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Economic deconstruction of lignocellulose remains a challenge due to the complex architecture of
cellulose, hemicellulose, and lignin. Advancements in pretreatment processes have introduced ionic
liquids (ILs) as promising non-derivatizing solvents for reducing biomass recalcitrance and for promoting
enzymatic hydrolysis. However, available commercial cellulases are destabilized or inactivated even in
low concentration of residual ILs. Thus, a molecular understanding of IL-enzyme interactions is crucial
for developing IL-tolerant enzymes with high catalytic activity. In this study, molecular insight behind the
IL tolerance of hyperthermophilic endoglucanase Cell2A from Rhodothermus marinus (RmCell2A) has
been investigated in 20%, 40%, and 60% 1l-ethyl-3-methylimidazolium acetate (EmimAc) through
molecular dynamic simulations at 368 K. Though the enzyme retained its stability in all EmimAc
concentrations, the activity was affected due to the loss of essential dynamic motions. A protein
structure network was constructed using the snapshots of protein structures from the simulation
trajectories and the hub properties of residues R20, Y59, W68, W197, E203, and F220 were found to be
lost in 60% EmimAc. Emim cations were observed to intrude the active site tunnel and interact with

more number of catalytic residues with higher cumulative fractional occupancy in 60% EmimAc than in
Received 18th November 2019

Accepted 4th February 2020 20% or 40% EmimAc. Some non-catalytic residues have also been identified at the active site, which can

be probable mutation targets for improving the IL tolerance. Our findings reveal the molecular
DOI: 10.1039/c9ra09612d understanding behind the origin of activity loss of RmCell2A and proposed insights for the further

rsc.li/rsc-advances improvement of IL sensitivity.

require extensive physical, chemical, or biological pretreat-
ment to extract the polysaccharide chains, which can be
further hydrolyzed and depolymerized into mono-

1. Introduction

Recent globalization, overconsumption of fossil fuels, and

its detrimental consequences on the environment have
raised the demand for sustainable energy resources.'”
Biomass-derived fuels are a promising alternative to fossil
fuels along with the production of numerous value-added
chemicals in biorefineries analogous to petroleum indus-
tries.* A lignocellulosic feedstock is the most abundant
organic material on earth and currently, research is
underway for developing sustainable lignocellulosic bio-
refineries.” Both the cellulosic and hemicellulosic parts of
lignocellulose are reservoirs of enormous fermentable
sugars for biorefinery products, including bioethanol.®
However, the highly recalcitrant properties of lignocellulose
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saccharides.”” Several physical, chemical, and biological
pretreatment methods have been developed to enhance the
accessibility of biomass polysaccharides to hydrolytic
enzymes.'® Currently, industrial pretreatment technologies
mostly involve acid-alkali treatments that require huge
amounts of water for washing purposes, thus generating
chemical hazards and environmental concerns.'* Moreover,
due to degradation of the cellulose backbone, a significant
amount of cellulose is lost in such processing techniques. In
the past few years, ionic liquids (IL) have shown promises to
be greener alternatives and more effective non-derivatizing
solvents for cellulose dissolution.'* ILs are salts with
a melting point of around or below 100 °C, having low vapor
pressure, high thermal stability, and non-volatile properties,
offering great opportunity for replacing traditional organic
solvents in several industrial processes.”>** ILs can dissolve
lignocellulosic biomass and effectively separate the complex
mixture of cellulose, hemicellulose, and lignin for further
processing.’ The ability of ILs as cellulose solvents was
pioneered in early 2000s.® Since then, significant
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advancements have been made in ionic liquid research in
carbohydrate chemistry among different ILs and 1-ethyl-3-
methylimidazolium acetate (EmimAc) was found to be one
of the most effective pretreatment agents for cellulose
dissolution.'® Moreover, the ILs can be recycled for further
pretreatment cycles. After the IL pretreatment, the regen-
erated cellulose is carried for enzymatic hydrolysis for
generating fermentable sugars. Pretreatment with IL accel-
erates the hydrolysis step by exposing the cellulose surface to
cellulolytic enzymes and resulting in a remarkably improved
glucose yield."”"** Besides, IL/water mixed solvents have also
been proposed to enhance the process efficiency and the
cost-effectiveness, and provide an aqueous environment in
the hydrolysis step.>*** In addition, simultaneous pretreat-
ment and saccharification strategies have been attempted by
combining IL pretreatment and IL tolerant cellulases.>*?*
This combined technology for the ‘one-pot’ process, if it
becomes a reality in the near future, may drastically cut
down the cost of the IL pretreatment technology. However,
a critical issue is that commercial cellulases or hemi-
cellulases are either inactivated or the activity is drastically
reduced in the presence of low concentration of ILs.>*3°
Thus, in an ideal scenario, the residual ILs in the biomass
should be completely removed from the pretreated biomass
before moving onto the hydrolysis step so that the cellulo-
lytic activities of the enzymes remain unaffected. However,
some amount of ILs always remain in the biomass even after
processing. Additional washing of the residual IL increases
the overall processing cost, which restricts the imple-
mentation of the IL pretreatment at a commercial scale. In
order to overcome this challenge, researchers have focused
either on discovering new cellulases or engineering the
existing cellulases with higher IL tolerance. For example,
endoglucanase from Thermotoga maritima and Pyrococcus
horikoshii were found to have higher IL tolerance than the
industrial benchmark Trichoderma viride cellulase, and
retained 50% and 100% of their specific activities in 15% (v/
v) and 20% (v/v) EmimAc,*" respectively. A cocktail of cellu-
lases and B-glucosidase from Trichoderma reesei and Asper-
gillus niger showed 77% and 65% activities in 15% and 20%
(w/v) EmimAc,?* respectively. A halophilic cellobiohydrolase
from Halorhabdus utahensis was observed to tolerate upto

20% (w/w) of ILs such as EmimAc, 1-ethyl-3-
methylimidazolium  chloride (EmimCl), 1-butyl-3-
methylimidazolium chloride (BmimCl), and 1-allyl-3-

methylimidazolium chloride (AmimCl).** In another study,
endoglucanases and xylanases from Aspergillus fumigatus
were shown to retain enzymatic activity in 20% EmimAc.**
Cellulase cocktail from microbial consortia was also devel-
oped and it showed 54% activity in 20% EmimAc.** Cellulase
from Aspergillus fumigatus was isolated from the chemically
polluted microhabitat with the maximum activity of 127%,
111%, and 109% in 30% (v/v) of 1-ethyl-3-
methylimidazolium dimethyl phosphate, AmimCl, and 1-
ethyl-3-methylimidazolium methylammonium-
methylsulfate respectively.®*® Furthermore, the study
involving the isolation and characterization of cellulases
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from switchgrass-adapted microbial community have led to
the discovery of high IL tolerant cellulases that exhibited
considerable enzymatic activities from 10% (v/v) EmimAc to
40% (v/v) EmimAc.*” Though such extensive studies may lead
to discoveries of novel cellulases with high IL tolerance,
understanding the molecular basis behind the high stability
and activity will provide important insights for the further
improvement of enzyme activity in the presence of IL.
Molecular dynamic (MD) simulations have been extensively
used to investigate the cellulase-IL interaction and generate
hypotheses for the probable activity loss, as found in
experiments. For example, the process of competitive inac-
tivation of Trichoderma reesei cellobiohydrolase I (CBHI) by
1-butyl-3-methylimidazolium (Bmim) cations was studied
through MD simulations and in silico mutagenesis of H228R
was also carried out for enhancing the IL tolerance by
reducing the binding affinity of Bmim towards the enzyme.**
In another study, NMR experiments and MD simulations
were combined to elucidate the denaturation of local struc-
tures and cation induced competitive inhibition of Acid-
othermus cellulolyticus endoglucanase in BmimcCl.** The MD
simulations of three glycoside hydrolase (GH) family 5
cellulases from T. viride, T. maritima, and P. horikoshii
revealed the molecular details behind the loss of activities of
the T. viride and T. maritima cellulase and stability of the P.
horikoshii in increasing the EmimAc concentration.’"*°
Different surface charge variants of endoglucanase homo-
logs from Acidothermus cellulolyticus have revealed both
denaturing and inhibitory effects of EmimCl.** Apart from
cellulases, dynamics of many other proteins have been
investigated in IL solutions including GH 11 xylanase,** lytic
polysaccharide monooxygenases,** lipase,** protease,** and
lysozyme.*® In the very first MD simulation study of an
enzyme in ionic liquids, the structure and dynamics of the
serine protease cutinase from Fusarium solani pisi in 1-butyl-
3-methylimidazolium hexafluorophosphate ([Bmim][PF¢])
and 1-butyl-3-methylimidazolium nitrate ((Bmim][NO;]) was
analyzed.?” This study revealed that the enzyme was less
stable in [Bmim][NO;3] compared to that in [Bmim][PF¢],
providing an insight that the properties of the IL solvents
could be altered by varying the anion species for designing
an optimum IL for bimolecular applications. Furthermore,
recent reports have shed light on the role of MD simulations
to understand the structure and dynamics of enzymes in
various non-aqueous solvents.***°

Different families of cellulases have been well explored in
search of IL tolerant GH enzymes.>>** GH Family 12 endoglu-
canase from Rhodothermus marinus (RmCel12A) exhibits both
hyperthermophilic and high IL tolerant properties. It is an
aerobic, halophile, and thermophile bacterium found in
extreme environments.>> Based on a previous experimental
study, RmCel12A has been observed to be one of the highest IL
tolerant enzymes with 100% activity in the presence of 40% (v/
v) EmimAc with an optimum temperature of 95 °C. Thus,
RmCel12A is an attractive hyperthermophilic cellulase to
study the IL tolerance behavior. However, the structural and
dynamic behavior of RmCel12A behind such high IL tolerance

This journal is © The Royal Society of Chemistry 2020
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is still unclear. The elucidation of molecular-level details will
provide new insights for rational design and engineering of
cellulases for industrial applications. In this study, the theo-
retical understanding behind the high IL tolerance of endo-
glucanase RmCel12A has been investigated by atomistic
molecular dynamic simulation in different concentrations
(20%, 40%, and 60%) of EmimAc and water mixtures. As
RmCel12A was found to exhibit an optimum temperature of
95 °C in the experiments,*” all the simulations were performed
at 368 K. It was observed that the enzyme retained a stable
structure in all IL strengths. With increasing IL concentration,
the essential dynamics of the protein, especially the opening
and the closing motions, were found to be altered and the
dynamically stable hub residues were lost. Moreover, the
Emim cations populated the active site cleft of the enzyme
with higher cumulative fractional occupancy with the catalytic
residues, which suggests that competitive inhibition causes
the loss of enzymatic activity in high IL concentration.

2. Methods

2.1 Preparation of simulation systems

All MD simulations were performed in AMBER 18 (ref. 53) at
elevated temperatures (368 K). X-ray crystallographic structure for
RmCel12A endoglucanase was obtained from the Protein Data
Bank (PDB ID: 2BWA;* resolution: 1.68 A). The AMBERff14SB>®
force field was used to describe the topology of the protein. The
force field parameters for EmimAc were the same as that used in
our previous study.* A total of three EmimAc/water mixed solvent
systems were prepared: S1 (20% EmimAc and 80% water), S2
(40% EmimAc and 60% water), and S3 (60% EmimAc and 40%
water), each containing the RmCel12A enzyme (Table 1). The
standard TIP3P*® water model was used for the water molecules.
Periodic boundary conditions were applied to mimic the prop-
erties of the bulk system. Particle Mesh Ewald (PME)*” summa-
tion method was implemented for the calculation of electrostatic
interaction with a non-bonded cut-off distance of 10 A. The
temperature (368 K) was controlled by Langevin thermostat and
the SHAKE algorithm® was used for constraining the bonds
involving hydrogen atoms. Monte Carlo barostat was imple-
mented for pressure regulation. Energy minimization was carried
out for 10 000 steps of steepest descent algorithm on the initial
geometries of all the systems. The MD production run was per-
formed under the NPT ensemble with a time step of 2 femto-
seconds (fs). Three sets of simulations were performed (denoted
by set a: S1a, S2a, S3a; set b: S1b, S2b, S3b, and set c: S1c, S2¢, S3¢)
for 300 ns each. All the three sets of simulations were started
from the initial coordinates of the individual systems and had the

Table 1 Details of the simulated systems
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same simulation conditions. Trajectory data were collected at an
interval of 1 picosecond (ps) and analysis was performed by
excluding first 100 ns for the equilibration stage. CPPTRAJ*
module was used for the post-processing of the MD simulation
trajectories and visual molecular dynamics (VMD)* was used as
a visualization tool.

2.2 Principal component analysis (PCA)

Principal Component Analysis (PCA) can reveal the collective
motions in the protein structure during the simulation process.
PCA was carried out with one frame for each 100 ps interval from
the simulation trajectory. First, an average structure (C,, atoms)
was generated by aligning all the structural ensembles to the
starting structure for removing the global rotational and trans-
lational motions. A covariance matrix (C;) was constructed
between the position vector (7) of the atom i and j, as given below:

Covy = ((r; — (ri)r; — () (1)

where the angle brackets denote an average over the simulation
trajectory. The covariance matrix was diagonalized to get a set of
orthogonal eigenvectors. The eigenvalues associated with each
eigenvector signify the contribution of that eigenvector in the
overall dynamic motions of the protein. Finally, the displace-
ment vectors of each atom were projected along the eigenvec-
tors to obtain the principal components (PCs). To investigate
how much each of the PCs contribute in the total protein
dynamics, Relative Cumulative Positional Fluctuation (RCPF) of
the eigenvectors for each system was calculated using the
following formula,**

> A(0)

i=1,N

2. )

i=1,3N

RCPF = 2)

where (i) is the i eigenvalue and N is the number of atoms
considered for the construction of the covariance matrix.

2.3 Construction of the protein structure network (PSN)

The Protein Structure Network (PSN) was constructed from the
atomic coordinates of amino acids in the protein structure
snapshots from the simulation trajectories. Each amino acid
was represented as a node in the network, where the nodes
were connected by forming edges. The strength of the edges
are defined based on the non-covalent interactions between
a pair of interacting nodes. The interaction strength between
i™ and j™ residues was calculated by®

Number of IL ions

Number of water Total simulation

Serial no. System names System property (Emim, Ac) molecules Temperature (K) time (ns)
1 Sla S1b Slc 20% EmimAc 248, 243 8233 368 300
2 S2a S2b S2¢ 40% EmimAc 491, 486 6175 368 300
3 S3a S3b S3c 60% EmimAc 734,729 4116 368 300

This journal is © The Royal Society of Chemistry 2020
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L= %100 3)

where I; and n; denote the percentage interaction and the
number of atom-atom pairs within a distance cut-off of 4.5 A
between the i™ and /™ residues, respectively; N; and N; are the
normalization factors that consider the type of i and j™ resi-
dues, their side chain length, and their propensities to form
maximum number of contacts with other amino acids in the
protein. A cutoff (I,,;, = 4.0) for effective interaction was set and
for any selected residue pairs, if I; > I, the residues were
considered to be interacting and connected in the protein
structure network. Besides, a hub node is defined if a node
contains four or more number of edges.

2.4 Radial distribution function (RDF) analysis

Radial Distribution Function (RDF) provides insights into the
distribution of the solute-solvent at the molecular level in
different systems. It describes how a given particle is orga-
nized around a reference particle, leading to a change in the
density as a function of radial distance. The RDF was calcu-
lated around the nitrogen atom of residue D106, which resides
at the center of mass (COM) of the active site of RmCel12A
(Fig. 1). In case of the solvent molecules, atoms having varying
chemical environments were chosen. For example, N2 atom in
Emim was considered as the positively charged region,
whereas C2 atom of the acetate was selected to represent the

Fig.1 Crystalstructure of endoglucanase Cell2A from Rhodothermus
marinus (PDB ID: 2BWA, chain A) with the B-jelly roll structure con-
sisting of B-sheets (yellow), A (strands Al to A6), and B (strands B1-B9).
The alpha and 34 helices are colored in purple and blue, respectively.
Two important catalytic residues (E124 and E207) are represented in
green color using ball and stick model in the active site tunnel. The red
colored bead close to the residue D106 on B5 strand indicates the
center of mass (COM) of the protein.
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polar part of the anion (Fig. S1, ESIT). The oxygen atom (O) of
water was selected to represent the water molecule. Finally,
RDF, ie., g(r) was calculated using the formula as given
below.**

Ny(r,r + ANV
() = —/——A——— 4
&) = TarparNA, @
where Ny; (r, r + Vr) is the number of j particles around 7 within
a shell radius of r to (r + Vr), which is normalized by the actual
number of N; and N; atoms at that distance. V denotes the total
volume of the system, whereas 47r*dr is the variable spherical

volume as a function of radial distance.

3. Results and discussion

To have the theoretical understanding behind the high ionic
liquid tolerance of hyperthermophilic endoglucanase Cel12A
from Rhodothermus marinus (RmCel12A), all-atom MD simu-
lation was performed in varying concentrations of EmimAc
and water mixtures (20%, 40%, and 60% EmimAc) in this
study. The 20% and 40% EmimAc simulation systems can
provide insights into the native behavior of the enzyme where
the enzyme does not lose activity experimentally. Besides, 60%
EmimAc with much higher Emim concentration has been
designed, which might help to the predict loss in enzymatic
activity due to the structural or dynamical changes compared
to the 20% and 40% EmimAc systems. Three replicate sets of
simulations were carried out to confirm the statistical signif-
icance of the results.

3.1 Structural stability of RmCel12A in different IL/water
mixed solvent systems

RmCel12A contains a B-jelly roll structural fold with two B-
sheets and an alpha-helix at the bottom (Fig. 1). The outer
and inner sheets consist of six (A1 to A6) and nine (B1 to B9)
antiparallel B-strands, respectively. To evaluate the structural
stability of the protein, the root-mean-square deviation
(RMSD) of RmCel12A was calculated with reference to the
crystal structure. The average C,-RMSD values were observed
to be (1.29 + 0.12 A, 1.41 + 0.18 A, and 1.44 4 0.20 A), (1.30 +
0.09A,1.39+0.11 A, and 1.29 4+ 0.11 A), (1.35 £ 0.12 A, 1.56 +
0.13 A, and 1.43 + 0.16 A) in 20% EmimAc (S1a, S1b, and Sic),
40% EmimAc (S2a, S2b, and S2¢), and 60% EmimAc (S3a, S3b,
and S3c¢), respectively (Fig. 2). It shows that the average RMSD
of the enzyme over three replicates in 60% EmimAc (1.45 +
0.09 A) is slightly higher than that of 20% EmimAc (1.38 +
0.09 A) and 40% EmimAc (1.32 + 0.06 A) systems. Further-
more, the end structure of the enzyme after the 300 ns
simulations in each system was superimposed with the initial
crystal structure to investigate if there are any small notice-
able structural changes (Fig. S2, ESIT). It was observed that
the secondary structures almost overlapped with the crystal
structure with low RMSD value of 1.35 A, 1.19 A, and 1.08 A in
20% EmimAc (S1a), 40% EmimAc (S2a), and 60% EmimAc
(S3a), respectively. The loop regions seem to be more
dynamic, giving rise to the RMSD fluctuations. The RMSD

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 RMSD of RmCell2A for MD trajectories in 20% EmimAc (black), 40% EmimAc (red), and 60% EmimAc (green) for (a) replicate set a, (b)

replicate set b, and (c) replicate set c at 368 K.

values in all the systems at elevated temperature (368 K)
suggest that RmCel12A maintains a stable structure in both
low (20%) and high (60%) EmimAc concentration in the
simulation time scale.

3.2 Dynamic motion of RmCel12A in different IL/water
mixed solvent systems

The enzymatic activity of RmCel12A depends on its dynamic
motion in different EmimAc concentrations. Dynamic motions
populating the native conformation in the open and closed form
play key roles during the activity of an enzyme.*® Principal
component analysis (PCA) has been extensively used to identify
essential dynamics of proteins from MD simulation trajecto-
ries.”>** % Notably, the eigenvectors having larger eigenvalues
correspond to the most dominant dynamic motions taking place
in the protein. To identify the modes that contribute to major
dynamic motions in the enzyme, the relative cumulative posi-
tional fluctuation (RCPF) of RmCel12A was evaluated for each
system (Fig. S3, ESIT). It is notable that only the first few eigen-
vectors with the largest eigenvalues contribute the most to system
dynamics. The relative cumulative positional fluctuation of
principal component 1 (PC1) and principal component 2 (PC2)
were observed to be (17.66%, 14.29%), (17.07%, 11.64%), and
(22.16%, 6.94%) in 20% EmimAc, 40% EmimAc, and 60% Emi-
mAc, respectively. The two modes were significant as they
comprised of nearly ~30% of the total modes. Thus, PC1 and PC2
were analyzed as representative dominant modes to study the
essential dynamics of the protein. To elucidate how these
dominant modes influence protein dynamics, residue-specific
mobility (square-fluctuations) was calculated (Fig. 3). It was
observed that PC1 mode contributed towards higher residue
motions across the loop between B-strands B2-A2 (residues 23 to
31) and B5-B6 (residues 111 to 122) of RmCel12A in both 20%
EmimAc and 40% EmimAc. On the other hand, the motion of the
residues of the loops consisting of strands B2-A2 in 20% EmimAc
and B2-A2, A3-B3, B5-B6, and B8-B7 (residues 159 to 161) in
40% EmimAc were due to PC2 mode. The aromatic residues Y119
and (W26, Y119) in the active site tunnel were found to be
comparatively more mobile in 20% EmimAc and 40% EmimAc,
respectively. In case of 60% EmimAc, the loop between B5-B6
and B8-B7 strands exhibited higher mobility due to PC1 mode.
Also, PC2 mode contributed to the mobility of the loops between

This journal is © The Royal Society of Chemistry 2020

strands A1-B1 (residues 6 to 10), B2-A2, B5-B6, B8-B7 and B6-B9
(residues 133 to 139) in 60% EmimAc. Some of the active site
mobile residues were W9, W26, W68, R100, Y119, E124, Y156,
W159, W161, and Y163, which have been experimentally found to
play important roles in the function of RmCel12A.>*¢” The high
mobility of these residues signifies that the native motions
related to enzyme function were deviated in 60% EmimAc as
compared to 20% EmimAc and 40% EmimAc. Thus, the mobility

0.0015 — PC1

— PC2

(a)
0.0012¢
Y119
0.0009 -
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0.0000
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— PC2
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Fig. 3 Residue based mobility plot of RmCell2A showing only the
mobility of different residues due to the dominant modes, i.e., PC1
(black line) and PC2 (red line) in (a) 20% EmimAc, (b) 40% EmimAc, and
(c) 60% EmimAc systems. The blue and green circles indicate the
highly mobile active site residues due to PC1l and PC2 modes,
respectively.
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plot depicted a change in the residue fluctuation pattern of
RmCel12A in 60% EmimAc in comparison to 20% EmimAc and
40% EmimAc. Moreover, these dominant modes were projected
on the C, atoms of the average structure of RmCel12A using
porcupine plots (Fig. 4). The hand-like structure of RmCel12A
exhibits an opening and closing motion at the active site due to
the shuffling of the thumb and fingers in a coordinated fashion.
These dynamic motions of the enzyme are crucial for substrate
binding, catalysis, and product ejection during cellulose hydro-
lysis. The dominant modes of opening and closing motion at the
active site are present in 20% EmimAc (Fig. 4a and d) and 40%
EmimAc (Fig. 4b and e). On the other hand, dominant PCA
modes are only involved in the opening of the active site in 60%
EmimAc (Fig. 4c and f). Thus, the dynamic motions for enzymatic
catalysis involving the opening and closing of active site were
preserved in low IL strength, and significantly affected due to the
increase in IL concentrations. The loss of these essential motions
related to the enzyme function may affect the activity of the
enzyme at higher IL strength.

3.3 Insight into the conformational changes of RmCel12A
using protein structure network

The dynamic behavior of RmCel12A in the presence of varying IL
concentrations was investigated by constructing the Protein
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<«— C-Terminus
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Structure Network (PSN) from each snapshot in the MD simula-
tion trajectories. PSN has been extensively applied to analyze
protein folding/unfolding and protein-tRNA communication
pathways in MD trajectories earlier.®>*** To understand the
conformational change of RmCel12A, hub residues were exam-
ined in the PSN. The residues that retained the hub properties for
25% of the simulation snapshots were considered as dynamically
stable hubs. These dynamically stable hubs are crucial for
maintaining network stability and thereby influence the
dynamics and activity of the protein. The total number of
dynamically stable hub residues was found to be (18, 18, 17), (15,
15, 15), and (12, 13, 13) in 20% EmimAc (S1a, S1b, Sic), 40%
EmimAc (S2a, S2b, S2c¢), and 60% EmimAc (S3a, S3b, S3c),
respectively (Table 2). Out of the 18 hub residues from 20%
EmimAc, hub residues R20, Y63, and W68 were lost in 40%
EmimAc simulation. In case of 60% EmimAc, the hub properties
of residue R20, Y59, W68, W197, E203, and F220 were lost in the
network. However hub residues Y59, W197, and E203 appeared
as hubs in one of the three replicate simulations. Among the lost
hub residues, W68 and Y59 were found to be involved in aromatic
stacking interaction during enzyme-substrate (cellulose)
binding.®” On the other hand, residue Y59 is conserved in all GH
12 families and resides near the catalytic base (E207) in the active
site cleft in RmCel12A. Thus, it is suggested that the loss of these
two catalytically critical hubs residues (Y59 and W68) affect the

Fig. 4 Porcupine plot of the dominant modes (PC1 and PC2) involved in opening and closing motion of the hand-like structure of RmCell12A.
PC1 corresponds to the opening of the active site in (a) 20% EmimAc, (b) 40% EmimAc, and (c) 60% EmimAc systems, whereas PC2 contributes to
the closing of the active site in (d) 20% EmimAc and (e) 40% EmimAc. However, in the case of 60% EmimAc, PC2 exhibits the opening motion (f)
only, suggesting the loss of the essential dynamic motions of the enzyme in high EmimAc concentration.
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Table 2 List of the dynamically stable hubs of RmCell12A in 20% EmimAc, 40% EmimAc, and 60% EmimAc systems

20% EmimAc 40% EmimAc

60% EmimAc

S1a S1b Sic S2a S2b S2¢ S3a S3b S3c

R20 R20 R20 — — — — — —

Q32 Q32 Q32 Q32 Q32 Q32 Q32 Q32 Q32

H50 H50 H50 H50 H50 H50 H50 H50 H50

Y59 Y59 Y59 Y59 Y59 Y59 — — Y59

Y63 Y63 Y63 — — — Y63 Y63 Y63

F64 F64 F64 F64 F64 F64 — F64 F64

w68 W68 w68 — — — — — —

Wo1 Wo1 Wo1 Wo1 Wo1 Wo1 Wo1 W1 Wo1
w101 w101 w101 w101 w101 w101 w101 w101 w101
Y105 Y105 Y105 Y105 Y105 Y105 Y105 Y105 Y105
w128 W128 w128 w128 W128 w128 w128 w128 w128
Y166 Y166 Y166 Y166 Y166 Y166 Y166 Y166 Y166
R167 R167 R167 R167 R167 R167 R167 R167 R167
F183 F183 F183 F183 F183 F183 F183 F183 F183
w197 w197 w197 w197 W197 w197 w197 — —

E203 E203 E203 E203 E203 E203 — E203 —

L215 L215 — L215 L215 L215 L215 L215 L215
F220 F220 F220 F220 F220 F220 — — —

Total Total Total Total Total Total Total Total Total
hubs = 18 hubs = 18 hubs = 17 hubs = 15 hubs = 15 hubs = 15 hubs = 12 hubs = 13 hubs = 13
Aromatic Aromatic Aromatic Aromatic Aromatic Aromatic Aromatic Aromatic Aromatic
hubs = 12 hubs = 12 hubs = 12 hubs = 10 hubs = 10 hubs = 10 hubs = 8 hubs = 8 hubs =9

network integrity and thereby the activity of RmCel12A in 60%
EmimAc. Moreover, some non-catalytic hub residues (R20, W197,
E203, and F220) were also lost in high IL concentration. These
residues are predicted to be important for maintaining stable
dynamics for catalysis in RmCel12A. On the other hand, it is
notable that all the hub residues were mostly concentrated over
the surface of the active site tunnel in all the simulated systems.
The number of aromatic residues in the hub were (12, 12, 12), (10,
10, 10),and (8, 8, 9) in 20% EmimAc (S1a, S1b, Sic), 40% EmimAc
(S2a, S2b, S2c), and 60% EmimAc (S3a, S3b, S3c) respectively.
These dynamically stable hubs form a stable aromatic network
cluster (Fig. 5). These aromatic residues provide a hydrophobic
core with increased stacking interactions, leading to the stability
and hyperthermophilic properties of the enzyme. Previously,
similar aromatic network clusters were found in multiple ther-
mophilic proteins and have been reported to be absent in their
mesophilic homologs.” To summarize, PSN provides insights at
the level of amino acid side-chain interactions that lead to
changes in RMCel12A with increasing IL concentration.

3.4 Interaction of RmCel12A with the IL/water mixed solvent
systems

Radial distribution function describes the organization of the
solvent molecules around the enzyme and helps to trace the
specific interaction between the enzyme and IL/water mole-
cules. The RDF profile shows an interesting distribution of the
solvent molecules around the active site of the enzyme in
different IL/water solvent systems. The Emim cations were
found to have g(r) of (3.515, 2.786, 2.649), (2.783, 1.257, 1.669),
and (1.072, 0.974, 0.544) at a radial distance of (5.75 A, 5.75 A,

This journal is © The Royal Society of Chemistry 2020

5.75 A), (5.65 A, 5.55 A, 5.65 A), and (5.45 A, 5.35 A, 5.35 A) in
20% EmimAc (S1a, S1b, Sic), 40% EmimAc (S2a, S2b, S2c), and
60% EmimAc (S3a, S3b, S3c), respectively (Fig. 6a and S4,
ESIT). It appears that Emim cations exist very close to the
active site of the enzyme and the RDF peaks decrease with
increasing EmimAc concentration. It is noticeable that with
increasing EmimAc concentration, there is a left-shift in the
RDF peaks, which signifies that the RmCel12A-Emim inter-
action increases from 20% EmimAc to 60% EmimAc system.
On the contrary, the radial distance of the acetate (Ac) anions
were (11.15 A, 11.35 A, and 11.35 A), (11.35 A, 11.15 A, and
11.15 A) and (12.45 A, 11.45 A, and 13.35 A) with very low RDF
peak values of (0.610, 0.208, and 0.800), (0.475, 0.211, and
0.407) and (0.174, 0.141, and 0.212) in 20% EmimAc (S1a, S1b,
and S1c), 40% EmimAc (S2a, S2b, and S2c), and 60% EmimAc
(S3a, S3b, and S3c), respectively (Fig. 6b and S4, ESIf). This
signifies that Ac anions were distributed far away (=11.15 A)
from the active site in comparison to the Emim cations (=5.75
A). The RmCel12A-Ac RDF peaks are shifted to the right from
20% EmimAc (11.15 A) to 60% EmimAc (13.35 A). This
suggests that RmCel12A-Ac interactions are reduced with
increasing EmimAc concentration. The RDF peaks of
RmCel12A-water first interaction shell were found at about
(5.55 A, 5.65 A, and 5.55 A), (5.55 A, 5.65 A, and 5.55 A), and
(5.55 A, 5.55 A and 5.55 A) with very low RDF peak values of
(0.267, 0.280, and 0.242), (0.337, 0.333, and 0.398), and (0.155,
0.431, and 0.220) in 20% EmimAc (S1a, Sib, and Sic), 40%
EmimAc (S2a, S2b, and S2c), and 60% EmimAc (S3a, S3b, and
S3c), respectively (Fig. 6¢ and S4, ESIt). The water molecules
also reside close (=5.65 A) to the active site of the enzyme; as it

RSC Adv, 2020, 10, 7933-7947 | 7939
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Fig.5 Representation of the dynamically stable hubs in (a) 20% EmimAc, (b) 40% EmimAc, and (c) 60% EmimAc. The aromatic and non-aromatic
hubs are colored in orange and tan green, respectively. With increasing EmimAc concentration, the number of hub residues decreases in

RmCell2A.

has been described previously, these water molecules are
required during the hydrolysis of cellulose.” From the RDF
profile, it is clear that the population of the Emim cations is
significantly higher than that of water or Ac anions at the
active site of RmCel12A. However, it is interesting to observe
that the intensity of the Emim peaks was reduced with the
increase in EmimAc strength. This phenomenon is due to the
micro-architecture of EmimAc and water mixed solvent
systems. With the addition of water, the colloquial attraction
between Emim and Ac anions is perturbed, as reported
earlier.* In low EmimAc concentration, e.g., 20% EmimAc,
acetate ions form small network clusters with the water
molecules and subsequently, the Emim cations become
comparatively free to interact with the enzyme, leading to
higher RDF peaks. However, in high EmimAc concentration,
e.g.,40% EmimAc and 60% EmimAc, as the attraction between
Emim and Ac anions is retained, the distribution of Emim
cations around the COM of RmCel12A is relatively less in these
systems than that in the 20% EmimAc system. Due to the same
reason, the height of the Emim peaks are slightly higher in the
RDF profile in 20% EmimAc and gradually decrease in 40%
and 60% EmimAc. In contrast, the Ac anions interact with
RmCel12A in a different manner. The RDF for Ac ions starts to
rise at a distance of ~11.15-13.35 A and reaches a g(r) value of
1 at about ~25 A, signifying very low distribution of Ac at the
active site of the enzyme. Thus, it is predicted that only Emim
cations effectively interact with the active site, whereas the Ac
ions do not have specific binding interactions with RmCel12A.
However, water molecules are found in a very low concentra-
tion at the active site, which is very reasonable as water
molecules are crucial for enzymatic catalysis.

To understand the reason behind the high concentration of
Emim at the active site, as observed in the RDF analysis, elec-
trostatic surface charge distribution was calculated on the crystal
structure and the end structures of the enzyme from each
simulation trajectories by using Adaptive Poisson-Boltzmann
Solver (APBS).”> It was noticed that the active site of RmCel12A
exhibits a comparatively negative charge density with respect to
the rest of the enzyme surface and can be visualized from the
charge distribution scale from —5.0 (red) to +5.0 (blue) (Fig. 7 and

7940 | RSC Adv, 2020, 10, 7933-7947

S5, ESIt). This indicates the fact that the negatively charged active
site is the primary reason for the attraction of Emim, resulting in
a higher population of Emim cations, as found in the RDF

4.0
ast () —— S1a: 20% EmimAc
3.0 —— S2a:40% EmimAc
25 —— 83a: 60% EmimAc
2.0¢f
1.5}
1.0}
0.5
0.0
4.0
3.5 (b) —— S1a:20% EmimAc
3.0 —— 8S2a:40% EmimAc
25 —— 83a: 60% EmimAc
E 2.0
@ 15
1.0}
0.5}
0.0
4.0¢
a5t (©) —— S1a:20% EmimAc
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2_55_ —— 83a: 60% EmimAc
2.0F
1.5F
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00~"%5 "0 15 20 25 30 35
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Fig. 6 Plot of radial distribution function (RDF) of the solvent mole-
cules with respect to the center of mass (COM) of RmCell2A in 20%
EmimAc (black line), 40% EmimAc (red line), and 60% EmimAc (green
line) for the interactions of (a) RmCell2A-Emim, (b) RmCell2A-Ac,
and (c) RmCell2A-water.
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analysis. On the other hand, it also explains that there lies
repulsion between the Ac anions and the active site, which
resulted in the distribution of Ac at a significant distance. Thus, it
is suggested that the interaction between Emim and RmCel12A
could affect the enzymatic activity at higher concentration of
EmimAc, ie., 60% EmimAc. However, it is noticeable that the
highest peak of RDF corresponds to 20% EmimAc, where
RmCel12A is found to be active experimentally. On the contrary,
RmCel12A is supposed to have reduced activity in 60% EmimAc,
where it shows the lowest RDF peak, meaning comparatively less
distribution of Emim cations than that in the 20% EmimAc
system. Thus, analysis of the Emim binding pattern and its
occupancy at the active site of RmCel12A in both low and high
concentration of EmimAc are crucial to identify the probable
reasons for the loss of enzyme activity.

3.5 Binding pattern of Emim at the active site of RmCel12A

The binding of Emim cations with RmCel12A can explain the
mode of Emim interaction in the simulation trajectory. The
binding interaction of Emim cations with RmCel12A was
calculated by considering a distance cut-off of 4.5 A. In order
to describe the binding statistics, the cumulative binding
time (¢), for which an Emim cation was in contact with the
protein, was calculated and is presented as histogram plot
(Fig. 8). Notably, binding time greater than 10%, i.e., 20 ns of
the analyzed snapshots (200 ns) were considered as effective
binding in every system. Three types of interactions were
observed from the binding pattern of Emim cations with
RmCel124, i.e., weakly interacting (¢ < 50 ns), moderately
interacting (50 ns > ¢ < 100 ns), and strongly interacting (¢ >
100 ns). The weakly and moderately interacting Emim cations
were freely diffusing near the protein surface in all the

Fig. 7 Electrostatic surface charge distribution of the RmCell2A
crystal structure as obtained from Adaptive Poisson—Boltzmann Solver
(APBS) electrostatics calculation. Comparatively negative charge
distribution can be observed at the active site cleft with respect to the
rest of the enzyme surface.

This journal is © The Royal Society of Chemistry 2020
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systems. However, the number of strongly bound Emim
cations were 2, 3, and 9 in 20% EmimAc, 40% EmimAc, and
60% EmimAc, respectively. This suggests that the Emim-
RmCel12A interaction increases with the rising concentra-
tion of EmimAc. Moreover, to have residue specific interac-
tion profile with the Emim cations, the cumulative fractional
occupancy of Emim binding was analyzed by combining all
the snapshots, for which any Emim cation was interacting
with a particular amino acid residue, and have been averaged
over three replicate simulation trajectories (Fig. 9). It is
interesting to observe that the distribution of Emim pop-
ulation with high occupancy of the enzyme was very low in
20% EmimAc. On the other hand, the Emim population with
significantly high cumulative fractional occupancy was
observed in 60% EmimAc. This revealed that the interaction
between RmCel12A and Emim is low in 20% and 40% Emi-
mAc, which does not affect the activity of RmCel12A, as
observed in the experiments.?” A total of 12, 25, and 52 resi-
dues in the enzyme exhibit high occupancy (>0.1) in 20%
EmimAc, 40% EmimAc, and 60% EmimAc, respectively. This

(b)

Number of Emim

(c)

25 50 75 100 125 150 175
Cumulative Binding Time (ns)

200

Fig. 8 Histogram plot of the cumulative binding time of Emim cations
interacting with the RmCel12A in (a) 20% EmimAc, (b) 40% EmimAc,
and (c) 60% EmimAc systems.
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suggests that interaction of Emim and RmCel12A increases
with increasing IL concentration. Besides, the number of
active site catalytic residues with effective Emim binding was
found to be 1 (E207), 6 (W9, W26, H67, W68, E124, E207), and
10 (W9, N24, W26, H67, W68, E124, W159, W161, Y163, E207)
in 20% EmimAc, 40% EmimAc, and 60% EmimAc, respec-
tively (ESI Table S1t). Notably, in case of 40% EmimAc, most
of the active site interacting residues have very low cumula-
tive fractional occupancy (~0.103-0.162) except that of E207
(0.621). On the other hand, occupancy is much higher for
most of the residues in 60% EmimAc system, ranging from
0.179 to 0.630. Moreover, to investigate whether these
binding interactions are stable or transient, the distances
between the center of mass of the active site residues and
particular Emim cations with high occupancy were examined
(Fig. 10 and S6, ESIY). Using the contact distance cut-off (<4.5
A), the Emim cations’ interaction with E207 was present in
3% and 2.5% of the total analyzed snapshots in 20% EmimAc
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Fig. 9 Residue-wise cumulative fractional occupancy of Emim
cations averaged over the three replicate simulations in (a) 20% Emi-
mAc, (b) 40% EmimAc, and (c) 60% EmimAc systems. The black bars
represent the average of the fractional occupancy, whereas the red
bars show the respective standard deviation. The plot indicates that
RmCell2A interacts strongly with increasing concentration of Emi-
mAc. The magenta circles over the bars indicate the catalytic residues.
The cyan circles are the predicted non-catalytic residues having high
fractional occupancy of Emim at the active site of the enzyme.
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and 40% EmimAc systems, respectively (Fig. 10a and e).
However, the Emim cations were within the contact distance
cut-off of residues H67, W68, E124, W161, Y163, and E207 for
60.04%, 29.69%, 49.29%, 87.97%, 52.50%, and 88.40% of the
total analyzed snapshots, respectively, in 60% EmimAc
system (Fig. 10f-i and S6c-g, ESI}). This reveals that the
Emim cations interact with the active site residues for longer
periods of time in 60% EmimAc than that in 20% or 40%
EmimAc system. It is suggested that with increasing EmimAc
concentration, Emim cations intrude into the active site
tunnel and strongly bind to the catalytic residues to block the
enzyme-substrate interaction (Fig. 11). Protein-ligand
interaction profiler”® has been used on the representative
snapshots obtained from the simulation trajectories in 60%
EmimAc system to obtain a more detailed view of the
enzyme-Emim interaction. Emim cations form multiple non-
bonding interactions including hydrophobic, w-cation, w-m
stacking, and salt-bridges with the amino acid residues
(Fig. 12). The hydrophobic interactions take place between
carbon atoms of the amino acids (e.g., W26, E124, and Y163)
and the ethyl (-CH,-CH3) tail of the Emim cations. Besides,
the m-cation interactions are found between the pair of
aromatic rings of the amino acids (e.g., W159) and a positive
charge center in the Emim cation (Fig. 12a). Moreover, the 7
7 stacking was observed between the aromatic rings of the
amino acids (e.g., W161) and the imidazolium ring of Emim
(Fig. 12b). Salt-bridge interactions are present between two
opposite charge centers from the amino acids (e.g., E207) and
the Emim cations, respectively (Fig. 12c). Thus, with
increasing EmimAc concentration, the Emim cations
strongly bind to more number of catalytic residues as in 60%
EmimAc system compared to 40% and 20% EmimAc systems.
This is in agreement with the RDF analysis where the left-
shift of the peaks with increasing IL concentration sug-
gested an increase in the interaction strength of RmCel12A-
Emim. Though there was a higher RDF peak in 20% EmimAc,
the cumulative fractional occupancy of Emim at the active
site of RmCel12A was very low compared to 60% EmimAc
system. In contrast, there were low RDF peaks in the 60%
EmimAc system, indicating fewer Emim cations. But the
binding became stronger due to higher fractional occupancy
of Emim at the active site. Moreover, experimental findings
have revealed that these strongly interacting residues in case
of 60% EmimAc were also found to be crucial for cellulose
binding, catalysis, and product ejection.’**” Besides, some
non-catalytic residues (D13, R18, N55, Y119, and E203)
around the active site also exhibited considerable fractional
occupancy with the Emim cations. Moreover, the energetics
behind the interaction between Emim and the active site
catalytic residues were evaluated by calculating the interac-
tion energy (IE = electrostatic energy + van der Waals energy)
in different systems. The average IE over three replicate
simulations were found to be —105.69 + 4.72 kcal mol™*,
—119.923 + 1.83 keal mol™*, and —130.52 + 13.93 kcal mol™*
in 20% EmimAc, 40% EmimAc, and 60% EmimAc systems,
respectively. This shows tighter binding of the Emim cations
at the active site of RmCel12A in 60% EmimAc than in 40%

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Plot of the time dependent contact distances of representative active site residues and the interacting Emim cations in 20% EmimAc: (a)
E207; 40% EmimAc: (b) W26, (c) W68, (d) E124, (e) E207; and 60% EmimAc: (f) E124, (g) W161, (h) Y163, (i) E207. The black and the red colors
indicate different Emim cations interacting with a particular amino acid residue.

and 20% EmimAc. Thus, with rising IL concentration, there
exists a strong affinity of the Emim cations towards the
cellulose-binding tunnel of RmCel12A. This attraction of the
Emim cations can be attributed to the high negative charge
distribution at the active site, as elucidated by the APBS
electrostatics calculation. Moreover, this strong binding of
Emim with the cellulase leads to a competition between

(@) (b)

Emim and the cello-oligosaccharides to occupy the binding
pocket. In case of 20% and 40% EmimAc, the competition is
optimal and transient, as revealed by the cumulative frac-
tional occupancy, leading to no considerable loss of enzyme
activity, as found in the experiments.’” Moreover, with
increasing EmimAc concentration, as in the case of 60%
EmimAc, the Emim cations compete and block the cello-

)
ol
N

4
s
P

(

Fig. 11 Representative snapshots from the simulation trajectory depicting the interaction of Emim cations at the active site of RmCell2A in (a)
20% EmimAc, (b) 40% EmimAc, and (c) 60% EmimAc. The Emim cations and the active site catalytic residues are shown in solid van der Waals'
spheres (red) and licorice (orange) representation, respectively. Notably, with increasing concentration of EmimAc, more number of Emim
cations with higher fractional occupancy are trapped at the active site of RmCell2A.
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Fig. 12 Atomic level interactions between the Emim cations and the active site residues are represented from the simulation in 60% EmimAc
system, which includes (a) hydrophobic and m-cation interaction, (b) hydrophobic and —m stacking interaction, and (c) hydrophobic and salt-
bridge interaction. Hydrophobic, rt-cation, T—1t stacking, and salt-bridge interactions are shown by red, magenta, yellow, and cyan dashed lines,

respectively.

oligosaccharide binding and affect the enzymatic hydrolysis.
Though no cellulose ligand was considered in the simulation
framework, the competitive inhibitory effect of Emim has
been well captured, similar to earlier studies.’®?**** Thus, the
cumulative binding statistics of Emim cations indicate
probable competitive inhibition of RmCel12A at higher
concentration of IL.

4. Conclusion

Endoglucanase Cel12A from R. marinus is one of the highest IL
tolerant (upto 40% (v/v) EmimaAc) cellulases reported so far. In
order to have theoretical insights into such high IL tolerance
of the enzyme, atomistic MD simulations were carried out in
20%, 40%, and 60% EmimAc systems. The RMSD evolution
shows the structural stability of RmCel12A in all the IL
concentrations at 368 K for all the three replicate simulations
during the 300 ns simulation time scale. The principal
component analysis revealed that the essential dynamic
motions of RmCel12A in 20% and 40% EmimAc systems were
severely dampened in 60% EmimAc system. Notably, the
opening and closing motion of RmCel12A in the 60% EmimAc
was the most affected and was predicted to reduce the enzyme
activity. Besides, protein structure network (PSN) was con-
structed for every snapshot in the simulation trajectory to
examine any change in the tertiary conformation of
RmCe112A. From the PSN analysis, few dynamically stable
native hubs in 20% EmimAc were found to be lost in 40%
EmimAc (R20, Y63, and W68) and 60% EmimAc (R20, Y59,
W68, W197, E203, and F220), suggesting the loss of network
integrity with rising IL concentration. Also, stable dynamic
hubs were found to form an aromatic network cluster, which is
hypothesized to play a crucial role in hyperthermophilicity in
the protein. The RDF analysis suggested that the Emim cations
were majorly populated near (average radial distance ~5.62 A)
the active site of the enzyme, whereas the Ac anions were
present at a significant distance (average radial distance
~11.58 A). This behavior was due to the negatively charged
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active site tunnel. The cumulative fractional occupancy of
Emim indicated that with increasing IL concentration, the
cumulative retention time increased with the active site cata-
lytic residues. The interactions were observed to be mostly
transient in both 20% EmimAc and 40% EmimAc. However,
the RmCel12A-Emim interactions were stable in 60% Emi-
mAc. The Emim cation forms multiple non-bonded interac-
tions, e.g., hydrophobic, m-cation, w-m stacking, and salt-
bridges with the active site residues in 60% EmimAc, leading
to competitive inhibition. Some non-catalytic residues, e.g.,
D13, R18, N55, Y119, and E203 with significant cumulative
fractional occupancy with the Emim cations were also identi-
fied. These can be probable mutation targets for weakening
the binding affinity of Emim at the active site of the enzyme.
Furthermore, this study provides an understanding of the high
IL tolerant behavior of a hyperthermophilic representative of
GH family 12 and paves the way for engineering this enzyme to
improve its activity for industrial application.
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