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Abstract: Surface charge residues have been recognized as one of the stability determinants in
protein. In this study, we sought to compare and analyse the stability and conformational dynamics
of staphylococcal lipase mutants with surface lysine mutation using computational and experimental
methods. Three highly mutable and exposed lysine residues (Lys91, Lys177, Lys325) were targeted to
generate six mutant lipases in silico. The model structures were simulated in water environment at
25 °C. Our simulations showed that the stability was compromised when Lys177 was substituted
while mutation at position 91 and 325 improved the stability. To illustrate the putative alterations
of enzyme stability in the stabilising mutants, we characterized single mutant K325G and double
mutant K91A/K325G. Both mutants showed a 5 °C change in optimal temperature compared to their
wild type. Single mutant K325G rendered a longer half-life at 25 °C (Ty, = 21 h) while double mutant
K91A/K325G retained only 40% of relative activity after 12 h incubation. The optimal pH for mutant
K325G was shifted from 8 to 9 and similar substrate preference was observed for the wild type and
two mutants. Our findings indicate that surface lysine mutation alters the enzymatic behaviour and,
thus, rationalizes the functional effects of surface exposed lysine in conformational stability and
activity of this lipase.
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1. Introduction

Proteins are made up of different amino acids that carry unique properties and responsible for
folding, function, stability, and solubility. Protein stability is a crucial property as it determines protein
functionality. It is well accepted that factors, such as hydrogen bonds, hydrophobic effect, ion pairs,
and salt bridges are essential to promote protein stability. Apart from the intramolecular interaction,
surface charge has been considerably recognized as one of the important aspects that can alter protein
properties [1,2].

In a typical globular protein, one third of the amino acids on the protein-water interface are
charged residues [3]. Five amino acid residues (Glutamate, Aspartate, Arginine, Lysine, and Histidine)
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are typically known as charged residues and they are often found in an ionized state close to neutral
pH. These residues are claimed to contribute to protein stability by electrostatic interaction or surface
charge-charge interaction [4,5].

Lysine and arginine are positively charged basic residues that are frequently observed on protein
surfaces. Both lysine and arginine exhibit high pK, values; thus, allowing them to form stable ionic
and electrostatic interaction. Knowledge on the pK, values appears to be a promising strategy to
improve thermostability by optimizing the charge—charge interactions [6]. The geometric structure
of arginine residue, which allows interactions in three possible directions, has been reported to
provide more stability to a protein structure than lysine [7]. Moreover, in (cation—pi) interactions with
aromatic groups, a preference of Arg over Lys has been described [8,9]. Pezzullo and co-workers [10]
suggested few charged residues that involved as surface ion pairs contributed to the thermal stability
of Alicyclobacillus acidocaldarius esterase 2 (EST2).

In addition, charged residues appear to improve protein resilience towards aggregation at elevated
temperature due to their interaction with surrounding solvents [11]. Higher lysine (and lower
arginine) content has been suggested to correlate with protein solubility [12]. A study conducted by
Sokaligam et al. [7] suggested that surface exposed lysine and arginine residues were significantly
involved in folding and solubility of green fluorescent protein (GFP) protein and this is also true for
many other cases [13,14]. In contrast, Hejgaard and co-workers recently suggested that surface charged
residues were not an absolute prerequisite in both in vivo folding and solubility [15].

Interestingly, charged residues that are found on the protein interaction interfaces are often conserved
across the homologous family [16]. Lipases (E.C.3.1.1.3), in particular those from Staphylococcus sp. are
uniquely composed of high number of charged residues especially lysine. Out of 20 amino acids, 20-25%
are charged residues (positively and negatively charge) and lysine constitutes approximately 6-8% of
the total amino acids found in the sequence. Meanwhile, a lower occurrence of lysine is observed in
Pseudomonas and Bacillus lipases with 2-3% and 5-6%, respectively. To the best of our knowledge, given
the case of staphylococcal lipases, the function of lysine has not been discussed.

Previously, a gene encoding for cold-adapted, organic solvent stable lipase from Staphylococcus epidermidis
strain AT2 was isolated, cloned and expressed in an Escherichia coli system [17]. Interest in staphylococcal
lipase has been ongoing since decades ago due to their ability to catalyse esterification, interesterification
and transesterification in non-aqueous medium. Xie et al. [18] stated that several staphylococcal lipases have
been successfully applied in esters production industry. Lipases from S. capitis was utilized in hair treatment
formulation, whereas Staphylococcus xylosus lipase was used in production of fermented food such as ham and
sausages. Meanwhile, Horchani et al. [19] also reported the potential of staphylococcal lipase in detergent
industry owing to its highly alkaline and thermostable properties.

Because of their potential in diverse application, it is imperative to investigate the stability
determinants to allow further manipulation. Moreover, the fact that staphylococcal lipase has a high
number of lysine, it is presumed that this residue may play an important role in the stability and
functionality. In this study, we sought to examine the effect of surface exposed residue mutation,
particularly lysine to the stability of a mutant originated from a previous study [20]. This recombinant
truncated lipase (herein designated as wild type, WT) is a monomeric protein of 386 residues with 22%
of charged residues (lysine, arginine, aspartate, and glutamate) and lysine has the highest occurrence.
In silico mutation was performed and analysed by molecular dynamics (MD) simulation. The effects of
mutation on the activity and stability of selected mutant lipases were investigated by biochemical and
biophysical approaches.

2. Results

2.1. Prediction and Identification of Mutation Sites

Lysine residues are positively charged basic amino acids and often found on protein surfaces.
They take part in protein stability by several interactions, including the hydrogen bond formations,
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ionic interactions, and interaction with water molecules [4]. Multiple sequence alignment of WT lipase
with several lipase sequences in the Staphylococcus family (Family 1.6) was performed to assess the
conservation pattern and prevalence of lysine in the family. Based on the alignment, most of the
lysine residues are found conserved and only four residues (Lys91, Lys193, Lys372, and Lys380) are
not conserved across the family. The staphylococcal lipase sequences were also aligned with other
homologous sequences from the genus Bacillus and Pseudomonas and to our expectation, distribution of
lysine in Bacillus and Pseudomonas lipases is random and not conserved (Figure S1).

To further understand the properties of this amino acid, each lysine residue was evaluated in terms
of its position on secondary structure, solvent accessible surface area (SASA) value, and whether it was
buried or surface exposed. Table 1 shows the distribution of 27 lysine residues, which corresponds to
7% out of the total amino acid composition. Lysine, threonine and leucine appear as the second most
abundant residues, while glycine is the most abundant amino acid in the protein sequence with 11%.
The occurrence of high glycine is positively correlated with the cold-adapted property of this enzyme.
Glycine has been suggested to largely contribute to its conformational flexibility and high catalytic
activity at low temperature [20].

Table 1. Analysis of 27 lysine residues in the wild type (WT) lipase based on SASA value, secondary
structure, buried/exposed and hydrogen bond. The values of SASA and the position of each residue
whether buried/exposed were analysed by HotSpot Wizard 2.0. Meanwhile, the secondary structure
and local hydrogen bond number were analysed using Chimera 1.13.1.

Position of Lysine SASA (A) Secondary Structure Buried/Exposed = Hydrogen Bond

K6 119.11 Coil Exposed 3
K37 46.29 Coil Buried 3
K41 77.02 Helix Exposed 3
K46 136.85 Helix Exposed 2
K74 63.22 Helix Exposed 2
K87 129.01 Helix Exposed 2
K91 112.3 Coil Exposed 2

K108 109.73 Turn Exposed 2
K109 27.37 Coil Buried 0
K152 112.61 Coil Exposed 2
K177 132.27 Helix Exposed 2
K182 183.9 Helix Exposed 1
K185 33.64 Helix Buried 2
K193 41.61 Helix Buried 3
K198 135.04 Helix Exposed 1
K212 81.88 Coil Exposed 1
K214 100.62 Coil Exposed 1
K224 130.45 Helix Exposed 2
K230 126.26 Coil Exposed 2
K249 72.22 Helix Exposed 1
K301 138.4 Coil Exposed 1
K324 69.33 Beta Exposed 3
K325 99.15 Beta Exposed 0
K335 93.06 Coil Exposed 1
K361 108.64 Coil Exposed 1
K372 73.51 Helix Exposed 2
K380 90.4 Helix Exposed 3

Out of 27 lysines, four residues are found buried with SASA values below 50 A, while others are
surface exposed to a maximum SASA value of 183.9 A2 (Table 1). The site of mutation was identified
with the aid of HotSpot Wizard 2.0 (https://loschmidt.chemi.muni.cz/hotspotwizard/) (excluding the
catalytic triad; Ser116, Asp307, His349 and all buried residues). This tool provides an automated
identification of hot spots (high mutability) and design of smart libraries for protein stability engineering.
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Based on the prediction, K91, K177, and K325 were ranked as the top three lysine residues with high
mutability score of 6, 9, and 9, respectively. The accessible surface area values obtained from HotSpot
Wizard 2.0 showed that the three residues are surface exposed with SASA values ranged from 45.9
A2 t0 126.45 A2, These three lysine residues, which are located at coil, helix and beta secondary
structures, respectively were substituted to a neutral amino acid, alanine or glycine to generate three
single mutants (K91A, K177A, K325G) and a random combination of the single mutations to produce
three double mutants (K91A/K177A, K91A/K325G, and K177A/K325G) for comparative study. The
selection of neutral residues, alanine or glycine were based on suggestion and frequencies of amino
acid provided by HotSpot Wizard 2.0 tool.

2.2. Model Building and Validation of WT Lipase and Six Mutant Lipases

The amino acid sequence of WT lipase was aligned to the selected template (Protein Data Bank
(PDB): 2HIH) with 51% identity (Figure S2). The secondary structure of target sequence was first
generated to aid alignment correction and loop modelling, followed by building of side chains and
optimization of rotamers, before subjected to steepest descent energy minimization using AMBERO3
force field. The model of WT lipase was built. The same procedures were applied in building the
predicted model of other mutant lipases.

Figure 1a shows that this lipase adopted an «/f3 hydrolase fold and a lid domain, which is
commonly exhibited by lipase in superfamily of &/ hydrolases [21]. The overall three-dimensional
(8D) structure is formed by 19 «-helices and nine 3-strands; and conserved sequence motifs GHSMG
include highly conserved Ser116, catalytic residue Asp307 and His349. Highly conserved GXSXG
pentapeptide motif in lipase include a serine and histidine that hydrogen bonded to a glutamate or
aspartate to form a catalytic triad and oxyanion hole [22,23]. The distribution of charged residues
particularly lysine is also shown in Figure 1a. Most of the lysine residues were clearly seen exposed to
the protein surface and some on the loop regions. Figure 1b,c show the specific location of the targeted
residues. Lys91, Lys177, and Lys325 were located remote from the catalytic triad with a distance of
27.80 A, 16.79 A, and 21.59 A, respectively.

The model structures of WT and six mutants were validated using PROCHECK (Ramachandran
plot), ERRAT2, and QMEAN. The Ramachandran plot is one of the most extensively used structure
validation tools to calculate each residue based on the phi-psi (¢/\) torsion angle exclude terminal
residues [24]. Based on the Ramachandran Plot, (Table S1) high percentage of residues (>90%) was
found in the most favoured region and additional allowed region for all models. None of the residues
were present in disallowed region in except for mutant K91A/K177A but with a very low percentage,
0.3%. The results suggested that the models are of good quality.

In agreement with ERRAT?2 analysis, the overall quality values for all models were more than
92% confirming the quality of the non-bonded interaction and indicated that the protein regions were
correctly modelled. Finally, we used composite scoring function QMEAN to assess the global and
local quality estimates of the models. This method is protein size independent to assess both entire
oligomeric assemblies and isolated chain [25]. Five mutant lipases displayed a QMEAN Z-scores close
to zero, in the range of —0.46 to —0.84, whereas double mutant K91A/K177A exhibited the lowest
value with —1.68 (Table S2). A value higher than —4.0 indicates that the model structures is generally
a comparable quality to the experimental structure of similar size thus can be used for subsequent
analysis. In contrast, a model is considered low quality if the score is —4.0 or below. Analysis of C-f3,
all atoms, solvation and torsion also showed that all models displayed a value close to zero.

2.3. Superimposition and Secondary Structure Analysis

To examine the possibility of structural changes coupled to the surface lysine substitution, the predicted
mutant structures were superimposed with the WT structure. The Root Mean Square Deviation (RMSD)
values upon superimposition for six different mutants; K91A, K177A, K325G, and K91A/K177A were
below 2.0 A whereas for double mutants (K91A/K325G and K177A/K325G) the RMSD values were higher;
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2.054 A and 2.044 A, respectively. The latter suggested that multiple substitution of charged to neutral
residue resulted in a more apparent alteration to the overall structure.

Figure 1. (a) Predicted model structure of WT lipase with catalytic triad in sphere shape located at the
protein centre core. All lysine residues were distributed all over the protein surface were shown in
heteroatoms colour. (b) The distance of three lysine residues (shown by red arrow) from catalytic triad
(sphere shape heteroatom colour). (c) The location of three selected lysine (K91, K177, and K325) at coil,
helix, and beta are shown in element colour with neighbouring residues. The figure was generated by
Chimera v1.13.1.

2.4. Electrostatic Potential Maps

Electrostatic potential maps analysis showed that substitution of lysine to a neutral, non-polar
residue did not profoundly alter the surface charge distribution of the mutants. The overall electrostatic
potential maps are qualitatively similar, including the catalytic site. In the case of lipase, a negative
potential in the active site seems to be associated with maximum activity towards triglycerides [26].
Similarly, our models showed a stretch of negative potential close to the catalytic residues. While WT
and mutant K91A, K91A/K325G, and K91A/K177A shared a similar surface topology with almost an
even distribution of positively and negatively charge (data not shown), the case is different for another
three mutants. Mutant K177A, K325G, and K177/325G showed a more predominant negative charge
surface compared to the WT (Figure 2).
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Figure 2. Electrostatic potential maps displayed on the surface of WT, mutant K177A, K325G,
and K177A/K325G. The red colour indicated negatively charged region, positively charge region as blue
and white colour defining neutral part of each lipase. The active site is circled and showed by arrow.
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2.5. In Silico Mutation and Molecular Dynamics (MD) Simulation in Water

To develop a mechanistic understanding on the effect of substitution via in silico mutation,
we performed MD simulation in water for all mutants including the WT for comparative study.
The simulations were carried out at 298 K (25 °C); the optimum temperature of WT over 40 ns
trajectories and the outcomes were analysed by means of RMSD, Root Mean Square Fluctuation
(RMSF), and Radius of gyration (Rg) (Figure 3).
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Figure 3. Deviations and fluctuations of the WT and mutant lipases when simulated in an aqueous
environment. Trajectories of WT and mutant lipases were represented in different colour; (a,b) Root
Mean Square Deviation (RMSD), (c¢,d) Root Mean Square Fluctuation (RMSF), and (e, f) Radius of
gyration (Rg). The red arrows represent the position of K91, K177, and K325 in the RMSF graph.

RMSD calculations of protein backbone atoms were used to evaluate the structural stability of the
WT and mutants. The values illustrated the divergence of enzyme structure relative to the reference
structure (first frame) [27,28]. Figure 3a,b shows the RMSD profiles of all six mutants in comparison
to the WT. Out of six mutant lipases, two mutants; K91A and K91A/K325G displayed lower RMSD
values compared to the WT during the total course of simulation. This reflects an improvement in
conformational stability. K91A was found most stable with very minimal Co backbone deviation
throughout 40 ns. The RMSD values of mutant K325G increased to 3.6 A up to 35 ns but showed a
decreased trend towards the end of simulation. Among single mutants, K177A was the least stable as
it displayed the highest RMSD values throughout the simulation.

Site specific mutation can be further understood by analysing the average RMSF of Cx backbone
per residue to observe the amino acid fluctuations over the trajectory (Figure 3c,d). The local flexibility
can be detected according to the average interatomic distances between the atoms. The RMSF peak
profile shows that most of the regions displayed moderate to high local movement mainly due to
the presence of 27-30% of coil and 12-18% of turn in the structures. In total, we identified seven
regions with high mobility; the N-terminal (Alal-Vall4), residues that stretched from Gly16-Val40,
Glul126-Thr161, Thr181-Lys198 (Lid 1), Ser218-Ser229 (Lid 2), Ala268-Asn306, and His317-Trp338.
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Mutations at residue 91, 177, and 325 generally contributed to increased local flexibility at different
regions of the structure. Double mutant K91A/K325G and K91A/K177A portrayed the lowest RMSF
peak at the lid region, both Lid 1 and Lid 2. The terminal end especially N-terminal coil was highly
flexible and this could also be observed in all mutants.

To examine the effect of surface mutation of the structural compactness, Rg was used to estimate
the overall changes in total compactness and shape of the protein structure (Figure 3e,f). The outcomes
allowed the overall dimension of enzymes to be understood and compared the compaction level of
each enzyme [29]. Analysis of Rg values indicate that the conformation of the lipases was stable
throughout 40 ns simulation where the overall structure and residue spatial arrangement remained
almost constant (data not shown). The Rg value of K325G was the lowest among the mutants and WT.
In contrast, mutant K177A and K177A/K325G became less rigid.

2.6. Intramolecular Interactions

Based on the models, the intramolecular interactions between the target residues and its
neighbouring residues were identified. Two residues, Lys91 and Lys177, form contacts with their
neighbouring residues by hydrogen bonds (Figure 4). Lys91 forms hydrogen bonds with two residues,
His90 and GIn208. When substituted to alanine, no hydrogen bonds were observed in the mutants at
the same region. Similarly, when Lys177 was replaced with Ala, the local hydrogen bonds between
Lys177-Prol173 and Lys177-Asp289 were disrupted.

Figure 4. Hydrogen bond of (a) Lys91; and (b) Lys177 with neighbouring residues in element colour.
The figure was generated by Yet Another Scientific Artificial Reality Application (YASARA).

Apart from hydrogen bonds, electrostatic effects such as salt bridges play important role in protein
stability. The interactions are highly varied, as they can be favourable or unfavourable [30]. This is
due to the fact that the interaction can be attractive or repulsive and it requires ordering of the protein
structure and desolvation of residue in water for them to interact to each other. A salt bridge or ion
pair is formed based on the interaction of oppositely charged residues involving Asp, Glu, His, Lys and
Arg. To examine the effect of mutation to salt bridge formation, analysis of salt bridge (or ion pairs) in
each mutant was performed using ESBRI (http://bioinformatica.isa.cnr.it/ESBRI/introduction.html).
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According to ESBRI, only Lys177 forms salt bridges with Asp298 and Asp299 and no salt bridges are
formed at Lys91 and Lys325 as seen in the WT.

2.7. Expression and Purification of Mutants

Following the simulation results, we selected two stabilising mutants for biochemical characterisation,
one from the single mutants and another from the double mutants. The basis of selection was made
by looking at mutants with improved stability from the MD simulation analysis. Mutant K325G and
K91A/K325G were generated using overlap PCR method and confirmed by DNA sequencing (data not
shown). Both mutants were expressed as intracellular recombinant Glutathione S-transferase (GST)-fused
lipases (~69 kDa) and further purified using a two-step GST-affinity chromatography. The purification
fold and yield of the WT and mutants were in the range of 4 to 5 and approximately 60%, respectively.
A pure single band at the size of approximately 43 kDa was detected on SDS-PAGE gel after the second
GST-affinity (Figure 5a). Reduction in size was due to cleavage of the GST tag by PreScission Protease.
Purification of K325G and K91A/K325G yielded the similar SDS-PAGE profile (Figure S3). All tested
lipases were further subjected to activity staining and Native PAGE. A clear halo zone, which matched
the size of protein on SDS-PAGE gel, was observed on the tributyrin agar confirming the presence of
lipolytic activity (Figure 5b). Meanwhile, in Figure 5¢, a distinct protein band was observed in the Native
PAGE analysis of each mutant and WT signifying the homogeneity of the proteins.
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Figure 5. (a) SDS-PAGE (12%) analysis of two-steps purification of WT; (b) activity staining; and (c) native
PAGE of purified WT, K325G and K91A/K325G. Symbols denote (C) crude enzyme, flow-through of
impurities and washing step fractions. The elution fractions represented GST-tagged WT lipase (~69 KDa).
GST tag was cleaved by PreScission Protease. Purified protein denotes purified WT (~43 KDa) shown
by red arrow. GST tag was collected into later fractions (~26 kDa). A standard protein marker (Fisher
Thermo Scientific, USA) was utilised. Activity staining with clearing zone on each purified mutant lipase
(red arrows). Pre-stained protein ladder (Thermo Scientific, Waltham, MA, USA) was used as the marker.
Native PAGE analysis showed a single protein band observed on the gel (shown by green arrow).

2.8. Effect of Temperature on Lipase Activity, Half-Life Study, and Thermal Unfolding

Considering temperature is one the main factors that influences protein functionality, the effect
of mutations on both optimal temperature and stability was investigated. The lipolytic activity was
measured using p-nitrophenyl palmitate as substrate. One unit of activity (U/mL) is defined as the rate of
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free p-nitrophenol release in 1 min under assay conditions. The thermal behaviour was measured at a
temperature range of 15 °C to 50 °C (Figure 6a). Both mutants; K325G and K91A/K325G showed a 5 °C
shift in optimal temperature compared to the WT. The maximum activity of K325G was 173.8 U/mL at
30 °C meanwhile double mutant K91A/K325G favoured a lower temperature, 20 °C. Mutant K91A/K325G
displayed high sensitivity towards temperature above 25 °C with a drastic decline in lipolytic activity by
40%. Nevertheless, the three tested lipases retained their cold-adapted behaviour with high lipolytic
activity at temperature below 30 °C. Cold-adapted lipases from other family such as LSK25 lipase from
Pseudomonas sp. [31] and PT-11 lipase of Oceanobacillus rekensis [32] exhibited maximum activity at 30 °C
and the activity dropped at temperature above 45 °C.
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Figure 6. Effect of temperature on purified WT, K325G, and K91A/K325G lipase (a) activity and
(b—d) half-life. Optimal temperature was determined by varying assay temperatures (15°C to 50°C).
As for half-life, each lipase was incubated at different temperatures; 20 °C, 25 °C, and 30 °C for 24 h.
The remaining activity was assayed at their optimal temperature. The protein concentration of each
tested lipase was standardised to 0.5 mg/mL. Relative activity was calculated based on the control of
the experiment. Non-incubated sample was regarded as the control (100%). Error bars denote the
standard deviation of means (n = 3). Thermal unfolding (Tm) curve of the WT with (e) K325G and
(f) K91A/K325G. Heating rate was 1°C min™'. The arrows indicate the point of thermal unfolding of
each enzyme. Symbols represent as follows; (m) WT, (¢) K325G, and (a) K91A/K325G.

Half-life study was conducted at three different temperatures (20 °C, 25 °C and 30 °C) for 24 h
(Figure 6b—d). Each temperature represents the optimum temperature of each tested lipase. At 20 °C,
the WT retained more than 50% of the activity for 20 h whereas the half-life (t;,) recorded for mutant
K325G and K91A/K325G were within 12-15 h. At 25 °C and 30 °C, mutant K325G showed almost
a similar trend of half-life to the WT but retained the activity more than 50%, 3 h longer than WT at
25 °C. On the contrary, mutant K91A/K325G displayed the shortest half-life at both temperatures. In fact,
mutant K91A/K325G exhibited less than 40% of its relative activity after 12 h of exposure at every tested
temperature. In general, with two positively charged residues removed, the effect is seen to be more
detrimental than single mutation in terms of temperature stability.
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Thermal unfolding (Tm) of the mutants and WT were conducted using Circular Dichroism (CD)
spectra (Figure 6e,f). It was measured at 222 nm, the wavelength that exhibited a large CD signal of
a-helical from 20 °C to 80 °C. Double mutant K91A/K325G possess nearly identical Ty, to the WT.
Meanwhile the Ty, of K325G was 62.95 °C, approximately 7-8 °C higher than the WT. The high Tr,
observed in K325G is positively correlated with higher activity compared to the WT and K91A/K325G.
The data suggests that mutant K325G, with unexpectedly high Ty, value, shows more of mesophilic
enzyme characteristic.

2.9. Effect of pH on Lipase Activity and Stability

pH plays an important role in regulating the active site of enzyme. Optimal pH was examined
at pH ranges from 4 to 12 with appropriate buffer systems. Figure 7a—c demonstrated that WT and
K91A/K325G exhibited optimal activity at pH 8 with 132.01 U/mL and 136.05 U/mL, respectively, in
Tris-HCl buffer. Meanwhile, K325G displayed maximum activity (121.91 U/mL) at pH 9 in the same
buffer system. Severe deactivation was observed at extreme pH; both highly acidic (pH 4 to 5) and
alkaline (pH 11 to 12).
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Figure 7. Effect of pH on lipase activity of purified (a) WT, (b) K325G, and (c) K91A/K325G. Optimum
pH was identified by varying the pHs (4-12). Tested lipase was assayed at 25 °C for 10 min. The protein
concentration of each tested lipase was standardised to 0.5 mg/mL. While, effect of pH on lipase stability of
purified (d) WT, (e) K325G, and (f) K91A/K325G. The buffer systems used are as follows: sodium acetate
(pH 4-6); sodium phosphate (pH 6-8); Tris-HCl (pH 8-9); glycine-OH (pH 9-11) and sodium hydrogen
phosphate (pH 11-12). The purified lipase was pre-incubated at the tested pHs for 30 min. Relative activity
was calculated based on the control of the experiment. Non-incubated sample as control (100%) were
employed to calculate the relative activity. Error bars represent standard deviations of means (1 = 3).

In terms of stability, each lipase was found fairly stable at wide pH distribution as shown in
Figure 7d—f. Mutant K325G was stable at pH ranging from pH 6 until pH 9 with maximum activity
at pH 8 Tris-HCl buffer whereas K91A/K325G was stable at pH 7 to pH 8. Mutant K325G retained
its lipolytic activity at broader pH profile compared to K91A/K325G and the lipolytic activity of both
mutants diminished at highly acidic and alkaline pH.

2.10. Effects of Substrate on Lipase Activity

Enzymes are known to hydrolyse a wide range of substrates yet very selective and specific.
Since the mutation sites are on the surface, we presumed that the effect of substitutions on substrate
preference would be minor. In general, WT and mutants demonstrated highest lipolytic activity
towards p-nitrophenyl myristate (Cy4) and a significant reduction of relative activity when incubated
with short chain p-nitrophenyl esters (Table 2). Interestingly, both mutants showed excellent affinity
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towards long chain p-nitrophenyl esters. In relative to the WT mutant K325G showed enhancement
of lipolytic activity in pNP decanoate by 140%, pNP dodecanoate (142%) and pNP myristate (128%).
Mutant K91A/K325G, on the other hand, displayed 20-50% enhancement of lipolytic activity in
Cq10—Ci4 substrates.

Table 2. Effect of substrates with various chain length on purified WT, K325G, and K91A/K325G lipase activity.

Relative Lipase Activity (%)

p-NP
WT K325G K91A/K325G
G 40.8+1.9 345+02 299+38
Cy 31.8+05 481+15 269+ 0.5
Cio 113.5+£3.0 2538 +1.2 124122
Ci2 132.0 £2.5 2741+ 0.7 1443 +2.1
Cuq 148.0 £1.2 2762 +1.1 151.3 £5.7
Cis 100.0 £ 3.4 100.0 £ 1.4 100.0 £ 0.8

Relative lipase activity was calculated based on the control of the experiment. p-nitrophenyl palmitate (Cy4) was
regarded as the control (100%). The protein concentration of each tested lipase was standardised to 0.5 mg/mL.

2.11. Effects of Organic Solvents on Lipase Stability

Purified WT and mutant lipases were incubated with 25% (v/v) organic solvents to assimilate the
effects of organic solvents on lipolytic activities. Table 3 represents organic solvent stability profile
of K325G and K91A/K325G in comparison to the WT, respectively. Generally, the mutant lipases
demonstrated remarkable stability in polar compared to apolar organic solvents. Lipolytic activity
of mutant K325G was observed to enhance in most polar solvents; DMSO, methanol, ethanol, and
1-propanol compared to the WT. Mutant K325G activity was observed in acetonitrile and chloroform
with 100% increment. Meanwhile, the lipolytic activity of K325G in acetone was comparable to the
WT. Almost all non-polar solvents showed a reduction in activity with 40-59% but greater activity
than the WT. In comparison to the WT, mutant K91A/K325G was found to be more stable in ethanol
and acetonitrile with increment of activity by 110% and 52%, respectively. Contrarily, in other organic
solvents, mutant K91A/K325G denotes reduction of lipolytic activity. Treatment with non-polar
solvents resulted in a slight increment of enzymatic activity of K91A/K325G as compared to the WT.

Table 3. Effect of organic solvents on WT, K325G, and K91A/K325G lipase activity.

Relative Activity (%)

Organic Solvent (Log P)

WT K325G K91A/K325G
Control 100.0 100.0 100.0

DMSO (-1.3) 16451 +1.4 2447 +£4.7 4737 £2.2
Methanol (-0.76) 8795 5.5 160.89 + 4.8 66.97 + 3.0
Acetonitrile (—0.33) 25.76 £ 3.5 18243 £ 3.5 78.44 + 0.8
Ethanol (-0.24) 35.09 +4.8 117.66 £ 1.3 147.1 + 8.1
Acetone (—0.24) 207.32 +59 204.61 6.1 169.92 £ 7.6
1-Propanol (0.28) 1231+ 24 82.59 £ 1.8 39.06 £2.4
Diethyl ether (0.85) 89.16 + 6.6 61.51 +2.5 59.71 £ 0.4
Chloroform (2.0) 37.96 + 3.7 14211 £ 2.1 38.02+29
Benzene (2.0) 36.10 + 1.3 59.45+1.7 3512 +2.1
Toluene (2.5) 2261 +1.7 58.14 +1.9 50.15+ 1.4
Octanol (2.9) 11.75 £ 1.8 46.29 +2.5 3537 +1.9
Xylene (3.1) 2297 +3.3 40.85 + 0.7 54.35+0.8
n-Hexane (3.5) 31.13+3.2 45.01 +1.5 3271+23
n-Heptane (4.0) 30.74 £ 3.2 47.63 £ 0.7 30.05 £ 0.4

Purified enzymes were pre-treated with 25% (v/v) of tested organic solvents for 30 min followed by standard lipase
assay at 25 °C for 10 min. Lipolytic activity in aqueous solution (without organic solvent) served as the control
reaction (100%). Error bars represent standard deviation of means (1 = 3).
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3. Discussion

The prevalence of lysine is a trend discernible in staphylococcal lipases but has not been clearly
defined. The high occurrence of charged residues is often biased to thermostable proteins and known to
impart stabilization by electrostatic or Van der Waals interaction. To unveil the role of lysine particularly
those that are surface exposed, we used lipase from Staphylococcus epidermidis AT2 as a model. On
the contrary, this enzyme is active at cold temperature. Lysine proportion is found similar among
lipases of Staphylococcus family regardless of temperature preference. In this study, the three targeted
surface-exposed lysines with high mutability score appeared at different secondary structures and two
of the residues are conserved. The propensity of lysine to occupy the surface is well known due to its
intrinsic polar hydrophilic property. Moreover, the fact that the e-amino group of lysine can be involved
in intramolecular interactions, surface charge mutation may likely cause alteration to structural stability
and properties.

Through the simulations, RMSD was measured to observe the extent of conformational change
between the initial structure and after 40 ns simulation. In all tested lipases, the average movement
of backbone atoms is considered high with RMSD values more than 2A. Mutant K177A, K325G,
and K91A/K177 A undergo relatively large motions whilst the remainders display stability improvement
compared to the WT. The stability impairment in mutant K177A and K91A/K177A is presumed to be
associated with disruption of stabilising interactions such as hydrogen bonds and salt bridges formed
between the side chain of Lys91 and Lys177 with the neighbouring residues.

To explain further on structural stability correlations, a more detailed analysis was gleaned from
RMSF spectra. A decrease in RMSF value of targeted residue was observed upon Lys-Ala/Gly mutation.
Among the three positions, the largest amount of fluctuation occurred at regions close to where Lys177
and Lys325 resided. This is likely due to the position of the two residues near the flexible lid and a long
coil close to the C-terminal, respectively. Residues that lie on the coil-beta-coil motif (residue 319-332)
undergo high movement up to 4 A and is presumed to partly contribute to the plasticity characteristic
of this lipase. The surface lysine substitution is also seen to impart changes to the regions of close
vicinity including the lid. It is generally known that the lid of lipases is one of the most flexible regions
in the enzyme structure mainly due to its role in interfacial activation. Double mutations caused a
more noticeable change in the lid movement. Mutant K177A/K325G showed high mobility around the
lid especially at Lid 1 whereas for mutant K325G, K91A/K177A, and K91A/K325G, the lid is more rigid.
In the case of cold-adapted enzymes, an increased flexibility has been suggested as the cold adaptation
determinant, either localized close to the active site or a more distant part of the structure [33,34].

Consistent with RMSD and RMSF, mutant K177A and K177A/K325G displayed an increased in
Rg value suggesting a decrease in structural compactness. A protein structure is considered to have a
less tight packing when the Rg value is high and losing the structural compactness can lead to protein
denaturation [35]. Protein rigidity is also associated with thermostability [36]. The correlation between
thermostability and protein rigidity can affect the function of protein. Among all mutants, K325G is
the most compact and rigid. Rigidity is important to sustain the integrity of native structure while
some degree of flexibility is still required for lipase activity. However, in some studies, unlike K325G,
the thermostable mutants from mesophilic Bacillus sp. native lipases demonstrated no changes in
structural rigidity compared to its wild type lipases [37,38].

It is well accepted that a delicate balance between different weak intramolecular interactions
such as salt-bridge formation, hydrogen bonding, cation-Pi and electrostatic interactions is essential
for structural stability [34]. The correlation of hydrogen bond to structural stability has been widely
reported [39,40] and the presence of more acid-basic surface ion pairs has been proposed to be one the
stabilising factors seen in thermophilic orthologs [41]. Through our simulations, we deduce the same
functional role of Lys177 in maintaining the conformational stability as it participates in both hydrogen
bond and salt bridges. In agreement, introduction of additional salt bridges by seven mutations was
reported to improve the stability of 1,4 x-glucan branching enzyme from Geobacillus thermoglucosidans



Molecules 2020, 25, 3858 13 of 19

STBO02 [42]. Interestingly, Lys177 is highly conserved across the staphylococcal lipase family implicating
an important role in staphylococcal lipase stability.

To confirm the simulation results, we characterised two stabilising mutants: K325G and
K91A/K325G. Mutation of Lys325 led to an improved optimal temperature and longer half-life
at 25 °C compared to the WT. This observation is in agreement with MD simulation results where
the structure of K325G is more stable and rigid compared to the WT. Such improvement is possibly
contributed by a significant reduction in local flexibility in the first coil of the coil-beta-coil motif where
Lys325 is located. Replacement of lysine to alanine at the short three-residue beta strand stabilised the
first coil comprising of residues 317-322 while the subsequent coil remained flexible. Yu et al. [43]
reported that selection of flexible loops as mutation targets enhanced the thermostability of E. coli TK.
This approach is also supported by other studies [44,45]. In addition, the position of two neighbouring
lysine (Lys324 and Lys325) could be unfavourable due to repulsive force thus introduction of glycine
might create a more favourable interaction between the adjacent residues.

As opposed to single residue substitution, double mutations resulted in a mutant that is more
susceptible to the rise in temperature but catalytically active at lower temperature. Although single
mutation at position 91 and 325 was initially predicted to enhance global or local stability; hence,
thermal stability, a combined mutation pointed to the contrary when tested experimentally especially
in functional temperature. Mutant K91A/K325G exhibited a 5 °C lower in optimal temperature and a
shorter half-life at the three tested temperatures. The high sensitivity of double mutant at 30 °C could
possibly due to interference of two hydrogen bonds at position 91. In addition, the fact that His90
is one of the residues that participates in coordinating Zn?* in correct position, the loss of contacts
between Lys91-His90 could indirectly affect the Zn>* coordination. Zn?* is known to play distinctive
role in imparting structural stability [46,47].

For other biochemical properties tested, we observed only subtle changes in pH when compared
with the WT. Similar to most staphylococcal lipases [18,48], these lipases favour Tris-HCl buffer system,
having optimum activity at pH 8-9. The mutants generally retained the preference in alkaline condition
for its optimum activity and stability. For substrate preference, mutations are less likely disruptive
since they are positioned away from the catalytic triad. WT, mutant K325G, and K91A/K325G were
able to hydrolyse a broad range of p-nitrophenyl esters, favouring the long-chain p-nitrophenyl esters
(C10—Cis). Classically, a true lipase is capable of hydrolysing long chain triglyceride (C > 10) [49],
which is in agreement with our results. Staphylococcal lipases are known to exhibit a wide range
of substrate preferences [18]. Similar to our results, Staphylococcus aureus strain ALA1 (SAL4) lipase
efficiently hydrolyses long chain triacylglycerols [49]. On the contrary, Staphylococcus aureus lipase B56,
the enzyme prefers to hydrolyse short and medium chain (C,—Cg) triacylglycerols [50].

In term of solvent stability, the mutant lipases exhibited remarkable stability in polar compared to
apolar organic solvents. Most enzymes are known to inactivate in polar solvent. This is due to their
high degree of partitioning, disruptive of native hydrogen bonds, and strip off the essential water
layer [51]. Therefore, it is notable that these mutants demonstrate an increase stability in polar solvents.
Several studies reported only on solvent tolerant staphylococcal lipase in apolar solvents. S. warneri
lipase shows increase stability in petroleum ether, n-hexane, cyclohexane, benzene and toluene while
decrease in activity in most polar solvents [52]. However, similar to our results, 6B lipase from Bacillus
subtilis exhibited an increase in activity in the presence of DMSO, methanol and isopropanol [53]. Sinha
and Khare (2014) also reported that moderately halophilic Bacillus sp. EMB9 protease showed stability
in various concentrations of polar organic solvents especially in the presence of 25% (v/v) of methanol
and ethanol.
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4. Materials and Methods

4.1. Template Selection

Template search was carried out by using Position Specific Iterated Blast (PSIBLAST) (http:
/[www.ncbi.nlm.nih.gov/blast/) based on Protein Data Bank (PDB) database showing 51% identity
similarity and 98% of query coverage to lipase crystal structure of Staphylococcus hyicus (PDB: 2HIH) [46]
indicating the highest sequence identity to WT lipase. Hence, S. hyicus lipase was chosen as the template.

4.2. Structure Prediction and Evaluation of Protein Models

Comparative study and analysis of WT lipase and six mutants (single mutants: K91A, K177A,
K325G; and double mutants: K91A/K177A, K91A/K325G, and K177A/K325G) were conducted via
automated comparative modelling by a program called Yet Another Scientific Artificial Reality
Application (YASARA). The WT lipase and template sequences were aligned prior to homology
modelling using EMBL-EBI (The European Bioinformatics Institute) Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/). Backbone, loop and side chain of protein models were built, optimized and
fine-tuned to achieve the finest model quality. Simple minimization using AMBERO03 force field was
carried out and the models were refined in explicit solvent molecules. The final predicted model of
WT and six mutants were evaluated by means of PROCHECK (Ramachandran Plot) (www.ebi.ac.uk/
thornton-srv/software/PROCHECK), ERRAT? (http://nihserver.mbi.ucla.edu/ERRATvV2), and QMEAN
(https://swissmodel.expasy.org/qmean/).

4.3. Secondary Structure Analysis

Analysis of secondary structure was done using a web server PDBSum (http://www.ebi.ac.uk/
thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html). The PDB files of all models
were submitted to the web server to obtain the essential structural information.

4.4. Molecular Dynamics Simulations Setup

YASARA software version 17.4.17 was used to perform the simulations. A cubic simulation box
(90° on every axis) was placed around the protein with 5.0 A of distance around all atoms and the
dimensions of the simulation box were determined automatically using the default parameter due to
the size and amount of solvent molecules. The boundary conditions were set up to periodic in the
x, y and z directions. Simulation was performed at pH 8; the optimum pH of the WT while the ion
concentration (NaCl) was set to 0.9%. The number of water molecules was adjusted following the
experimental density at 298.15 K equivalent to 25 °C. The pressure inside the simulation box rescaled
until 0.997 g/cm? of the experimental density was reached. Long-range electrostatics was treated using
particle mesh Ewald method with a cut-off of 10.486 A. The condition was kept constant for all variants
and the WT enzyme. All simulations were carried out using the AMBERO3 force field. A productive
simulation of 40 ns for each of them was collected with a 1 fs time-step and conformations were stored
every 50 ps [54].

4.5. Molecular Dynamics Simulations Analysis

The main chain Root Mean Square Deviation (RMSD) was calculated for each simulation using
the starting structure as a reference in probing the structural stability during the course of simulation
time. The profile of the main chain Root Mean Square Fluctuation (RMSF) per residue was averaged
for each trajectory. Radius of gyration (Rg) was also calculated and analysed for comparative study of
the mutants.
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4.6. Construction of Mutants

Two mutants with improved stability were identified and constructed using the overlap PCR method.
Three sets of primers (one set of native primers and one set of mutagenic primers of each mutant) were
used. a) Native forward: 5° CG GAA TTC GCA GCA ATG GCG CAA GCT CAA TAT 3’ and reverse:
5" CCG CTC GAG TCA CTA ACC ATC TAG CTC TTC 3’; b) K91A forward: 5 GCA AAA TAT GGT
CAC GCG CGT TAT GGC AG 3’ and reverse: 5" CT GCC ATA ACG CGC GTG ACC ATA TTT TGC 3’
(underlined is mutation point K91 to A); c) K325G forward: 5 GAA GCA TTT AAG GGG GTA GGT
ATG ATG AAC 3" and reverse: 5" GTT CAT CAT ACC TAC CCC CTT AAA TGC TTC 3’ (underlined is
mutation point K325 to G). DNA fragments of the mutants were generated in the first round PCR and
utilised in the second round PCR as the template to amplify the whole sequence consisting the mutation
point. The mutated gene was amplified and transformed into expression vector, pGEX-6p-1, which carry
glutathione S-transferase (GST) tag into E. coli DH5« and E. coli BL21 (DE3).

4.7. Expression and Purification of Mutant Lipases

Expression of WT, K325G and K91A/K325G were carried out following the method described in
the previous work [20]. The mutants were expressed following the optimum condition (ODggy = 0.6,
IPTG concentration = 0.5 mM and induction at 16 °C for 16 h). The bacterial culture was centrifuged at
4 °C, 10,000 g for 20 min. The pellet was kept at —20 °C.

Purification of the WT and mutants was conducted by two-step affinity chromatography using
glutathione sepharose resin. Bacterial pellet was resuspended in pre-chilled binding buffer (50 mM
PBS pH 7.4) for sonification (duty cycle: 30, output 2). The sample was cleared by centrifugation at
10,000x g for 30 min. The supernatant (soluble fraction) was collected and loaded into GST-affinity
column and the target protein was eluted using elution buffer (50 mM Tris-HCI, 10 mM reduced
glutathione pH 8). The fusion protein was then cleaved using PreScission Protease in cleavage buffer
(50 mM Tris-HC, 0.1 M NaCl pH 8) for 18 h. Second GST-affinity chromatography was conducted
to collect the target protein from the flow through fractions and further dialysed against the storage
buffer, 20 mM Tris-HCI pH 8. Further analysis was performed using SDS-PAGE, activity staining,
and Native PAGE to confirm the purity of the protein.

4.8. Optimal Temperature and Half-Life

Changes in the optimum temperature of mutants were studied by assaying the purified lipases at
different temperature ranging from 15 °C to 50 °C with 5 °C intervals for 10 min using p-nitropheny]l
palmitate (Ci6) as the substrate. The final protein concentration was 0.5 mg/mL for all tested lipases.
Absorbance reading at A41p was measured. Half-life study was determined by pre-incubating the
purified lipase at respective temperatures (20 °C, 25 °C, 30 °C) for 24 h. Samples were removed at
every 3 h interval and assayed at their optimum temperature. Sample at 0 min was regarded as the
control (100%).

4.9. Optimum pH and pH Stability

The effects of various pH on the lipolytic activity and stability were measured in different buffer
systems with pH ranging from pH 4 to 12. The buffer system used were sodium acetate (pH 4-6),
sodium phosphate (pH 6-8), Tris-HCl (pH 8-9), Glycine/NaOH (pH 9-11), and sodium hydrogen
phosphate (pH 11-12). Gum Arabic (0.1 (w/v)) was added into the mixture and subsequently assayed
for 10 min at 25 °C. The final protein concentration was 0.5 mg/mL for all tested lipases. To examine
the pH stability profile, purified lipase was pre-incubated in the tested buffer system for 30 min, and
assayed at 25 °C for 10 min. Lipase activity was measured by measuring the absorbance at Ay41.



Molecules 2020, 25, 3858 16 of 19

4.10. Substrate Determination

Various p-nitrophenyl substrates with different chain length ranging from C, to C;4 were used to
determine the changes in substrate selectivity profile of the WT and two mutant lipases. The mixture
was incubated for 10 min and assayed using standard pNP assay. The final protein concentration was
0.5 mg/mL for all tested lipases. p-nitrophenyl palmitate (C14) was regarded as the control (100%) to
calculate the relative activity measured at Ayp.

4.11. Organic Solvent Stability

Organic solvent stability of WT, K325G, and K91A/K325G was studied by pre-incubating lipases
in 25% (v/v) of various solvents with different log P. Incubation in DMSO (-1.3), methanol (-0.76),
acetonitrile (—0.33) ethanol (—0.24), acetone (—0.24), 1-propanol (0.28), diethyl ether (0.85), chloroform
(2.0), benzene (2.0), toluene (2.5), octanol (2.9), xylene (3.1), n-hexane (3.5), and n-heptane (4.0) was
carried out for 30 min at 20 °C. Reaction mixture without solvent was regarded as control (100%).
The mixtures were assayed for 10 min at 25 °C and residual activity of lipases were calculated.

4.12. Thermal Unfolding (T,)

Thermal unfolding was determined by using CD spectra (JASCO J-1500 CD spectropolarimeter).
The spectrum was measured at 222 nm from 20 °C to 80 °C with 1 °C/min heating rate using PTC-510
Peltier thermostated cell holder. Protein was prepared at 1 mg/mL in 10 mM sodium phosphate buffer
pH 7 and the measurement was repeated three times.

5. Conclusions

The structural and dynamics study of the WT and mutant lipases provide insights on the structural
properties and behaviour of the protein conformation when simulated in water environment. Evidently,
mutation on surface exposed lysine attributed to changes in the stability behaviour. Replacement of lysine
to a smaller amino acid resulted in both stabilising and destabilising effects. Though our in silico mutation
suggested that single and double mutants (K325G and K91/K325G) were stable, our experimental work
implied that a combined mutation could accompany with stability trade-off even by combining the most
stabilising single mutants. On another note, we proved that surface exposed lysine can be considered as
one of the stability determinants in staphylococcal lipase.

Supplementary Materials: The following are available online. Figure S1: Multiple sequence alignment of WT
lipase to other Staphyloccocal lipase, Bacillus and Pseudomonas; Figure S2: Sequence alignment of WT lipase and
template, 2HIH; Figure S3: SDS-PAGE (12%) analysis of two-steps purifications (a) K325G and (b) K91A/K325G;
Table S1: Predicted structure validation of WT and mutant lipases based on Ramachandran plot and Errat2; Table
S2: QMEAN analysis of WT and mutant lipases.

Author Contributions: Conceptualization, N.H.A K; investigation, N.N.A.; resources, N.H.A.K.,, RN.ZR.AR.,
and A.T.C.L.; writing—original draft preparation, N.N.A. and N.H.A K; writing—review and editing, N.N.A.,
N.H.AK, RN.Z.R.A R, and A T.C.L; supervision, NH.AK,, RN.Z.R.A.R,, and A.T.C.L,; funding acquisition,
N.H.A K. All authors have read and approved to the final version of the manuscript.

Funding: This research was funded by Universiti Putra Malaysia (GP-IPS/2017/9572600).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pedersen, ].N.; Zhou, Y.; Guo, Z.; Pérez, B. Genetic and chemical approaches for surface charge engineering of
enzymes and their applicability in biocatalysis: A review. Biotechnol. Bioeng. 2019, 116, 1795-1812. [CrossRef]
[PubMed]

2. Chan, C.-H.; Wilbanks, C.C.; Makhatadze, G.I.; Wong, K.-B. Electrostatic contribution of surface charge
residues to the stability of a thermophilic protein: Benchmarking experimental and predicted pKa values.
PLoS ONE 2012, 7, €30296. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/bit.26979
http://www.ncbi.nlm.nih.gov/pubmed/30927438
http://dx.doi.org/10.1371/journal.pone.0030296
http://www.ncbi.nlm.nih.gov/pubmed/22279578

Molecules 2020, 25, 3858 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

Miller, S.; Janin, J.; Lesk, A.; Chothia, C. Interior and surface of monomeric proteins. J. Mol. Biol. 1987, 196,
641-656. [CrossRef]

Strickler, S.S.; Gribenko, A.V.; Gribenko, A.V.; Keiffer, T.R.; Tomlinson, J.; Reihle, T.; Loladze, V.V.;
Makhatadze, G.I. Protein stability and surface electrostatics: A charged relationship. Biochemistry 2006, 45,
2761-2766. [CrossRef]

Vidya, J.; Ushasree, M.V,; Pandey, A. Effect of surface charge alteration on stability of l-asparaginase II from
Escherichia sp. Enzym. Microb. Technol. 2014, 56, 15-19. [CrossRef]

Chan, H.Y,; Lankevich, V.; Vekilov, P.G.; Lubchenko, V. Anisotropy of the coulomb interaction between folded
proteins: Consequences for mesoscopic aggregation of lysozyme. Biophys. . 2012, 102, 1934-1943. [CrossRef]
Sokalingam, S.; Raghunathan, G.; Soundrarajan, N.; Lee, S.-G. A Study on the effect of surface lysine to arginine
mutagenesis on protein stability and structure using green fluorescent protein. PLoS ONE 2012, 7, e40410.
[CrossRef]

Gallivan, J.P; Dougherty, D.A. Cation-pi interactions in structural biology. Proc. Natl. Acad. Sci. USA 1999,
96, 9459-9464. [CrossRef]

Veno, ].; Rahman, RN.Z.A.; Masomian, M.; Ali, M.S.M.; Kamarudin, N.H.A. Insight into improved thermostability
of cold-adapted staphylococcal lipase by glycine to cysteine mutation. Molecules 2019, 24, 3169. [CrossRef]
Pezzullo, M.; Del Vecchio, P; Mandrich, L.; Nucci, R.; Rossi, M.; Manco, G. Comprehensive analysis of surface
charged residues involved in thermal stability in Alicyclobacillus acidocaldarius esterase 2. Protein Eng. Des. Sel.
2012, 26, 47-58. [CrossRef]

Carija, A.; Pinheiro, F; Iglesias, V.; Ventura, S. Computational assessment of bacterial protein structures
indicates a selection against aggregation. Cells 2019, 8, 856. [CrossRef] [PubMed]

Warwicker, J.; Charonis, S.; Curtis, R. Lysine and arginine content of proteins: Computational analysis
suggests a new tool for solubility design. Mol. Pharm. 2013, 11, 294-303. [CrossRef] [PubMed]

Kramer, R.M.; Shende, V.R.; Motl, N.; Pace, C.N.; Scholtz, ]. M. Toward a molecular understanding of protein
solubility: Increased negative surface charge correlates with increased solubility. Biophys. ]. 2012, 102,
1907-1915. [CrossRef] [PubMed]

Chan, P; Curtis, R.; Warwicker, J. Soluble expression of proteins correlates with a lack of positively-charged
surface. Sci. Rep. 2013, 3. [CrossRef]

Hojgaard, C.; Kofoed, C.; Espersen, R.; Johansson, K.E.; Villa, M.; Willemoes, M.; Lindorff-Larsen, K.;
Teilum, K.; Winther, J.R. A soluble, folded protein without charged amino acid residues. Biochemistry 2016,
55,3949-3956. [CrossRef] [PubMed]

Zhao, N.; Pang, B.; Shyu, C.-R.; Korkin, D. Charged residues at protein interaction interfaces: Unexpected
conservation and orchestrated divergence. Protein Sci. 2011, 20, 1275-1284. [CrossRef]

Rahman, RN.Z.A.; Kamarudin, N.H.A.; Yunus, J.; Salleh, A.B.; Basri, M. Expression of an organic solvent
stable lipase from Staphylococcus epidermidis AT2. Int. . Mol. Sci. 2010, 11, 3195-3208. [CrossRef]

Xie, W. Characterization of lipases from Staphylococcus aureus and Staphylococcus epidermidis isolated from
human facial sebaceous skin. J. Microbiol. Biotechnol. 2012, 22, 84-91. [CrossRef]

Horchani, H.; Aissa, I.; Ouertani, S.; Zarai, Z.; Gargouri, Y.; Sayari, A. Staphylococcal lipases: Biotechnological
applications. J. Mol. Catal. B Enzym. 2012, 76, 125-132. [CrossRef]

Kamarudin, N.-H.A.; Rahman, RN.Z.R.A; Ali, M.SM.; Leow, T.C.; Basri, M.; Salleh, A.B. Unscrambling
the effect of C-terminal tail deletion on the stability of a cold-adapted, organic solvent stable lipase from
Staphylococcus epidermidis AT2. Mol. Biotechnol. 2014, 56, 747-757. [CrossRef]

Suplatov, D.A.; Besenmatter, W.; Svendsen, A.; Svedas, VK. Bioinformatic analysis of alpha/beta-hydrolase
fold enzymes reveals subfamily-specific positions responsible for discrimination of amidase and lipase
activities. Protein Eng. Des. Sel. 2012, 25, 689-697. [CrossRef] [PubMed]

Arpigny, J.L.; Jaeger, K.E. Bacterial lipolytic enzymes: Classification and properties. Biochem. J. 1999, 343,
177-183. [CrossRef] [PubMed]

Jaeger, K.-E.; Eggert, T. Lipases for biotechnology. Curr. Opin. Biotechnol. 2002, 13, 390-397. [CrossRef]
Ramachandran, G.; Ramakrishnan, C.; Sasisekharan, V. Stereochemistry of polypeptide chain configurations.
J. Mol. Biol. 1963, 7, 95-99. [CrossRef]

Benkert, P; Biasini, M.; Schwede, T. Toward the estimation of the absolute quality of individual protein
structure models. Bioinformatics 2010, 27, 343-350. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0022-2836(87)90038-6
http://dx.doi.org/10.1021/bi0600143
http://dx.doi.org/10.1016/j.enzmictec.2013.12.012
http://dx.doi.org/10.1016/j.bpj.2012.03.025
http://dx.doi.org/10.1371/journal.pone.0040410
http://dx.doi.org/10.1073/pnas.96.17.9459
http://dx.doi.org/10.3390/molecules24173169
http://dx.doi.org/10.1093/protein/gzs066
http://dx.doi.org/10.3390/cells8080856
http://www.ncbi.nlm.nih.gov/pubmed/31398930
http://dx.doi.org/10.1021/mp4004749
http://www.ncbi.nlm.nih.gov/pubmed/24283752
http://dx.doi.org/10.1016/j.bpj.2012.01.060
http://www.ncbi.nlm.nih.gov/pubmed/22768947
http://dx.doi.org/10.1038/srep03333
http://dx.doi.org/10.1021/acs.biochem.6b00269
http://www.ncbi.nlm.nih.gov/pubmed/27307139
http://dx.doi.org/10.1002/pro.655
http://dx.doi.org/10.3390/ijms11093195
http://dx.doi.org/10.4014/jmb.1107.07060
http://dx.doi.org/10.1016/j.molcatb.2011.11.018
http://dx.doi.org/10.1007/s12033-014-9753-1
http://dx.doi.org/10.1093/protein/gzs068
http://www.ncbi.nlm.nih.gov/pubmed/23043134
http://dx.doi.org/10.1042/bj3430177
http://www.ncbi.nlm.nih.gov/pubmed/10493927
http://dx.doi.org/10.1016/S0958-1669(02)00341-5
http://dx.doi.org/10.1016/S0022-2836(63)80023-6
http://dx.doi.org/10.1093/bioinformatics/btq662
http://www.ncbi.nlm.nih.gov/pubmed/21134891

Molecules 2020, 25, 3858 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Petersen, S.B.; Fojan, P.; Petersen, E.L; Petersen, M.T.N. The thermal stability of the Fusarium solani pisi
cutinase as a function of pH. J. Biomed. Biotechnol. 2001, 1, 62-69. [CrossRef]

Law, R.J.; Capener, C.; Baaden, M.; Bond, PJ.; Campbell, J.; Patargias, G.; Arinaminpathy, Y.; Sansom, M.S.
Membrane protein structure quality in molecular dynamics simulation. J. Mol. Graph. Model. 2005, 24,
157-165. [CrossRef]

Martinez, J. Automatic Identification of mobile and rigid substructures in molecular dynamics simulations
and fractional structural fluctuation analysis. PLoS ONE 2015, 10, €0119264. [CrossRef]

Kumar, C.V,; Swetha, R.G.; Anbarasu, A.; Ramaiah, S. Computational analysis reveals the association
of threonine 118 methionine mutation in PMP22 resulting in CMT-1A. Adv. Bioinform. 2014, 2014, 1-10.
[CrossRef]

Bosshard, H.R.; Marti, D.N.; Jelesarov, I. Protein stabilization by salt bridges: Concepts, experimental
approaches and clarification of some misunderstandings. J. Mol. Recognit. 2004, 17, 1-16. [CrossRef]
Salwoom, L.; Rahman, RN.Z.A.; Salleh, A.B.; Shariff, EM.; Convey, P.; Ali, M.S.M. New recombinant
cold-adapted and organic solvent tolerant lipase from psychrophilic pseudomonas sp. LSK25, isolated from
signy island antarctica. Int. J. Mol. Sci. 2019, 20, 1264. [CrossRef] [PubMed]

Jiewei, T.; Zuchao, L.; Peng, Q.; Lei, W.; Yonggiang, T. Purification and characterization of a cold-adapted
lipase from Oceanobacillus strain PT-11. PLoS ONE 2014, 9, e101343. [CrossRef] [PubMed]

Chiuri, R.; Maiorano, G.; Rizzello, A.; Del Mercato, L.L.; Cingolani, R.; Rinaldi, R.; Maffia, M.; Pompa, P.P.
Exploring local flexibility/rigidity in psychrophilic and mesophilic carbonic anhydrases. Biophys. J. 2009, 96,
1586-1596. [CrossRef] [PubMed]

Papaleo, E.; Tiberti, M.; Invernizzi, G.; Pasi, M.; Ranzani, V. Molecular determinants of enzyme cold
adaptation: Comparative structural and computational studies of cold- and warm-adapted enzymes.
Curr. Protein Pept. Sci. 2011, 12, 657-683. [CrossRef] [PubMed]

Galzitskaya, O.V.; Garbuzynskiy, S.O. Entropy capacity determines protein folding. Proteins Struct.
Funct. Bioinform. 2006, 63, 144-154. [CrossRef]

Tokuriki, N.; Tawfik, D.S. Protein dynamism and evolvability. Science 2009, 324, 203-207. [CrossRef]
Acharya, P,; Rajakumara, E.; Sankaranarayanan, R.; Rao, N.M. Structural basis of selection and thermostability
of laboratory evolved bacillus subtilis lipase. J. Mol. Biol. 2004, 341, 1271-1281. [CrossRef]

Ahmad, S.; Kamal, Z.; Sankaranarayanan, R.; Rao, N.M. Thermostable bacillus subtilis lipases: In vitro
evolution and structural insight. J. Mol. Biol. 2008, 381, 324-340. [CrossRef]

Pace, C.N.; Fu, H,; Fryar, K.L.; Landua, J.; Trevino, S.R.; Schell, D.; Thurlkill, R.L.; Imura, S.; Scholtz, ].M.;
Gajiwala, K,; et al. Contribution of hydrogen bonds to protein stability. Protein Sci. 2014, 23, 652-661.
[CrossRef]

Bowie, ].U. Membrane protein folding: How important are hydrogen bonds? Curr. Opin. Struct. Biol. 2011,
21,42-49. [CrossRef]

Alsop, E.; Silver, M.; Livesay, D.R. Optimized electrostatic surfaces parallel increased thermostability:
A structural bioinformatic analysis. Protein Eng. Des. Sel. 2003, 16, 871-874. [CrossRef] [PubMed]

Ban, X,; Li, C.; Zhang, Y.; Gu, Z.; Cheng, L.; Hong, Y.; Li, Z. Importance of C-terminal extension in thermophilic
1,4-x-glucan branching enzyme from Geobacillus thermoglucosidans STB02. Appl. Biochem. Biotechnol. 2019,
190, 1010-1022. [CrossRef] [PubMed]

Yu, H,; Yan, Y,; Zhang, C.; Dalby, P.A. Two strategies to engineer flexible loops for improved enzyme
thermostability. Sci. Rep. 2017, 7, 41212. [CrossRef] [PubMed]

Islam, M.M.; Kobayashi, K.; Kidokoro, S.; Kuroda, Y. Hydrophobic surface residues can stabilize a protein
through improved water—protein interactions. FEBS |. 2019, 286, 4122-4134. [CrossRef]

Pokkuluri, P.; Raffen, R.; Dieckman, L.; Boogaard, C.; Stevens, F.; Schiffer, M. Increasing protein stability
by polar surface residues: Domain-wide consequences of interactions within a loop. Biophys. ]. 2002, 82,
391-398. [CrossRef]

Tiesinga, ].].; Van Pouderoyen, G.; Nardini, M.; Ransac, S.; Dijkstra, B.W. Structural basis of phospholipase
activity of Staphylococcus hyicus lipase. J. Mol. Biol. 2007, 371, 447-456. [CrossRef]

Kluska, K.; Adamczyk, J.; Krezel, A. Metal binding properties, stability and reactivity of zinc fingers. Coord.
Chem. Rev. 2018, 367, 18-64. [CrossRef]

Bouaziz, A.; Horchani, H.; Ben Salem, N.; Gargouri, Y.; Sayari, A. Expression, purification of a novel alkaline
Staphylococcus xylosus lipase acting at high temperature. Biochem. Eng. J. 2011, 54, 93-102. [CrossRef]


http://dx.doi.org/10.1155/S1110724301000249
http://dx.doi.org/10.1016/j.jmgm.2005.05.006
http://dx.doi.org/10.1371/journal.pone.0119264
http://dx.doi.org/10.1155/2014/502618
http://dx.doi.org/10.1002/jmr.657
http://dx.doi.org/10.3390/ijms20061264
http://www.ncbi.nlm.nih.gov/pubmed/30871178
http://dx.doi.org/10.1371/journal.pone.0101343
http://www.ncbi.nlm.nih.gov/pubmed/24984141
http://dx.doi.org/10.1016/j.bpj.2008.11.017
http://www.ncbi.nlm.nih.gov/pubmed/19217874
http://dx.doi.org/10.2174/1389203711109070657
http://www.ncbi.nlm.nih.gov/pubmed/21827423
http://dx.doi.org/10.1002/prot.20851
http://dx.doi.org/10.1126/science.1169375
http://dx.doi.org/10.1016/j.jmb.2004.06.059
http://dx.doi.org/10.1016/j.jmb.2008.05.063
http://dx.doi.org/10.1002/pro.2449
http://dx.doi.org/10.1016/j.sbi.2010.10.003
http://dx.doi.org/10.1093/protein/gzg131
http://www.ncbi.nlm.nih.gov/pubmed/14983065
http://dx.doi.org/10.1007/s12010-019-03150-7
http://www.ncbi.nlm.nih.gov/pubmed/31654380
http://dx.doi.org/10.1038/srep41212
http://www.ncbi.nlm.nih.gov/pubmed/28145457
http://dx.doi.org/10.1111/febs.14941
http://dx.doi.org/10.1016/S0006-3495(02)75403-9
http://dx.doi.org/10.1016/j.jmb.2007.05.041
http://dx.doi.org/10.1016/j.ccr.2018.04.009
http://dx.doi.org/10.1016/j.bej.2011.02.003

Molecules 2020, 25, 3858 19 of 19

49.

50.

51.

52.

53.

54.

Ben Bacha, A.; Al-Assaf, A.; Moubayed, N.M.; Abid, I. Evaluation of a novel thermo-alkaline Staphylococcus
aureus lipase for application in detergent formulations. Saudi J. Biol. Sci. 2016, 25, 409-417. [CrossRef]
Jung, WH.; Kim, HK,; Lee, C.Y.; Oh, T.K. Biochemical properties and substrate specificity of lipase from
Staphylococcus aureus B56. J. Microbiol. Biotechnol. 2002, 12, 25-30.

Schulze, B.; Klibanov, A.M. Inactivation and stabilization of stabilisins in neat organic solvents. Biotechnol. Bioeng.
1991, 38, 1001-1006. [CrossRef] [PubMed]

Yele, V.U.; Desai, K. A new thermostable and organic solvent-tolerant lipase from Staphylococcus warneri;
optimization of media and production conditions using statistical methods. Appl. Biochem. Biotechnol. 2014,
175, 855-869. [CrossRef] [PubMed]

Kamal, Z.; Yedavalli, P.; Deshmukh, M.V.; Rao, N.M. Lipase in aqueous-polar organic solvents: Activity,
structure, and stability. Protein Sci. 2013, 22, 904-915. [CrossRef] [PubMed]

Krieger, E.; Vriend, G. New ways to boost molecular dynamics simulations. J. Comput. Chem. 2015, 36,
996-1007. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.sjbs.2016.10.006
http://dx.doi.org/10.1002/bit.260380907
http://www.ncbi.nlm.nih.gov/pubmed/18600863
http://dx.doi.org/10.1007/s12010-014-1331-2
http://www.ncbi.nlm.nih.gov/pubmed/25344436
http://dx.doi.org/10.1002/pro.2271
http://www.ncbi.nlm.nih.gov/pubmed/23625694
http://dx.doi.org/10.1002/jcc.23899
http://www.ncbi.nlm.nih.gov/pubmed/25824339
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Prediction and Identification of Mutation Sites 
	Model Building and Validation of WT Lipase and Six Mutant Lipases 
	Superimposition and Secondary Structure Analysis 
	Electrostatic Potential Maps 
	In Silico Mutation and Molecular Dynamics (MD) Simulation in Water 
	Intramolecular Interactions 
	Expression and Purification of Mutants 
	Effect of Temperature on Lipase Activity, Half-Life Study, and Thermal Unfolding 
	Effect of pH on Lipase Activity and Stability 
	Effects of Substrate on Lipase Activity 
	Effects of Organic Solvents on Lipase Stability 

	Discussion 
	Materials and Methods 
	Template Selection 
	Structure Prediction and Evaluation of Protein Models 
	Secondary Structure Analysis 
	Molecular Dynamics Simulations Setup 
	Molecular Dynamics Simulations Analysis 
	Construction of Mutants 
	Expression and Purification of Mutant Lipases 
	Optimal Temperature and Half-Life 
	Optimum pH and pH Stability 
	Substrate Determination 
	Organic Solvent Stability 
	Thermal Unfolding (Tm) 

	Conclusions 
	References

