. 3c). The pres-
ence of 1 mM PMSF increased lipase activity to 105.5%, 
however, the enzymatic activity was strongly inhibited 
by the presence of 5 mM PMSF. At 1 mM concentration, 
pCMB and EDTA inhibited lipase activity by 63.1% and 
41.6%, respectively and stronger inhibition was observed 
when the enzyme was exposed to higher inhibitor 
concentrations.

The effect of organic solvents with different polarity 
index, ranging from − 0.76 to 8.8 on V171S lipase stabil-
ity was analyzed at 65  °C. V171S mutant lipase demon-
strated notable stability across tested organic solvents 
with log P ranging from 0 to 3, with the exception of pro-
pyl acetate, maintaining over 60% of its relative activity 
after 30  min of incubation (Table  2). Upon exposure to 
heptanol, the V171S mutant lipase exhibited an increase 
in activity, retaining 106.8% of its initial activity. The 
mutant retained high activity in the presence of ace-
tone with 95.7% of residual activity, followed by ethanol 
with 94.7% of activity was remained. A similar observa-
tion was found when exposed to 1-propanol, where the 
enzyme showed marked tolerance, retaining 91.9% of its 
activity. The addition of methanol maintained the origi-
nal activity by 71.9%. The lowest relative activity retained 
was observed when the enzyme was exposed to propyl 
acetate with only 28.4% of activity. High residual activ-
ity was recorded when treated with hydrophobic solvents 
(Log P > 2), where 93.6% and 82.3% of relative activities 

Fig. 3  a Effects of metal ions on V171S lipase activity. The residual activity of V171S lipase was determined after incubation with 1 mM or 5 mM of each 
metal ion at 65 °C for 30 min. b Activity of V171S lipase in Tween 20, 40, 60, 80, and Triton X-100. V171S mutant lipase was incubated with 0.1% and 1% (v/v) 
of each surfactant at 65 °C for 30 min prior to enzyme assay. c Influence of inhibitors on the activity of V171S mutant lipase. The enzyme was pre-treated 
with 1 mM or 5 mM of each inhibitor at 65 °C for 30 min, followed by enzyme assay. The error bar indicates the standard deviations of the mean (n = 3)
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were retained when treated with dodecane and hexadec-
ane, respectively.

Mutation effect on methanol stability
The effect of mutation on the stability of Lip 42 lipase 
in methanol was investigated by conducting a compara-
tive study with the mutant upon treatment with different 
methanol compositions. As shown in Fig. 4, the methanol 

stability profile demonstrated that the V171S mutant 
exhibited markedly improved tolerance to methanol 
compared to the native Lip 42 lipase, particularly at low 
to moderate concentrations (15–45% v/v). The highest 
relative activity of V171S mutant was observed at metha-
nol concentration of 45% v/v. However, at higher meth-
anol concentrations of above ≥ 60% v/v, both the native 
and mutant enzymes experienced a dramatic decline in 
activity.

Statistical evaluation of the methanol stability study
From the experimental results at 40 °C pre-incubation of 
enzyme–methanol mixtures, the residual activity differ-
ences between the native Lip 42 and the V171S mutant 
were relatively small at higher methanol concentra-
tions. However, post-hoc analysis using the Tukey HSD 
test showed that Lip 42 differed significantly from the 
mutant with p-values less than 0.05 (Table 3). This find-
ing provides strong evidence against the null hypothesis, 
indicating that the observed differences were statistically 
significant. Although the confidence intervals (CIs) were 
relatively wide due to the limited number of replicates, 
the reported 95% CIs were still consistent within the 
range that supported the p-values.

Table 2  Organic solvent stability profile of V171S lipase
Organic solvents Log P Relative activity (% ± SD)
Control - 100
Methanol -0.76 71.9
Ethanol -0.24 94.7
Acetone -0.23 95.7
1-Propanol 0.28 91.9
Butanol 0.80 72.6
Propyl acetate 1.2 28.4
Benzene 2.0 64.8
Heptanol 2.4 106.8
Octanol 2.9 86.1
Hexane 3.5 83.3
Heptane 4.0 71.4
Isooctane 4.5 74.1
Dodecane 6.6 93.6
Hexadecane 8.8 82.3

Fig. 4  Methanol stability profile of V171S mutant and Lip 42 lipase. The enzymes were pre-incubated in different methanol compositions at 40 °C. The 
symbols ■ and ∆indicate native lipase and mutant, respectively. The error bar represents the standard deviations of mean (n = 3)
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Molecular dynamics simulation of lipases in methanol
The three-dimensional structure was developed using 
AlphaFold2, the latest technology in protein model struc-
ture development. To ascertain the stereochemical integ-
rity of the constructed structure, various parameters such 
as bond lengths, bond angles, torsion angles, and amino 
acid chirality were examined using structure validation 
tools, including Verify 3D, ERRAT, and PROCHECK. 
The 3D structures of Lip 42 and V171S passed the Ver-
ify 3D test with scores of 97.4% and 98.2%, respectively, 
which indicates the score of a satisfactory predicted 
model. ERRAT analysis yielded a quality factor of 93.9% 
for Lip 42, whereas V171S 3D model produced a scoring 
of 94.2%, which fell below the 95% rejection limit. How-
ever, ERRAT score of above 80% was still acceptable and 
the 3D models were considered to pass this verification. 
The Ramachandran plot analysis of the predicted Lip 42 
and V171S lipase structures revealed that approximately 
90.9% and 92.4% of the residues occupied the most-
favored regions, respectively (Table 4). Meanwhile, 8.8% 
and 6.9% of residues were found in the regions that were 
additionally allowed for Lip 42 and V171S lipases. In both 
structures, no residues were located in the disallowed 
regions. Hence, the 3D models of Lip 42 and mutant 
V171S can be reckoned as good-resolution structures.

Among the various solvents tested experimentally, 
methanol was selected as the solvent system for detailed 
kinetic simulations because of its direct relevance for bio-
diesel production, where lipase catalyzes the transesteri-
fication reactions between triglycerides and methanol. 
The structural dynamics of Lip 42 and V171S lipases were 
investigated under aqueous and methanol environments 
by molecular dynamics simulation trajectories at 65  °C 
over 100 ns. From Fig. 5a, the RMSD profile for wild-type 
Lip 42 and V171S mutant in water environment exhib-
ited only minor fluctuations and remained stable over the 
course of simulation with RMSD value below 2 Å which 
closely aligned with the starting structure. Notably, Lip 
42 simulated in methanol exhibited large fluctuation 

across 100 ns trajectories with RMSD score of average 1.5 
Å. In contrast, V171S mutant in methanol displayed an 
average RMSD at around 1.5 Å to 2 Å with minimal fluc-
tuations across 100 ns.

Radius of gyration analysis revealed that lipases Lip 
42 and V171S maintained their compactness and folded 
structure in water throughout 100 ns of simulation, 
reflected by a small degree of fluctuations (Fig.  5b). Rg 
profile for Lip 42 lipase in methanol displayed multiple 
fluctuations throughout the simulation. In the case of 
V171S mutant, the Rg trend fluctuated in the first 70 ns 
of simulation and became constant toward the end of 
the trajectories. Solvent accessible surface area (SASA) 
analysis serves to evaluate the extent of solvent exposure, 
providing insights into protein stability, folding, and sol-
vent interactions. From Fig. 5c, Lip 42 in water displayed 
the lowest SASA value of around 15,500 Å with smooth 
fluctuations. A similar profile was observed for V171S 
mutant with a consistent SASA score throughout the 
trajectories. In a solvent-rich environment, both lipases 
displayed high SASA values. Lip 42 exhibited several 
fluctuations over the course of the 100 ns trajectories. 
At the beginning of the simulation, small fluctuations in 
the SASA value were observed for the mutant lipase and 
started to increase at 30 ns. However, the SASA trend 
became constant towards the end of the simulation.

The flexibility of each residue can be assessed by ana-
lyzing the RMSF values during the simulation. The results 
highlighted a notable increase in atomic mobility in the 
lid area for Lip 42 and V171S mutant in aqueous system, 
as depicted in the red box of Fig. 6a. In aqueous condi-
tions, both wild-type and mutant showed high RMSF 
values at lid 1 with residue index window of 170 and 
196, and lid 2 area with residues from 209 to 235, indi-
cating inherent flexibility. In methanol environment, the 
V171S variant demonstrated an increase in fluctuation 
in the region from Arg21 to Gly31, which corresponded 
to the loop region. In the mutant, Lid 2 region exhibited 
reduced fluctuation compared to the wild-type, while 
Lid 1 showed increased mobility. The decreased fluctua-
tion of Lid 2 likely contributes to greater structural rigid-
ity, which can protect the enzyme from solvent-induced 
destabilization.

Figure 6b and c show simulation snapshots of compar-
ative flexibility at 0 ns and endpoints of both wild-type 
and mutant conformations in water and methanol sys-
tems. From the structural overlay of wild type Lip 42, a 
slight deviation in lid 1 and lid 2 positions after 100 ns 
in methanol (yellow) compared to the starting structure 

Table 3  Statistical analysis of variance (ANOVA) for lip 42 and V171S mutant
95% Confidence Interval

(I) (J) Mean difference (I-J) Std. error Sig. Lower bound Upper bound Significance P < 0.05
Lip 42 V171S mutant -23.5976 6.01279 0.001 -38.2056 -8.9895 Yes

Table 4  Quality assessment of lip 42 and V171S lipases
Analyses Lip 42 V171S
Verify 3D 97.4% 98.2%
ERRAT 93.9% 94.2%
Ramachandran Plot
 Residues in most favored regions 90.9% 92.4%
 Residues in additional allowed regions 8.8% 6.9%
 Residues in generously allowed regions 0.3% 0.6%
 Residues in disallowed regions 0.0% 0.0%
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(grey) and water simulation (blue) was observed. Mean-
while, for the mutant, the Lid 1 region remained fairly 
close to the starting conformation. Active site residues 
(Ser113, Asp317, and His358) for both lipases in two dif-
ferent systems remained structurally conserved, although 
slight shifts were visible.

Normal mode analysis
Figure 7 shows the disturbance of motion or state of 
equilibrium for Lip 42 and V171S lipase structures in 
both water and methanol systems. The perturbed struc-
tures from the NMA analysis were superimposed with 
the initial structures at 0 ns to illustrate the lid opening 
motions of Lip 42 and V171S in water and methanol. 
From Fig.  7a and c, the normal mode analysis revealed 
that V171S mutant in water showed more ordered and 
compact motion compared to the wild type between 0 
ns and 100 ns. While the NMA snapshots of V171S in 

methanol showed some local motions at Lid 1 and Lid 2 
(Fig. 7d), the movements were more localized rather than 
widespread. The zoom-in views indicated moderate and 
coordinated shifts of the lid regions, which likely contrib-
uted to the mutant enhanced adaptability at high temper-
atures in the methanol environment.

Principal component and free energy landscape analyses
PCA has been widely used to reduce the complexity of 
MD data while preserving most of the data variation. 
In this study, PCA was performed to study the major 
conformational transitions of Lip42_water, Lip42_met, 
V171S_water, and V171S_met from the MD simulation 
trajectories. Two-dimensional projections of PC1 and 
PC2 between the two largest eigenvalues in each sys-
tem were mapped in Fig.  8a. The conformation of each 
lipase system over the trajectories of 100 ns was repre-
sented by dots. In this analysis, Lip 42 lipase in methanol 

Fig. 5  Molecular dynamics simulation analysis of Lip 42 and V171S in water and methanol. a Root mean square deviation of Lip 42 and V171S lipases. b 
Radius of gyration of Lip 42 and V171S lipases. c Surface accessible area of Lip 42 and V171S lipases
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Fig. 6  Lipase fluctuation and structural changes during simulation a Root mean square fluctuation of Lip 42 and V171S residues for 100 ns of simulation 
in water and methanol. b Wild-type lipase before and after simulation in water and methanol. c V171S mutant lipase before and after simulation in water 
and methanol. Colour represents the starting lipase structure at 0 ns (grey), the lipase structure after 100 ns in water (blue), and the conformation after 
100 ns in methanol (yellow). The active site residues consisting of Ser113, Asp317, and His358 were presented in the stick
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was scattered over a large area, showing a dispersed type 
of motion on the first two components, PC1 and PC2. 
The V171S mutant exhibited more PCA spread clusters, 
especially toward the edge. In addition, eigenvalues were 

plotted against the eigenvector to show the magnitude 
of motion along each principal component (Fig.  8b). 
Lip42_methanol exhibited the largest amplitude motions, 
which were reflected from the first few eigenvalues. 

Fig. 7  Normal mode analysis of Lip 42 and V171S in water and 25% methanol. a Lip 42 in water. b Lip 42 in methanol. c V171S in water. d V171S in metha-
nol. The right panel shows a close-up view of the superimposed NMA cluster (red) with respect to the initial structure at 0 ns (yellow). The long α-helix 
corresponds to Lid 1, while the shorter α-helix corresponds to Lid 2
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V171S_methanol displayed reduced large-scale fluctua-
tions with lower eigenvalues.

Free energy landscape analysis was conducted to iden-
tify the stable states and conformational transitions of 
lipases based on essential dynamics. The two- and three-
dimensional structures of free energy landscape contour 
maps for the lipase systems were obtained from PC1 and 
PC2 and represented in Fig. 9. The contour maps of Lip 
42 in the water system revealed scattered multiple small 
dark blue regions and some broad areas of intermediate 

energy (Fig. 9a). From 3D FEL, Lip42_water showed sta-
ble conformational states, reflected by moderate rugged 
landscape with multiple peaks and valleys, which repre-
sents energy barriers. V171S in water was more stable 
and less dynamic than wild-type in aqueous conditions 
with smoother energy landscape, as observed in Fig. 9b. 
V171S_methanol showed a clear global energy minima 
basin (blue color), whereas Lip 42 revealed several basins 
with dispersed energy minima states. From Fig.  9c, 
the free energy landscape showed a highly scattered 

Fig. 9  Free energy landscape (FEL) contour plots of lipase in water and methanol systems. a Lip 42 (wild-type) in water. b V171S lipase in water. c Lip 
42 (wild-type) in methanol. d V171S lipase in methanol. The first panel represents the two-dimensional FELs of lipase and the second panel represents 
the three-dimensional FEL landscape. The lowest energy clusters in all systems are shown by dark blue. The high energy state is represented by a yellow 
color in the plot

 

Fig. 8  Essential dynamics analysis. a Principal component analysis of wild-type Lip 42 and mutant (V171S) in water and methanol. b Eigenvalues for lipase 
models as a function of the eigenvector. The plot shows the eigenvalues for the first 40 eigenvectors
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and noisy distribution of free energy basins covering a 
large area. The corresponding 3D FEL was rugged with 
many narrow energy peaks and high-energy regions. 
The energy cluster in V171S in methanol systems was 
observed to be less scattered, indicating the robust and 
stable interactions of V171S (Fig.  9d). The 2D FEL dis-
played distinct, well-defined low-energy basins, and the 
3D surface was smoother with fewer valleys.

Discussion
In this study, V171S mutant lipase was subjected to bio-
chemical characterization with various parameters to 
fully understand how the mutation impacts enzyme sta-
bility, activity, and industrial applicability. Thermal stabil-
ity is one of the key determinants of whether an enzyme 
is practically useful and economically viable. The variant 
exhibited similar maximal activity at 70  °C to the wild-
type lipase, Lip 42. This indicates that the mutation did 
not affect the catalytic performance and structural con-
formation of lipase related to temperature-dependent 
activity. Accordingly, V171S mutant lipase was consid-
ered a thermostable lipase. V171S mutant remained 
relatively stable for at least 105  min at 65  °C without 
major loss of activity. These findings indicate that the 
mutant thermostability is on par with the wild-type Lip 
42 (Hamid et al. 2009a). The notable thermal tolerance 
of the V171S variant highlights its potential for applica-
tion in thermally demanding industrial settings such 
as biofuel production. In a previous report, the mutant 
Bacillus cereus EV4 showed thermostable properties with 
maximal activity at 60 °C (Irianto et al. 2024). Deviations 
from the ideal pH range can significantly impact enzyme 
activity and stability. Therefore, determining the pH for 
an enzyme to function optimally is crucial. Mutant lipase 
stability in a broad pH environment ranging from pH 6.0 
to 9.0 suggests that the enzyme is compatible with pro-
cess fluctuations and pH shifts during a reaction. The 
optimum pH value indicates that V171S mutant is an 
alkaline lipase. This finding is consistent with other stud-
ies on Bacillus lipase, as shown by the lipase of Bacil-
lus licheniformis, which has optimum activity at pH 8.0 
(Zhao et al. 2021).

Previous report showed that the wild-type Lip 42 lipase 
contains a zinc-binding region. No increase in activ-
ity was observed upon addition of Zn2+, suggesting that 
the enzyme does not require zinc as a catalytic cofactor. 
Although metal ions tested were beneficial at low con-
centrations, the mutant enzyme had lower tolerance at 
high concentrations, possibly due to structural changes 
caused by the mutation. Ishak et al. (2019) proposed that 
the presence of calcium ions affects the catalytic behav-
ior of lipase by improving the binding of 5  M lipase to 
the substrate. Calcium ions enhanced the activity of 
V171S lipase by 38%. This behavior toward calcium was 

comparable to that of wild-type lipase and lipases from 
Bacillus licheniformis NCU CS-5, with enzyme activ-
ity increasing to 156.17% in the presence of 10 mM Ca2+ 
(Zhao et al. 2021). Zhang et al. (2020) demonstrated 
that calcium ions improve substrate-binding and cata-
lytic efficiency. The findings suggest that the enzyme 
appears to be metal-activated, especially by divalent cat-
ions such as Ca2+ and Mg2+, rather than being strictly 
metal-dependent.

The behavior of V171S lipase in the presence of surfac-
tants is consistent to the previous findings of Aspergillus 
niger lipase in which the enzymatic activity decreased 
in the presence of high concentrations of Triton X-100 
(Xing et al. 2021). In contrast, another study found that 
treating lipase with Triton X-100 at 5% and 10% con-
centrations considerably increased activity to 123% and 
128%, respectively (Abol-Fotouh et al. 2021). This result 
is similar with a previous report in which lipase activity 
of A. oryzae was suppressed to almost 80% by Tween 20 
and Tween 80 (Paitaid et al. 2021).

V171S lipase was strongly inhibited by PMSF even at 
low concentration. PMSF is an irreversible serine inhibi-
tor that inactivate enzyme permanently (García-Carreño 
1992). Amalia et al. (2020) proposed that the depletion 
of enzyme activity in the presence of an inhibitor may 
be due to the modification of the active site, which pre-
vents the enzyme from interacting with the substrate. 
Low PMSF concentration may bind to non-catalytic ser-
ine and cause conformational stabilization, whereas high 
PMSF concentration forms a covalent bond with active 
serine that blocks catalytic function. This result con-
firms the involvement of a serine residue in the active 
site, indicating that the mutation did not disrupt the 
accessibility of catalytic serine and that the mechanism 
of catalysis is unchanged. Strong inhibition by the thiol 
inhibitor pCMB to the catalytic activity of V171S mutant 
lipase revealed an important role for the SH group in the 
catalytic mechanism. The enzyme exhibited metal-ion 
facilitation at optimal concentrations, but was not strictly 
metal-dependent. EDTA sensitivity at high levels showed 
some reliance on the activation of divalent ions, which is 
in line with the findings in the previous section. A simi-
lar inhibition by EDTA and pCMB was also observed on 
lipase from Bacillus coagulans (Al-Ghanayem 2021).

Organic solvents play an important role in many indus-
trial processes involving enzymes, particularly in chemi-
cal and biochemical reactions (Chemat et al. 2019). 
Interestingly, the mutation of Lip 42 lipase displayed high 
tolerance toward both polar and hydrophobic solvents 
under temperature stress. Previous findings recorded 
low residual activities of wild-type Lip 42 lipase when 
exposed to solvents with log P values of 4 and above. 
While lipase Lip 42 tolerated methanol at moderate 
temperatures, its stability deteriorated when exposed to 
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methanol at elevated temperatures (Hamid et al. 2009a 
). The V171S variant, however, maintained high catalytic 
activity following treatment with 25% v/v methanol at 
65  °C. The stability enhancement in water-miscible sol-
vents suggests that the V171S mutant lipase has greater 
potential for industrial applications such as biodiesel pro-
duction, particularly under harsh processing conditions. 
Previously, the structure-based rational design method 
was applied to develop a Ser16Gly lipase mutant of Bacil-
lus subtilis. The mutant lipase improved ethanol stability 
compared to the wild-type (Min et al. 2021). Enzymatic 
activity enhancement in the presence of organic sol-
vent was also reported on A83D/K251E, A83D/M121I/
K251E/G327S and A83D/M121I/S195N/T272M mutants 
from Geobacillus zalihae T1 lipase (Maiangwa et al. 
2021).

According to stability profile with a series of different 
methanol concentrations, the V171S mutant showed a 
higher tolerance of methanol compared to Lip 42 lipase, 
especially at low to moderate concentrations. While 
the native lipase gradually lost activity in this range, the 
mutant not only retained full activity but also displayed 
enhanced catalytic performance, suggesting that the 
V171S substitution may stabilize the enzyme structure. 
However, detrimental effects on the relative activities 
of both enzymes were observed at high methanol con-
centrations, which indicated that excessive methanol 
disrupted protein folding and denatured the enzymes 
regardless of the mutation. Statistical analysis using one-
way ANOVA followed by Tukey post-hoc test revealed 
a significant difference in residual activity between the 
native Lip 42 and the V171S mutant after pre-incuba-
tion with methanol at 40 °C. The V171S mutant showed 
a mean activity that was 23.6% higher than that of the 
native enzyme (p = 0.001). The 95% confidence inter-
val (–38.21 to − 8.99) excluded zero, confirming that the 
observed difference was not due to random variation. 
This finding indicates that the substitution at position 
171 (Val to Ser) enhanced the enzyme tolerance towards 
methanol. Specifically, Ser171 formed two hydrogen 
bonds with Thr168 at distances of 2.35 Å and 1.77 Å, 
respectively. These additional hydrogen bonds likely 
introduce new stabilizing interactions in the loop region 
near the lid and strengthen the local structural network, 
thereby enhancing the overall stability of the enzyme in 
organic solvents.

To elucidate the structural basis of V171S mutant sta-
bility, in silico methods including molecular dynamic 
simulations, normal mode, and free energy landscape 
analysis were applied to analyze its structural dynamics 
and conformational behavior. RMSD analysis was used to 
quantify the average deviations in atomic positions over 
time, comparing the simulated conformation with an ini-
tial structure as a reference. The structural dynamic of the 

variant was compared with that of the wild-type lipase at 
65 °C in aqueous and methanol environments over 100 ns 
trajectories. From the RMSD profile, both wild-type and 
variant lipases exhibited minor fluctuations throughout 
the simulation course with low RMSD score. This indi-
cates that the atomic proteins of both lipases did not sig-
nificantly deviate from the native conformations in water 
environment. In methanol conditions, it was found that 
the RMSD score for the variant exhibited minor fluc-
tuations at the beginning of the simulation and became 
constant towards the end of the trajectories despite hav-
ing a higher RMSD score than the wild-type lipase. A 
high RMSD value does not inherently indicate structural 
instability, rather, the consistency and low fluctuation of 
the trajectory over time are more indicative of confor-
mational stability (Martinez 2015). The wild-type lipase 
showed greater fluctuations throughout the simulation, 
indicating lower conformational stability. The mutant 
lipase exhibited a slightly higher average deviation (2.0 
Å) compared to the wild-type (1.5 Å), where the mutant 
lipase overall trajectory was more stable and consistent. 
The result suggests that the mutant has better structural 
adaptation in 25% methanol, which correlates with the 
enhancement of enzymatic activity observed experimen-
tally. According to Shehata et al. (2020), stabilized RMSD 
data showed an equilibrium of protein conformation 
throughout the simulation course, as demonstrated in 
their study of the open and closed structure of Bacillus 
thermocatenulatus lipase (BTL2).

The radius of gyration (Rg) is a key structural param-
eter used to evaluate the compactness and folding state 
of a protein during molecular dynamics (MD) simula-
tions. A smaller Rg value indicates a more compact and 
tightly folded protein structure, whereas a larger Rg 
value suggests a more expanded and unfolded confor-
mation. Constant low Rg value with small fluctuations of 
V171S variant towards the end of trajectories indicates 
that the mutant became more compact and retained 
the native-like folded structure. The mutant displayed 
enhanced structural stability in methanol by adopting a 
tighter structure to protect the active site and increased 
resistance to denaturation, which correlates with higher 
functional retention in solvent-rich environments. SASA 
analysis revealed a similar pattern, with the mutant 
exhibiting lower SASA at the end of simulation period. 
This suggests that less solvent exposure and greater 
hydrophobic core shielding were adopted to maintain the 
proper structure.

The RMSF values of the protein backbone Cα atoms 
were measured to track the fluctuation of each residue 
throughout the simulation. The mutant displayed higher 
fluctuation than the wild-type in the lid 1 region of 
around 4 Å. Although Ser171 is located on a loop near the 
lid and distant from the catalytic triad, the substitution 
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appears to modulate lid dynamics indirectly. Enhanced 
flexibility in Lid 1 may facilitate substrate access and 
product release by promoting the transient opening of 
the active site, while the reduced mobility of Lid 2 likely 
contributes to structural stability and protection against 
solvent-induced unfolding. Lipases often have flexible lid 
domains that control access to the active site. Hence, high 
RMSF in these regions is expected, especially in solvent-
exposed and high-temperature environments. Interest-
ingly, structural visualization showed a minor shift in the 
position of the catalytic His358 residue, suggesting a sta-
ble but slightly altered conformation. Rather than being 
detrimental, this subtle change may reflect an adaptive 
repositioning that supports the enzyme functionality 
in a methanol-rich environment. RMSF represents the 
time-averaged positional fluctuations of residues over the 
entire trajectory, whereas snapshots capture only instan-
taneous conformations. Integration of the RMSF result 
and visual inspection of V171S mutant at the lid 2 region 
suggests a gradual, stable transition, not random fluctua-
tion. In general, V171S mutant has the capability to pre-
serve structural integrity in methanol environments.

Protein function is closely related to its motion. To 
determine the effects of mutations on the internal 
mechanics of protein conformations, the final pdb struc-
tures at 100 ns of each simulation were subjected to 
NMA analysis to investigate the flexibility and motion 
of lipases. The Elastic Network Model conducted on Lip 
42 and V171S lipases in water and methanol systems 
revealed that the predicted collective motions correlated 
with the conformational changes of lipases. This motion 
suggests that the mutant retained moderate flexibility 
in aqueous condition possibly due to altered local inter-
actions. The superimposition suggests that the mutant 
retained its structural integrity better in methanol. Ong 
et al. (2023) reported a similar finding, that high concen-
trations of methanol and ethanol induced moderate lid 
opening in mutant lipase during simulations in metha-
nol systems. In methanol systems, moderate lid opening 
can mimic interfacial conditions and maintain enzyme 
activity in non-aqueous media, which is important in 
biodiesel production. A normal mode analysis was con-
ducted by Noby et al. (2021) to confirm the flexibility and 
cap region of cold-active esterase, demonstrating that 
a significant amplitude of flexible motion was achiev-
able while maintaining its bonding and steric geometry. 
Similar to our findings, conformational variation was 
observed in the lid regions, especially in the second lid. 
The second lid (residues 220–230) deviation was more 
flexible and had a higher in fluctuation profile com-
pared to the first lid (residues 175–197) for both lipases 
in methanol systems. Noby et al. (2021) also compared 
the flexibility of cold active esterase from Bacillus coh-
nii (EstN7) with its closest homolog, a putative heroin 

esterase from Rhodococcus sp. (HerE), and demonstrated 
that the addition of a single amino acid in the loop region 
induced flexibility in the structure of HerE at the specific 
region, resulting in higher B-factors.

Notably, if a protein showed large conformational 
changes, the distribution was broad and scattered in the 
conformational space, indicating a stable alternate con-
formation. The first few eigenvectors capture the most 
significant movements. Both of the lipases showed low 
overall variance in water system, indicating more com-
pact and stable motion. Overall, the scattered PCA com-
bined with high eigenvalues showed a possibly unstable 
Lip 42 lipase in the methanol environment. V171S_meth-
anol displayed less structural distribution compared 
to Lip42_methanol. Hence, it can be concluded that 
V171S was more stable in the methanol system. Free 
energy landscape describes the conformational motions 
of a protein through a very high-dimensional space. The 
result suggests that V171S mutant had a more stable 
cluster compared to the Lip 42. This implies that the 
mutant lipase adopted fewer conformations which help 
in maintaining the protein core stability under methanol-
induced stress.

Khan et al. (2020) reported that a more stable wild-type 
showed a lower energy state in the free energy landscape 
plot compared to the mutant, which showed dispersion 
in a high energy state on the FEL plot. Basith et al. (2021) 
suggested that a single cluster of energy minimum repre-
sents a robust and stable interaction as observed in the 
agonist-bound glutamate dehydrogenase (GDH). The two 
related basins separated by a medium barrier suggest an 
easy transition between two metastable structures. The 
presence of two medium basins with low energy clusters 
on FEL of V171 mutant in methanol indicates the exis-
tence of an important metastable conformation popula-
tion. This study demonstrated how mutation directly 
affects the flexibility of the conformation. In another 
study, the mutation of the R29S mutant created an 
impact on flexibility and rigidity, leading to the forma-
tion of several basins with distinct low-energy minima 
that may indicate various metastable conformations. 
Drici (2023) concluded that the local water network 
creates a stable environment around the polar hydroxyl 
group (OH) of the serine residue that is displayed by the 
mutation of R29S, presented by two closely spaced deep 
basins to a near native condition. Similar to this study, 
the deeper and wider native state basins displayed in 
the 2D plots indicate that the mutation of the non-polar 
valine residue on Lip 42 lipase to polar serine may help 
to mimic water-like interactions, even in a methanol-rich 
environment. This finding concludes that a single muta-
tion in the lid area can appropriately preserve the native-
like architecture and enhance the overall conformational 
structure. This observation aligns with earlier PCA and 



Page 17 of 18Johan et al. AMB Express          (2025) 15:155 

NMA findings, where V171S demonstrated more com-
pact and stable dynamics, underscoring its potential as 
a solvent-tolerant variant suitable for industrial applica-
tions in non-aqueous environments. The improvement 
observed in the V171S mutant highlights the role of the 
lid domain in regulating lipase stability and solvent toler-
ance. Specifically, substitution with a smaller, polar resi-
due (Ser) at position 171 appears to modulate the local 
flexibility and solvent interactions, enabling the enzyme 
to maintain higher activity in methanol. Therefore, such 
modification may serve as a reference strategy for engi-
neering other lipases with improved tolerance to organic 
solvents. Nonetheless, the extent of regularity will likely 
vary depending on the lipase family, structural fold, and 
solvent system, underscoring the need for further com-
parative studies across different enzymes.

Conclusion
High temperature condition offers several benefits in 
enzymatic biodiesel production, where efficiency and 
reaction speed are important. This study highlights the 
impact of V171S mutation in methanol-rich environ-
ments at high temperature on the structural dynamics 
and stability. Functional characterization revealed opti-
mum conditions of V171S mutant at pH 8.0 and 70  °C, 
and relatively stable at 65  °C. Notably, V171S mutant 
lipase exhibited an excellent improvement in methanol 
tolerance at high temperature compared to the wild-
type lipase. According to the MD analysis, the balance 
of flexibility and rigidity of the lid regions served as a 
viable strategy to maintain enzyme function. The muta-
tion reduces conformational fluctuations as shown by 
NMA and PCA, and confines the enzyme to stable con-
formations. These findings demonstrate that targeted 
single-point mutagenesis of V171S can improve solvent 
tolerance. This study not only enhances our understand-
ing of structure-function relationships under solvent 
stress but also provides a foundation for designing more 
resilient enzymes for industrial biocatalysis in non-aque-
ous environments. Future work should include multiple-
site mutagenesis to explore combinatorial mutations 
based on flexible regions identified through MD that can 
further improve the thermal and solvent stability.
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