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Abstract The need of alkaline detergent-stable lipases has
been growing rapidly as they are highly attractive for the
production of detergents, biodiesel, pharmaceuticals
agents, and various other applications. Lipase from
Pseudomonas mendocina (PML) is one such candidate
with triglyceride activity and non-homologous with other
reported Pseudomonas lipases. The present work provides
insights on the role of amino acids toward structural
stability of PML. PML was subjected to mutagenesis
through in silico point mutations for emulating its struc-
tural stability, the foremost property to enhance
biophysiochemical properties for industrial process. The
structural effects of identified mutants on PML have been
analyzed through comparative atomistic molecular dy-
namics simulations on wild type and mutants. The in
silico mutants P187A and P219A were found to stabilize
their respective local dynamics and improved the struc-
tural stability of PML. The current study sheds light on
the rational engineering of PML through in silico meth-
odologies to improvise its structural stability as well as
prototype for rational engineering of the lipases.
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Introduction

Lipases are attractive biocatalysts for food, dairy, organic
synthesis, pharmaceuticals, oleochemical, paper, leather, and
detergent industries [1–5]. Their applicability gets wider when
they possess thermostability, organic solvent stability, sub-
strate specificity, chemo-, regio-, and enantio-specific behav-
ior [6, 7]. However, there is need to engineer lipases toward
such stability factors [8–10]. In this direction, checking all
possible mutations through experimental approaches is time
and resource intensive [11]. Detailed understanding of the
three dimensional (3D) structure of lipases would aid in ratio-
nally engineering them to function in the desired industrial
environments [12–14]. Therefore, in silico rational approach
is useful to select optimistic mutations that could be validated
experimentally [15]. The present work is an attempt in this
direction.

The need of alkaline detergent-stable lipases has been
growing rapidly owing to their industrial applications [16].
Detergent industry is the primary consumer of lipases [17].
Totally 21 lipases have been reported to have application in
the detergent industry while 43 lipases have been reported as
alkaline (maximum pH greater than or equal to 9) in Brenda
enzyme database [18]. New and improved lipases with appro-
priate properties for industrial process are in continuous de-
mand in detergent industry and for novel applications [19]. To
attain any such individual or multitude of such properties,
enhancement of stability of the protein is the foremost step.
Apart from high activity and stability, alkaline detergent-
stable lipases should have compatibility with the detergent
components in washing conditions including surfactants, ox-
idants, solvents, and other enzymes [19–21]. Pseudomonas
mendocina lipase (PML) is such a lipase which has been
reported as a potential fat stain remover [22, 23]. PML has
α/β hydrolase fold with conserved catalytic triad Ser126,
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His206, and Asp176. It is active in its monomer form with pH
range of 8 to 10 and its 3D structure is non-homologous from
other reported Pseudomonas lipases. PML does not require
metal ions and interfacial activation for its optimum activity
making it a unique attractive industrial biocatalyst.

The availability of PML structure (PDB Id: 2FX5) facili-
tates bioinformatics studies for rational engineering intended
to make PML more robust with improved performance, in-
dustrial applicability and storage. The in silico mutagenesis
were carried out to identify structurally important amino acids
for identifying mutagenesis hotspots prone to mutation by any
possible amino acids. Proteins stability were investigated be-
tween wild type and identified mutants of PML with the help
of molecular dynamics (MD) simulations. Identification of
mutagenesis hot spots and mutants with enhanced structural
stability will be instrumental in understanding and making
PML, a commercially viable lipase.

Material and methods

The current study implements a rational approach to emulate
structural stability of PML utilizing its 3D experimental struc-
ture. Structurally/strategically residues were identified for un-
derstanding structural stability of PML. The mutagenesis
hotspots were predicted followed by the identification of in
silico mutants. The in silico mutants were analyzed and vali-
dated with MD simulations utilizing well established param-
eters to understand the structural changes induced by the
mutation.

Prediction of in silico mutants

PML was investigated for the stability prediction upon point
mutation with ProSA (prosa2003 program) [24]. The meth-
odology was explained in detail in our previous work on
Staphylococcus aureus lipase [25]. The experimental structure
of PML (PDB Id: 2FX5) was utilized for the prediction of in
silico mutants. ProSA reflects the quality of all possible mu-
tations on each residue using knowledge-based potentials. The
predicted mutations were classified as stabilizing and de-
stabilizing mutations based on z-scores which aids us to
identify the mutagenesis hotspots of PML.

MD simulations to identify ‘thermolabile’ residues

To identify dynamic ‘thermolabile’ residues, a 20 ns MD
simulation was performed in an explicit water environment
with the periodic boundary conditions applied in three dimen-
sions using GROMACS package [26–28]. The net charge of
system was neutralized by the addition of counter ions by
replacing water molecules that are at least 3.50 angstroms (Å)
from the protein surface. The solvent was equilibrated for

100 ps by restraining the solute atoms through a harmonic
force constant of 1000 kJ mol−1 nm−2 in NVT ensemble
followed by NPT ensemble. NPT production run was carried
out for 20 ns with no restraints using 2 fs of integration time.
All MD simulations were carried out with temperature of
300 K with velocity rescaling thermostat in which protein
and non-protein atoms were coupled to separate temperature
coupling baths. The pressure was controlled at 1 atm using
Parrinello-Rahman barostat. The particle mesh Ewald (PME)
summation method was used for calculating the long-range
electrostatic interactions with cut-off of 12 Å. The linear
constraint solver (LINCS) algorithm was used to constrain
the bonds involving hydrogen atoms [26]. The dynamic res-
idues were based on root-mean square fluctuations (RMSF)
that can be correlated to temperature factors which reflects the
local structural flexibility. The mutants were selected based on
the presence of ‘thermolabile’ residues.

Validation of identified in silico mutants through MD
simulations

The identified in silico mutants were studied in detail to
provide insight at the atomic level with the help of 20 ns
MD simulations with the optimized parameters of PML. The
comparative MD analysis between the mutants and wild type
identify potential mutants with better structural stability. MD
trajectories were analyzed with built-in Gromacs tools. The
root-mean square deviation (RMSD) and RMSF of the back-
bone carbon atoms were studied with g_rmsd and g_rmsf
respectively to understand the degree of conformational
changes in the respective 3D structures of the candidate li-
pases and mutants. The secondary structure analysis was
carried out using the Kabsch and Sander algorithm incorpo-
rated in their Dictionary of Secondary Structure for Proteins
(DSSP) program [29] which was installed into Gromacs to
analyze the variation of protein secondary structure changes.
Program g_gyrate was used to measure the radius of gyration
which reflects the compactness of the structure. Program
g_sas was used to compute interaction surface areas between
solvent molecules and complexes. Sigmaplot was utilized to
prepare the plots of trajectory analysis from MD simulations
and the figures were produced using Adobe PhotoShop.

Results and discussion

In silico Mutagenesis of PML

PML is an attractive fat stain remover for industrial applica-
tions [22, 23]. To check the change in overall structural
stability of PML, point mutation was carried out on each
residue using ProSA [24, 25]. Based on in silicomutagenesis,
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we identified four sets of residues which might lead to desta-
bilization of structure of PML. In the first set, 24 positions
were predicted at which substitution of any 1 of these 24
positions by the rest of the 19 amino acids will lead to
destabilization of the protein (class 1). The second set is
comprised of 15 positions which can be mutated by 1 corre-
sponding amino acid without affecting the protein stability
(class 2). Similarly, set 3 and 4 are comprised of 26 and 32
positions respectively which can be mutated by 2 and 3
corresponding residue without affecting the protein stability
(class 3 and class 4). The four class identified 97 amino acid
residues as structurally/strategically important for PML which
were distributed throughout the protein. Furthermore, five
residues Pro7, Pro10, Glu83, Pro187, and Pro219 were iden-
tified as stabilizing mutants where substitution by any other
amino acid does not affect the structural stability of PML and
herein referred as mutagenesis hotspots (Fig. 1). Based on the
RMSF data fromMD simulation of PML, ‘dynamic residues’
with local disorderedness/structural flexibility were identified
as Arg91, Arg163, and Gln242. The mutagenesis hotspots and
thermolabile dynamic residues were identified as in silico
mutants of PML (Table 1).

Validation of in silico mutagenesis with molecular dynamics

Sibille et al. demonstrated that the MD simulation of PML
were strikingly similar to that of experimental data (15N
relaxation and H/D exchange rates) and proved MD as a
versatile tool to identify and study mutants to improve the
structural stability [23]. The in silico mutants identified from
ProSA and RMSF study were investigated with the wild type
of PML through atomistic MD simulations. The mutants were
chosen based on the biophysical principles to improve their
respective secondary structure. Proline being helix breaker, it
is well documented that mutating proline into alanine in α-

helix would improvise the structural stability through impro-
vised hydrogen bonds [30]. Mutation of a residue into proline
in the loop region contributes to increased structural and
proteolytic stability in proteins which is proven in Bacillus
subtilis lipase and Pseudomonas glumae lipase [31, 32]. The
identified mutants were validated with comparative MD sim-
ulations of wild type and mutants to increase the structural
stability of PML were listed in Table 2.

Root mean square deviation (RMSD) The degree of confor-
mational changes of wild type and mutants of PML was
monitored by root mean square deviation of α-carbon atom
during the course of molecular dynamics simulation. The
backbone RMSD of conformations from production run rela-
tive to its initial structure has been studied and represented in
Figs. 2 and 3. Comparative analysis of wild-type and mutants
of lipases through RMSD analysis were well documented
[33]. The time-dependent RMSD analysis reflects that the
wild type and mutants of PML have less deviation as seen
throughout the simulation. This implies that the 3D structures
are relatively stable. The average and standard deviation of
RMSD values of wild type and mutants of PML have been
summarized in Table 3. Based on the average values of
RMSD from Table 3, the order of stability was found to be
(i) PML < P219A < P10A < E83R < P7A < P187A from
ProSA study and (ii) PML < R91A < R163P < Q242P from
RMSF study of PML. The RMSD analysis reflects that the

Fig. 1 Mutagenesis hotspots with stabilizing mutants of PML

Table 1 List of thermolabile dynamic residues based on the RMSF data
of PML

Residues Secondary structure*

R91A α-helix

R163P loop

Q242P loop

* the secondary structure where thermolabile ‘dynamic’ amino acids
resides

Table 2 List of in silico mutants of PML chosen for mutagenesis and
their corresponding secondary structure

Study PML# Secondary structure*

PROSA P187A α-helix

P219A α-helix

RMSF Q242P loop

R163P loop

R91A α-helix

# the data represented in the form: amino acid from wild type PML with
its residue number followed by the amino acid chosen as the mutant

* the secondary structure where the mutants resides
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Fig. 2 The RMSD as a function of time of wild type and mutants of PML from ProSA study a PML (wild type), b Mutant P7A, c Mutant P10A, d
Mutant E83R, e Mutant P187A, and f Mutant P219A
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Fig. 3 The RMSD as a function of time of wild type and mutants of PML from RMSF study a PML (wild type), bMutant Q242P, cMutant R163P, and
d Mutant R91A

Table 3 Summarized parameters of MD simulations for wild type and in silico mutants of PML

Method* Variant End to end
distance (nm)

Radius of gyration
(nm)

RMSD (nm) RMSF (nm) SASA (nm2)

PML 2.50±0.23 1.63±0.01 0.18±0.03 0.11±0.07 106.16±1.92

PROSA P7A 2.08±0.33 1.63±0.01 0.14±0.02 0.11±0.06 104.66±2.03

P10A 2.14±0.32 1.62±0.01 0.15±0.02 0.11±0.06 104.57±2.53

E83R 1.78±0.22 1.63±0.01 0.15±0.02 0.10±0.05 105.12±1.97

P187A 2.40±0.19 1.63±0.01 0.13±0.02 0.11±0.05 104.38±1.61

P219A 1.90±0.29 1.62±0.01 0.18±0.02 0.11±0.06 103.41±1.91

RMSF Q242P 2.23±0.31 1.62±0.01 0.14±0.02 0.11±0.05 103.60±2.22

R163P 3.53±1.20 1.63±0.01 0.16±0.03 0.12±0.06 105.50±1.71

R91A 4.06±1.01 1.62±0.01 0.17±0.02 0.11±0.07 104.13±2.35

* methodology implemented for the identification of the mutants
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Fig. 4 RMSF of α-carbon atoms as a function of residue of wild type and mutants of PML from ProSA study a PML (wild type), b Mutant P7A, c
Mutant P10A, d Mutant E83R, e Mutant P187A, and f Mutant P219A
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structural integrity of P219A, R91A, and R163P mutants is
affected to a certain extent as compared to other mutants.
Among ProSA mutants of PML, P187A mutant has compar-
atively better RMSD values which might be due to the stabi-
lization of α-helix where Pro187 resides [33] (refer Fig. 8).
Amongmutants identified fromRMSF studies, Q242Pmutant
was found comparatively more stable than other mutants. This
is perhaps due to the stabilization of the loop where Glu242
resides and also the stabilization of the consecutive turn (refer
to Fig. 9). The P7A mutant was also found to be more stable
among the identified mutants.

Radius of gyration (Rg) The radius of gyration has been
analyzed in a time-dependent manner to investigate the com-
pactness of proteins [34]. The Rg trend of wild type and
mutants of PML from ProSA and RMSF study has been

presented in Supplementary Figs. 1 and 2 respectively. The
radius of gyration reflects the packing of amino acids through-
out the simulation thereby inferring stability and folding rate
of PML. The wild type and identified mutants have a similar
profile of Rg throughout the simulation. Table 3 reflects that
the mutants P10A, P219A, R91A, and Q242P have better Rg
profile than wild type PML. The Q242P mutant could be a
better mutant in the context of Rg and RMSD analysis.

Root mean square fluctuation (RMSF) The local
deformability of proteins has been analyzed through root mean
square fluctuations of α-carbon atoms from MD simulations
[35]. The RMSF plotted against the residues of wild type and
mutants of PML from ProSA and RMSF study has been
presented in Figs. 4 and 5 respectively. Appreciable difference
of RMSF between wild type and mutants of PML is observed

Fig. 5 RMSF of α-carbon atoms as a function of residue of wild type and mutants of PML from RMSF study a PML (wild type), bMutant Q242P, c
Mutant R163P, and d Mutant R91A
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Fig. 6 The distance between first and last α-carbon atoms of wild type and mutants of PML from ProSA study a PML (wild type), b Mutant P7A, c
Mutant P10A, d Mutant E83R, e Mutant P187A, and f Mutant P219A
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at the N terminus (specifically the first 17 residues) which
reflects the stabilization of the N terminus of the mutants.
Appreciable difference at the mutation site is also observed at
their respective regions. The P187A and R91A mutant show
global reduction in the highly flexible regions while the average
values of RMSF indicates the E83R mutant have considerable
reduce in the RMSF values globally and the R163P mutant
have considerable increase in the RMSF values globally.

Solvent accessible surface area (SASA) The surface accessi-
bility of proteins has been analyzed to estimate the struc-
tural stability and served as utility for the comparative
MD studies [36]. The trend of SASA analysis from
Supplementary Figs. 3 and 4 reflects that the mutants
and wild type of PML are similar and consistent with
Rg analysis. The average values of SASA indicate that

the mutants has considerably less hydrophobic area than
wild type SXL2 (106.16±1.92 nm2) notably P219A and
Q242P mutants. It is evident from the SASA plots that the
mutants had a comparatively steady SASA profile com-
pared to the wild type. These point mutations make the
mutants more robust than the wild type PML.

End to end chain distance between first and last α-carbon
atoms The distance between first and last α-carbon atoms of
wild type and mutants of PML from ProSA and RMSF study
were analyzed throughout the simulation which would aid to
understand the structural integrity of wild type and mutants of
PML and have been presented in Figs. 6 and 7 respectively.
Overall, a similar trend of end to end chain distance has been
observed except for the mutants Q242P and R163P. Drastic
changes have been observed in end to end chain distance in

Fig. 7 The distance between first and last α-carbon atoms of wild type and mutants of PML from RMSF study a PML (wild type), bMutant Q242P, c
Mutant R163P, and d MutantR91A
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mutants Q242P and R163P during the time course of
simulation.

Analysis of secondary structure The DSSP utility aids to
understand the structural stability of wild type and mu-
tants through comparative MD studies [37]. The second-
ary structure analysis shows the structural variation of
each residue of wild type and mutants of PML during
the time course of simulation and has been presented in
Figs. 8 and 9 respectively. The structural stabilization of
the corresponding secondary structure with the identified
mutants R91A, P187A, P219A, R163P, and Q242P were
observed. Noticeable change in structural stabilization
was not observed in the case of the mutants P7A, P10A,
and E83R. Apart from structural stabilization of the

corresponding α-helix, where the mutants P187A and
P219A reside, they also stabilize the nearby secondary
structure, turn and bend respectively. Meanwhile, reduced
stabilization of the consecutive bend was observed in the
case of the mutant R91A and R163P while the mutant
R163P further destabilizes a nearby turn. Hence, it could
be stated that these point mutations have a profound effect
on the secondary structure of the region where the mu-
tants reside.

The MD simulations of wild type and respective mu-
tants of PML reflects that (i) the mutants E83R, P219A
have better RMSD values, (ii) all the identified mutants
have a similar trend of Rg as wild type while the mutants
R91A, R163P have steadier equilibrium than wild type,
(iii) RMSF analysis indicates that the mutants of PML

Fig. 8 The secondary structural
analysis of wild type and mutants
of PML from ProSA study a PML
(wild type), b Mutant P7A, c
Mutant P10A, d Mutant E83R, e
Mutant P187A, and f Mutant
P219A
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have comparative values with wild type while the mutants
E83R, P219A have better RMSF values (iv) the mutants
P219A, Q242P have lesser SASA values than wild type
which reveals a decrease in solvent accessible hydropho-
bic area thereby the possibility of increase in compactness
of hydrophobic core, (v) the mutants E83R and P219A
have better ‘end-to-end chain distance’ values than wild
type and (vi) the secondary structure variation analysis
reveals that the mutants increased the stability of second-
ary structure where they reside, notably the mutants R91A
(α-helix), P187A (α-helix), P219A (α-helix), R163P
(loop). The discussed mutants of PML displayed increase
in reduced flexibility, structural stability and lesser solvent
exposed hydrophobic area which validates the in silico
mutants. Apart from microscopic dynamics, macroscopic
effects were also observed with the mutants P187A and
P219A which would have correlation with the change in
the biophysiochemical nature of PML. From the differ-
ence of RMSF with wild type PML, the mutant P187A
has reduced molecular flexibility observed at N terminus
with the first six residues, residues 176, 177 (bend 13),
206, and 207 (turn 13) (data not shown).

Overall, the current study attempted rational engineering of
PML utilizing the structural bioinformatics approach which
provides insights that could help to understand the structure of

triacylglycerol lipases and also help to devise better strategies
to design mutants to emulate their industrial applications.

Conclusions

Lipase from Pseudomonas mendocina (PML) was subjected
to the rational bioinformatics approach to exploit its industrial
applications. The current study engenders valuable insights to
understand and identify new mutants of PML to improve its
structural stability that might emulate its industrial potential.
In silico characterization and mutational studies on PML
identified structurally and functionally important residues.
The predicted mutations of all possible sites using
knowledge-based potentials fromProSA and RMSF data from
MD identified mutagenesis hotspots. The identified in silico
mutants were validated through comparative molecular dy-
namics with root mean square deviation (RMSD), radius of
gyration (Rg), root mean square fluctuations (RMSF), solvent
accessible surface area (SASA), end to end chain distance, and
secondary structure analysis. Among the identified mutants,
P187A and P219A mutants have better structural stability
(RMSD), compactness (Rg, SASA, end to end chain dis-
tance), and reduced molecular flexibility (RMSF) than wild
type PML. Apart from structural stabilization of the

Fig. 9 The secondary structural
analysis of wild type and mutants
of PML fromRMSF study a PML
(wild type), b Mutant Q242P, c
Mutant R163P, and d Mutant
R91A
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corresponding α-helix, where the mutants P187A and P219A
resides, they also stabilize the nearby secondary structure, turn
and bend respectively. The mutants P187A and P219A have
reduced molecular flexibility and improved compactness
compared to wild type PML as well as the stabilization of
local dynamics which underlies its improved structural stabil-
ity. MD simulations also reveal the correlation between mi-
croscopic dynamics and macroscopic properties in PML.
These predicted in silico mutants can be taken further toward
in vitro validations and their suitability in industrial
applications.
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