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strate behavior in a solvent-free
protein liquid to rationalize its reduced catalytic
rate†

Sudarshan Behera and Sundaram Balasubramanian *

When proteins are engineered with a polymer surfactant coating on their surface, they can form a liquid

phase by themselves, without the need for a solvent, such as, say, water. However, such solvent-free

protein liquids (SFPL), despite their capability to function at temperatures above those in aqueous

solutions, exhibit much reduced catalytic rates. A comprehensive understanding of the nature of

substrates in such liquids is crucial to reason out the reduced catalytic activity of enzymes as SFPL

media, and thus identify the means to improve the same. Employing atomistic molecular dynamics

simulations of lipase A from Bacillus subtilis in its SFPL form, we demonstrate that at low concentrations,

the substrate molecules are located mostly in the hydrophilic layer of the surfactant shell that ensheaths

the enzyme; substrates in this SFPL are present in various conformations with similar propensities as in

the aqueous solution. Slower translational diffusion and reorientational dynamics, as well as the reduced

tendency of a substrate molecule to closely interact with the enzymes in the SFPL medium have been

identified herein as the contributing factors for the reduced activity of enzymes in this hybrid liquid. At

high concentrations of substrates corresponding to those used in in vitro experiments, the formation of

an enzyme-substrate complex is observed. Microscopic insights reported here can aid in the choice of

surfactants to improve the catalytic rate of enzymes in SFPL.
Introduction

The use of a solvent medium (aqueous or non-aqueous) for
enzyme catalysis is limited by the low stability of enzymes,
unwanted side reactions, low solubilities, etc.1–5 Inspired by the
work on nanoparticle uids,6,7 hybrid protein-surfactant nano-
constructs have been synthesized, in which a solvent medium is
no longer needed for the realization of a stable liquid phase.8–16

The preparation of the solvent-free protein liquid (SFPL) from
an aqueous protein solution involves many steps: (i) cationiza-
tion of the surface-exposed negatively charged amino acid
residues (aspartate and glutamate), (ii) non-covalent linking of
negatively charged surfactant molecules to the positively
charged sites on the surface of the proteins, (iii) freeze-drying of
the sample to remove water, and (iv) thermal annealing of the
freeze-dried sample to obtain a hybrid, viscous liquid. Freeze-
drying does not assure the complete removal of water, and
hence a minuscule amount of water may still be present in the
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SFPL. However, it is far less than what is required for the
formation of a hydration shell (�40 water molecules are present
per enzyme in the case of the solvent-free liquid of Bacillus
subtilis lipase A (LipA) enzyme).15 Similar protocols have also
been followed to synthesize protein-polymer surfactant liquid
crystals and lms.10,17–20

SFPLs have shown promise not only in enhancing the
thermal stability of proteins12,13 (even up to 150 �C), but also to
act as a platform for biochemical reactions.21 Although the
thermal stability of proteins in the SFPL form has been
enhanced to a great extent over aqueous protein solutions, the
high viscosity of the SFPL reduces the mass transfer of
substrates to such a degree that the catalytic rate in the SFPL at
a high temperature is still much less than that in the aqueous
systems at room temperature.13

Besides the chemical transformation step (reactant to product
transformation), a catalytic process also depends on other
biophysical and biochemical steps such as substrate (and
protein) diffusion, substrate binding, conformational exibility
(of both the enzyme and the substrate), and product release.22,23

If any of these steps is hindered, the overall catalytic rate will
reduce. Hence a clear understanding of the microscopic behav-
iour of substrates in the SFPL is needed for the progress of this
exotic eld. Although many experiments and a few molecular
dynamics simulations24–26 have been reported on various SFPLs,
the microscopic behavior of substrates in such liquids is yet to be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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investigated. The questions which need investigations are: (i)
how much conformational exibility do substrates have in the
SFPL? (ii) How is themobility (translational and rotational) of the
substrate affected in the absence of solvent? (iii) How does the
substrate interact with the proteins? (iv)Where are the substrates
located in the surfactant medium of the SFPL? Herein, we
address these questions using extensive molecular dynamics
simulations of substrates in the solvent-free liquid of a mutant of
LipA enzyme. For the sake of comparison, the enzyme with the
substrate is also modeled in an aqueous solution.27

LipA is a small lidless lipase enzyme (Kw ¼ 19.8 kDa) of
dimensions 35 � 36 � 42 Å.28,29 It comprises 181 amino acid
residues with an a/b hydrolase fold and a solvent-exposed
catalytic triad, Ser77-His156-Asp133. Recently, solvent-free
liquids using wild type (WT) and various mutants of LipA
enzyme have been synthesized and studied experimentally.15 In
a recent report,24 we had studied extensively the structure of the
WT SFPL and the interesting dynamics exhibited by the trace
amounts of water present therein. The current work is devoted
to understanding substrate behavior in SFPL using atomistic
MD simulations. Zhou et al.15 showed that the catalytic activity
depends on the number and distribution of positively charged
sites on the LipA surface. The SFPL of a four-site mutant, 4M2
(F17E, A20E, G111D and M134E), showed the highest activity
among the SFPLs of all variants for the hydrolysis of p-nitro-
phenyl butyrate (PNB, the substrate). Following this work, here
we have investigated the behavior of PNB in the solvent-free
liquid of the 4M2 mutant of LipA. We show that PNB in SFPL
is displays different conformations with a similar propensity as
in the aqueous solution. However, both the translational and
rotational dynamics of the substrate molecules are much
restricted in the SFPL. The translational mobility of PNB is
observed to be sub-diffusive in nature. Further, a few substrate
molecules have been observed to transit between enzymes
during the course of the simulation, an elementary step in the
recognition of the active site of enzymes. We also demonstrate
that PNB molecules interact with the enzyme via residues
present close to the active site, both in aqueous and SFPL
media. In the SFPL, substrate molecules are found to be
predominantly located in the polar, polyethylene glycol (PEG)
part of the surfactant layer around the enzyme. The tendency of
a substrate molecule to move towards an enzyme is reduced in
the SFPL relative to that in an aqueous medium. At a high
concentration of the substrate corresponding to typical in vitro
experimental conditions, the formation of Michaelis complexes
stabilized by the pre-formed oxyanion hole in the SFPL are also
observed. On the whole, we have delineated possible reasons for
the reduced catalytic activity of enzymes in the SFPL from the
perspective of the behaviour of the substrate. These micro-
scopic insights provide better understanding of the behaviour
of the substrates in the hybrid liquid which can help engineer
newer SFPLs with improved characteristics.
Computational methods

The crystal structure of the 4M2 mutant (ESI Fig. S1†) of Bacillus
subtilis lipase A (LipA) is not available, and hence it was
© 2022 The Author(s). Published by the Royal Society of Chemistry
modeled from that of WT LipA. The crystal structure of WT LipA
was taken from Protein Data Bank (PDB ID – 1i6w). The struc-
ture (obtained employing X-ray diffraction with 1.4 Å resolution)
has 2 residues missing from the N-terminus.28 These were
added and subsequently the 4M2 mutant was modeled, both
using Pymol.30 The four site mutations were done sequentially,
choosing the best rotamer for each mutated residue as the one
having the least number of hard contacts with the enzyme (refer
to ESI Section S2.1† for more detail). The protonation states of
the titrable residues of the mutant, at pH 7.4, were generated
using the ProteinPrepare web application.31

Simulation of aqueous 4M2 mutant

Hydrogen atom coordinates were added to the structure of the
mutant based on the protonation states of different amino acid
residues at pH 7.4. The modeled 4M2 mutant, along with the
water molecules which were present in the crystal structure
(PDB ID – 1i6w), was solvated in a cubic water box of linear
dimensions large enough as to avoid contact between periodic
images of the enzyme. Appropriate number of counter ions were
added to neutralize the system. The following steps were
employed prior to the nal production run: (i) energy minimi-
zation, (ii) simulated annealing in the NVT ensemble, with the
temperature rising from 0 to 300 K during the course of the
initial 500 ps simulation, followed by 500 ps of equilibration at
300 K, (iii) equilibration under NPT conditions at T¼ 300 K and
P ¼ 1 bar for 5 ns. The nal conguration was subjected to NVT
equilibration for 1 ns with the converged cubic box length and
reinitialized velocities at 300 K to generate two more indepen-
dent congurations. Each of these three independent congu-
rations was simulated for 100 ns of production run in the NVT
ensemble at T ¼ 300 K.

Simulation of aqueous cationized 4M2 mutant

The protocol followed for the cationization of 4M2mutant is the
same as that outlined for the WT enzyme in our earlier report.24

Since the 4M2 mutant has four additional negatively charged
residues on the surface than the WT enzyme, cationization
leads to a total of +31 charge on the surface of the 4M2 mutant,
thus creating 31 binding sites for surfactants.15 The simulation
protocols employed for this system is the same as described for
the aqueous 4M2 mutant.

Simulation of the aqueous cationized 4M2 mutant along
with 31 surfactants (the surfactant used in the experimental
report by Zhou et al.15 and hence used in this study is carbox-
ylated Brij-L23, ESI Fig. S11†) has also been carried out with the
same protocol. Modeling the aqueous cationizedmutant system
attached with 31 surfactants is similar to the one narrated in
our earlier report.24

Simulation of aqueous 4M2 mutant with the substrate

Five different initial congurations were generated, each having
a substrate (p-nitrophenyl butyrate; PNB) manually placed at
different positions relative to the enzyme in a cubic box. Every
conguration was subjected to the same simulation protocol as
followed in the simulation of the aqueous 4M2 mutant and
RSC Adv., 2022, 12, 11896–11905 | 11897
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hence ve trajectories each of 100 ns were generated. Three
congurations of the system were extracted from each trajectory
at the time frames of 0 ns, 50 ns and 100 ns. Hence a total of 15
new congurations were extracted from these ve trajectories.
All these een congurations were subjected to NVT equili-
bration at T ¼ 300 K with reinitialized velocities. Later,
production trajectory of 100 ns in the NVT ensemble was
generated from each of these een independent initial
congurations, making the total number of independent
simulations to twenty.

Simulation of solvent-free protein liquid

The modeling of SFPL is similar to the one detailed in our
earlier report.24 In the present work, 31 surfactant molecules per
enzyme were considered as there are 31 positively charged sites
on the cationized 4M2 mutant. The construction of the initial
conguration of surfactant is as explained earlier.24 31 surfac-
tant molecules were placed manually around a 4M2 mutant
LipA in such a manner that the positively charged site of the
enzyme and the negatively charged carboxylate group of the
surfactant are in close contact in the initial structure. The forty
slowest moving water molecules (around forty water molecules
per enzyme are found in the SFPL of LipA, observed experi-
mentally15) as determined in our earlier report24 were retained
in the present study as well. A conguration of 64 copies of
Protein–Surfactant–Water complex (PSW complex; the cat-
ionized 4M2 mutant with 31 surfactant and 40 water molecules)
was created using Packmol.32 The initial conguration was
generated in a large cubic box in such a way that the PSW
complexes are well separated, and hence free to rotate and
translate during the initial phase of equilibration. The gener-
ated conguration was then subjected to (i) energy minimiza-
tion, (ii) NVT at 300 K and (iii) NPT at T¼ 300 K, P¼ 100 bar and
(iv) NPT at T ¼ 300 K, P ¼ 1 bar. It was then equilibrated at the
NPT ensemble with T ¼ 333 K (to match the experimental
conditions15) and P¼ 1 bar until the box volume converged. The
equilibrated system was then used for the nal production run
at NVT ensemble with T ¼ 333 K. Three independent MD
trajectories of length 200 ns were generated, each following the
same strategy. Refer to ESI Fig. S12† for the owchart of the
protocol.

Simulation of substrate in SFPL

The conguration aer the rst NVT equilibration of the 64
copies of PSW-complex (i.e., post step (ii) of simulation of SFPL)
was taken. Either 32 and 128 substrate molecules were inserted
into this structure using packmol32 to generate two systems with
substrates at different concentrations. The substrate molecules
were then inspected, translated and rotated manually, using
VMD, in such a manner that they are present between PWS-
complexes in the intervening, vacant spaces.33 Two snapshots
showing the initial congurations of the SFPL with 32 and 128
substrate molecules are presented in ESI Fig. S13.† The same
simulation strategy as used in the simulation of SFPL was
employed to generate three independent MD trajectories for the
SFPL with 32 PNB molecules and one trajectory for the SFPL
11898 | RSC Adv., 2022, 12, 11896–11905
with 128 PNBmolecules. The length of each of these trajectories
was of 1 ms duration. In the activity measurements reported by
Zhou et al.,15 0.2 ml of desiccated PNB was added to a sample of
SFPL containing 0.05 mg of protein. Converting these amounts
to number of molecules leads us to the following stoichiometry:
Protein : PNB ¼ 1 : 472 (Mw of the cationized 4M2 mutant ¼
20 751.7 g mol�1, Mw of PNB ¼ 209.2 g mol�1, density of the
liquid PNB at 20 �C ¼ 1.19 g mL�1). In the current study, Pro-
tein : PNB stoichiometries of 1 : 0.5 (hereinaer referred to as
SFPL-PNB-0.5), and 1 : 2 (hereinaer referred to as SFPL-PNB-2)
were studied to obtain an understanding of the system at dilute
substrate concentrations without much inter-PNB interactions.
Substrate concentrations in in vitro experiments are typically 2–
3 orders of magnitude higher than that of the enzyme so as to be
able to measure the rate of enzymatic catalysis in the
concentration-independent regime of rate (Michaelis–Menten
kinetics), using the stopped-ow technique. Thus, MD simula-
tions were also carried out for PNB in SFPL at the same
concentration as in the in vitro experiments15 (Protein : PNB ¼
1 : 472, hereinaer referred to as SFPL-PNB-472), using the
same protocol. Two snapshots of the equilibrated systems of
SFPL-PNB-0.5 and SFPL-PNB-2 are shown in Fig. 1 and ESI
Fig. S14.† An ESI movie (refer to ESI Section S2.8.1 and
SM1.mp4†) displays the trajectory (1 ms) of an SFPL-PNB-0.5
simulation focusing on the mobilities of substrates.

Refer to ESI Table S1† for a summary of all the simulated
systems (number of molecules of each kind, trajectory lengths,
number of independent trajectories etc.) and the additional
computational details section for more information on
computational methods.
Additional computational details

AMBER99SB-ILDN34 force eld parameters were used for stan-
dard amino acid residues. The cationized aspartate and gluta-
mate, and the surfactant molecule were modeled with the same
parameter set as used earlier.24 To obtain the force eld
parameters for p-Nitrophenyl Butyrate (PNB), it was rst sub-
jected to geometry optimization in gas phase using
Gaussian0935 at HF/6-31G* level of theory, followed by GAFF36

parameters and RESP37 partial atomic charges generation using
antechamber38 and acpype.39 TIP3P model40 was employed for
water. GROMACS-2018.341 was used for energy minimization
with conjugate gradient algorithm,42 and molecular dynamics
simulations were performed using the Leap-frog integrator43

and a 2 fs time step with three-dimensional periodic boundary
condition taken into account. Both the coordinates and veloc-
ities were written every 10 ps. All bonds were constrained using
the LINCS algorithm,44 and particle mesh Ewald (PME)45 was
used for the calculation of electrostatic interactions. A 10 Å cut
off was used for both van der Waals and electrostatic interac-
tions,34 and long-range corrections were added to both energy
and pressure. Bussi–Donadio–Parrinello velocity rescaling
thermostat46 and Berendsen barostat47 were employed for
temperature and pressure coupling, respectively. VMD33 was
used for visualization. Python scripting with MDAnalysis
package48 and in-built modules of GROMACS41 were used for
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Snapshots showing various components in (A) SFPL-PNB-2 and (B) SFPL-PNB-0.5. Color scheme: blue cartoon for enzymes (64 in
number), red transparent surface for surfactants (31� 64¼ 1984 in number), and green spheres for the substrates (128 in panel A and 32 in panel
B). Water molecules (40 � 64 ¼ 2560 in each panel) are not shown.
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various analyses. Matplotlib49 was employed for plotting and
movies were made using Molywood.50

Unless otherwise stated, the results reported in this work are
presented from the SFPL-PNB-0.5 and SFPL-PNB-2 systems, and
averaged over all the independent simulations. Results from the
SFPL-PNB-472 simulations are discussed briey in Section 3.6
and elaborated in ESI Section S2.7.† The results of SFPL-PNB-
472 are presented for the last 100 ns of simulation, aer the
convergence of Protein-PNB g(r) (refer to ESI Section S2.7†).
Results and discussion

The root-mean-square deviation (RMSD) of backbone atomic
positions of the enzymes in the SFPL and aqueous media with
respect to the crystal structure converges to a value less than 2 Å
(ESI Fig. S15A†). This result indicates that the force eld
parameters used in this study stabilizes the native state of the
enzyme fairly well, which is also supported by the convergence
of the radius of gyration values (ESI Fig. S15B†).
Location of the substrates

In order to identify the location of the substrate molecules in
the SFPL, the number density proles (nDP, the number of non-
hydrogen atoms per Å3) with respect to the radial distance from
the center of mass of enzyme for various constituents of the
aqueous protein system and of the SFPL were obtained (Fig. 2A
and B). In both, the nDP for the protein behaves similarly; it
starts decaying at �15 Å (Fig. 2A), the same value as the radius
gyration (Rg) of LipA. The nDP for PNB (Fig. 2A) illustrates that
the substrate molecules are present in the vicinity of the protein
surface in both the aqueous and SFPL systems. In the case of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
aqueous solution, the substrate is present closer to the enzyme
(the nDP starts at �13 Å and peaks at �19.5 Å) than in the SFPL
(the nDP starts at �13 Å and peaks at �26 Å). The reduced
propensity of the substrate to be present near the enzyme in the
SFPL than in the aqueous case may also be a contributory factor
to the reduced catalytic rate of enzymes in the SFPL – an
observation that was hitherto unrecognized. Further discussion
on this aspect is presented in the “Interaction of the substrate
molecules with the enzymes” section.

The nDP for the hydrophilic head group of surfactant (PEG
and carboxylate group) in the SFPL starts at �13 Å and peaks at
23.6 Å with a number density value of 0.036 Å�3 suggesting that
the hydrophilic head groups interact directly with the enzyme
and form almost a complete layer around it (for comparison, the
non-hydrogen atomic density for liquid ethylene glycol at
ambient conditions is 0.045 Å�3). The nDP for the hydrophobic
alkyl tail peaks at 29 Å with a number density value of 0.007 Å�3,
which is much less than the same for liquid tetradecane at
ambient conditions (0.032 Å�3). It is deduced from this obser-
vation that the hydrophobic alkyl tail of the surfactant cannot
form a complete layer around the enzyme.24 Water molecules
are present close to the enzyme (either buried in it or on its
surface). The behavior of nDP of the substrate in the SFPL is
similar to that of the hydrophilic head group of the surfactant.
Their peak positions are close to each other, near �25 Å, which
suggests that the PNB molecules are mostly present in the
hydrophilic layer of the surfactant.

Support for the substrate molecules being located in the
hydrophilic head layer of the surfactant comes from the radial
distribution functions (RDFs) between the center of mass
(COM) of PNB and different types of non-hydrogen atoms from
the surfactant in the SFPL (Fig. 2C). The rst peaks of PNB-Cp
RSC Adv., 2022, 12, 11896–11905 | 11899



Fig. 2 The number density profile (nDP, number of non-hydrogen atoms per Å3) of different components of the aqueous protein solution (Aq)
and the SFPL (A and B). Panel-A: nDPs of the protein (P) and substrate (PNB). Panel-B: nDPs of various components of the SFPL. Keywords used
are “P” for Protein, “PNB” for p-nitrophenyl butyrate (the substrate), “head” for the hydrophilic part of the surfactant (PEG and carboxylate part),
“alkyl” for the alkyl tail of the surfactant. The label “PNB*100” in panel-Ameans the number density of PNB is multiplied by a factor of 100 so that it
appears on the same scale as that for protein. Similarly, the number densities of alkyl, water and PNB in Panel-B are also multiplied by certain
factors. The number densities of PNB in the SFPL are from the “SFPL-PNB-2” system. (C) Radial distribution function between the center of mass
of PNB and different types of heavy atoms of the surfactant. Ca, Cp and Op are the carbon atom of the alkyl tail, the carbon atom of PEG and the
oxygen atom of PEG part of the surfactant, respectively. (D) Radial distribution function between the centers of mass of the protein (P) and PNB.
The analyses in the panels C and D are averaged over SFPL-PNB-0.5 and SFPL-PNB-2.

RSC Advances Paper
and PNB-Op RDFs are taller than that of PNB-Ca (Cp: C of the
PEG part, Op: O of the PEG part, Ca: C of the alkyl part), sug-
gesting an increased tendency for the PEG group to be present
closer to the PNBmolecules than the alkyl part of the surfactant.
The coordination number of Cp, Op and Ca around the COM of
PNB (ESI Fig. S16A and S16B†) are 32, 16 and 8, respectively (at
the rst minimum in the RDFs, 7.4 Å). This demonstrates that
for every carbon atom of the alkyl part of the surfactant present
in the rst coordination shell of PNB, two PEG groups are
present. In the SFPL, the RDF between the COMs of the protein
and PNB (Fig. 2D) peaks at 24 Å, which too conrms the pres-
ence of the substrate molecules mostly in the hydrophilic layer
of the surfactant (as the nDP of hydrophilic part of the surfac-
tant peaks at 24 Å).
Conformations of the substrates

In an enzymatic catalysis process that proceeds via covalent
linkages and dissociation, the substrate molecules need to
adopt various conformations before binding to the active site.51

The ensemble of conformations helps a substrate molecule to
11900 | RSC Adv., 2022, 12, 11896–11905
recognize the best binding pose. In a highly viscous liquid such
as the solvent-free protein liquid, the substrate (PNB; Fig. 3A)
may nd it rather difficult to explore all different conformations
as found in the aqueous medium. To investigate this aspect, we
calculated the equilibrium distribution of the end-to-end
distance (Fig. 3B) as well as the distributions of various ex-
ible dihedral angles (ESI Fig. S17†) of the substrate. The
distributions for the substrate in the SFPL medium match well
with those in the aqueous medium. Substrate molecules in the
SFPL system exhibit various conformations with similar
propensities as in the aqueous system. These observations
demonstrate that the conformational plasticity of the substrate
molecules is retained in the SFPL. The hump around 8.5 Å in
the end-to-end distance distribution (Fig. 3B) appears due to the
peak around 70� in the distribution of C3–C2–C1–C dihedral
angle (ESI Fig. S17C†).
Translational dynamics of the substrate

The translational mobility of a substrate is substantially reduced
in the SFPL medium, relative to that in the aqueous solution. In
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 (A) Molecular structure of p-nitrophenyl butyrate (PNB), the
substrate, (B) Distribution of the end-to-end distance (distance
between N atom of the nitro group and the C atom of the terminal
methyl group) of the substrate in aqueous and SFPL media (the mean
of SFPL-PNB-0.5 and SFPL-PNB-2 systems).

Fig. 5 (A) Normalized distribution (P(nP)) of the number of proteins
(nP) a substrate molecule simultaneously interacts with. Substrate
molecules are predominantly present in the surfactant medium
without interacting with any enzyme (�80%) (B) Normalized histogram
(P(nP)) of the number of proteins (nP) that a substrate molecule visits
during the entire course of the simulation. Values of abscissa larger
than unity demonstrates the transit of substrate molecules between
enzymes. If any of the non-hydrogen atoms of a protein falls within 5 Å
of any non-hydrogen atom of the substratemolecule, then the protein
is defined to be interacting with that specific substrate molecule.
These analyses are also the mean of SFPL-PNB-0.5 and SFPL-PNB-2
systems.
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the aqueous system, the mean-squared-displacement (MSD)
values are two orders of magnitude higher than that in the SFPL
(the MSD values at 50 ns are�30 Å2 and�12 000 Å2 for the SFPL
and aqueousmedia, respectively (Fig. 4 and ESI Fig. S18†)). On an
average, in the SFPL, a substrate molecule exhibits a linear
displacement of just around 13.5 Å over a duration of 500 ns
(MSD value is around 180 Å2) (Fig. 4A). The translational motion
of a substrate molecule in the SFPL medium is sub-diffusive in
nature, as can be deduced from the b(t)-exponent plot (Fig. 4B).
These results are to be expected, since even a small molecule like
water has been shown to be sub-diffusive in the solvent-free
hybrid liquid24 over these time scales. This hindered motion of
the substrates (and proteins24) is yet another cause for the
reduced catalytic activity of enzymes in the SFPL relative to that in
aqueous solution. Within the overall sub-diffusive character,
substrate molecules exhibit diverse translational mobilities (ESI
Fig. S19†) in SFPL, some being almost immobile, while some
exhibit relatively large displacements. ESI Fig. S20† shows the
COM motion of four highly mobile PNB molecules, which move
more than 30 Å in 1 ms, while ESI Fig. S21† shows the same for
four other PNBmolecules whose displacements areminimal over
the same time period.

Since some substrate molecules show relatively high
mobility, do they transit between the enzymes? To answer this
Fig. 4 (A) Average mean-squared-displacement (MSD, averaged over
SFPL-PNB-0.5 and SFPL-PNB-2) of the centers of masses (COMs) of
substrates in the SFPL, (B) b(t)-exponent (MSD f tb) calculated from
the MSDs of the COMs of substrates converges to a value much below
unity, suggesting sub-diffusive behavior.

© 2022 The Author(s). Published by the Royal Society of Chemistry
question, we dene a PNB molecule to be interacting with
a particular enzyme molecule if any of the non-hydrogen atoms
of the enzyme falls within 5 Å of any non-hydrogen atom of the
substrate. The number of enzymes a substrate molecule inter-
acts with simultaneously (i.e., in the same time frame) was
calculated, and the histogram is plotted in Fig. 5A. Most
substrate molecules (�80%) are found to be present in the
surfactant medium without interacting with any enzyme. Also
to note is the fact that no PNB molecule ‘bridges' two enzymes
simultaneously (value of the histogram for abscissa value of two
is zero). When a similar histogram (Fig. 5B) for the number of
enzymes a substrate molecule visits during the entire course of
the simulation was constructed, the transit of the substrate
molecules between enzymes was clearly demonstrated. About
20% of the substrate molecules transit between enzymes (i.e.,
visit more than one enzyme). Transits of substrate molecules
between enzymes may help a substrate to locate and bind to the
catalytic site of an available nearby enzyme, readily.
Rotational dynamics of the substrate

The catalytic rate is dependent not only on the translational
mobility of the substrate, but also on its reorientational
dynamics.23 Herein, the rotational dynamics of PNB has been
characterized through the reorientational time autocorrelation
functions (RACFs) of three of its internal vectors (Fig. 6 and refer
to ESI Section S2.4 for more details†). In both the aqueous and
SFPL cases, the RACF for Vector X decays slower as it requires
rotation along the axes with large moment of inertia. The RACFs
for Vectors Y and Z decay faster and with comparable rates, for
similar reasons. It should however be noted that the rotational
dynamics of the substrates as captured by the RACFs of Vectors
Y and Z in the SFPL medium is about an order of magnitude
slower than that in the aqueous medium. The X vector of the
substrate in the SFPL medium does not decay to zero even over
RSC Adv., 2022, 12, 11896–11905 | 11901



Fig. 6 Reorientational time autocorrelation functions (RACFs) for the
three vectors of substrate in (A) aqueous and (B) SFPL (averaged over
the SFPL-PNB-0.5 and SFPL-PNB-2) media. Vectors X, Y and Z are
denoted by blue, red and green arrows, respectively, on the substrate
molecule shown within Panel A. Red, blue, cyan and white colors are
used for the O, N, C and H atoms of the substrate, respectively.
Rotational motion of the substrate molecule is highly restricted in the
SFPL compared to that in the aqueous system.
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500 ns. The overall slower rotational dynamics of the substrate
in the SFPL could also be one of the contributing factors for the
lower catalytic activity of enzymes in this liquid than in the
aqueous systems.
Fig. 7 Residues whose P(Rid) values are more than 0.1 and 0.033 (refer to
0.5 and SFPL-PNB-2 systems), respectively, highlighted in orange. The re
Ser77, Met78, Ala105, Leu108, Ile135, Val136, Leu140, Ile157 and Tyr161,
Gluc134, Ile135, Val136, Met137, Tyr139, Leu160, Tyr161, Thr180 and Asn
residue. The catalytic Ser77 is shown in ball representation to easily identi
with silver color.
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Interaction of the substrate molecules with the enzymes

During the function of an enzyme, the substrate has to recognize
the binding site (pocket) effectively which is followed by covalent
linking with the enzyme via its catalytic site.51,52 In the case of
LipA, which is a lidless enzyme, the catalytic triad is always
exposed to the solvent. To characterize the tendency of
a substrate molecule to interact with the catalytic region or with
any amino acid residue (standard or cationized), herein a quan-
tity P(Rid) is used. P(Rid) of a residue (Rid) is dened as the
number of MD simulation frames in which the residue interacts
with PNB molecule(s) divided by both the P : PNB stoichiometry
(0.5, 2, and 472 for SFPL-PNB-0.5, SFPL-PNB-2, and SFPL-PNB-
472 systems, respectively) and the total number of frames. As
before, a residue is dened to be interacting with a PNBmolecule
if any of the non-hydrogen atoms of the residue falls within 5 Å of
any non-hydrogen atom of the PNBmolecule. Cutoff values of 0.1
and 0.033 were chosen for the aqueous and SFPL media,
respectively (the top two panels of ESI Fig. S9†), to identify few
residues which interact with the enzyme(s), the most. It is
observed that the residues located around the catalytic site (see
Fig. 7 for the corresponding residue numbers) and few residues
farthest from the catalytic site interact the most with substrates,
both in the aqueous and SFPL media (Fig. 7 and ESI Fig. S25†).
These results demonstrate that the ability of the substrate
molecules to recognize the active site of the enzyme even in the
Fig. S9†) for (A) the aqueous and (B) the SFPL (the mean of SFPL-PNB-
sidues for the aqueous system are His3, Asn4, Pro5, Ile12, Gly13, Lys35,
and for the SFPL are Gluc2, Ile12, Gly13, Ser77, Met78, Pro119, Tyr129,
181. The three letter code “Gluc” is used for the cationized glutamate
fy the active site. The enzymes are represented as transparent cartoons

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 View of the active site of substrate-bound LipA showing various
interactions between amino acid residues (shown in ball and stick
representations) and the PNB (licorice representation), selected from
one of the independent trajectories of SFPL-PNB-472. The color
scheme used for different elements is cyan for carbon, blue for
nitrogen, red for oxygen, and white for hydrogen. The oxyanion hole
formed by Leu12 and Met78 (the backbone N–H of these two residues
form hydrogen bonds with the carbonyl oxygen of PNB, shown in
black dashed line) is themajor factor for the effective binding of PNB to
the active site of LipA. Another weak C–H$$$O hydrogen bond
between a hydrogen of Gly14 and oxygen of NO2 group of PNB is
shown in black dashed line. The OG of Ser77 and the carboxyl carbon
of PNB (Ca) are close enough (blue dashed line, 3.2 Å) for the initiation
of hydrolysis.
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highly viscous SFPL medium is similar to that in the aqueous
system. Most of these residues, whose P(Rid) values lie above the
cutoff, are hydrophobic in nature for the aqueous case (ten out of
een are hydrophobic, four are polar, and one charged). In the
case of the SFPL, these residues are a mixture of charged (two
cationized glutamate, Gluc), polar (six in number) and non-polar
(eight in number). An SI movie (refer to ESI Section S2.8.2† and
SM2.mp4) shows four independent trajectories of the aqueous
enzyme with PNB, where the substrate molecule successfully
binds to the active site (and later leaves the site) within simula-
tion time scales. However, such a binding event was not observed
in the simulations of the SFPL (in SFPL-PNB-0.5 and SFPL-PNB-
2).

In theaqueous solution, the substrate is less likely to reside completely in
bulk water because of the n-propyl part and thus is likely to be present near
the hydrophobic surface residues of the enzymes such as those near the
catalytic region. It shouldhowever benoted that lipases are catalyticallymost
activeat oil-water interfaces,wherein the substratesdissolved in theoil phase
approach the active site of the enzyme which is primarily located at the
interface.27,53,54 The surfactant medium of the SFPL, unlike water, has both
polar (PEG part) and non-polar groups (alkyl tail). As a consequence, the
substratemoleculeresides inthesurfactantmediumintheSFPL(particularly
within the PEG layer) rather than on the surface of the enzyme as was the
case intheaqueoussolution.This result isalsosupportedbyFig.5A,wherein
�80%of the substrates in the SFPL did not interact with the enzyme at all.
Fig. 2A also conrms the presence of the PNB closer to the enzymes in the
aqueousmediumthanintheSFPL.Overall, the lesshydrophilicnatureof the
surfactant medium decreases the tendency of the substrate molecules to
approach the enzymes in the SFPL. The reduced propensity of the substrate
molecules to interact with the enzymes can also be counted as another
reason for the hampered activity of enzymes in the SFPL, relative to that in
aqueous solution.
Formation of the Michaelis complex in SFPL-PNB-472

Results from the SFPL-PNB-472 system are discussed elaborately
in ESI Section S2.7.† Briey,�80% of the substrate molecules are
observed to be in a bulk liquid PNB-like environment, and the
rest �20% are present in the surfactant layer and/or close to
enzymes. Both the translational and rotational dynamics of the
substrate are faster in SFPL-PNB-472 compared to that in the
SFPL-PNB-0.5 and SFPL-PNB-2 systems, due to the preponder-
ance of substrate molecules away from either the enzyme or the
surfactants. However, they are signicantly slower compared to
that in the aqueous solution, which explains the reduced cata-
lytic activity of SFPL than the aqueous solution. Interestingly, we
observed the formation of a Michaelis complex (the noncovalent
enzyme-substrate complex prior to catalysis) in the SFPL-PNB-
472 system, which is narrated below.

The rst step (the acylation step) in the hydrolysis reaction
catalyzed by a lipase is a nucleophilic attack of the hydroxyl
oxygen (referred to as OG) of a serine (Ser77 in the case of LipA) to
the carboxyl carbon (referred to as Ca) of the substrate.55 Prior to
the catalysis, the OG of serine and the carboxylate carbon of the
substrate (Ca) come close to form a Michaelis complex. The RDF
between the OG of Ser77 and the Ca of substrate for three
different simulation runs of SFPL-PNB-472 are presented in ESI
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. S10A.† The small peaks around 3.5 Å unveil the presence of
a few Michaelis complexes in the system. The coordination
number (ESI Fig. S10B†) at 5 Å shows the presence of two (CN at 5
Å (0.068) � total number of enzymes in the box (32) ¼ 2.2), one
(0.03� 32¼ 0.96), and two (0.052� 32¼ 1.7) such complexes in
the three independent MD trajectories respectively (out of the
thirty-two possible complexes in a single conguration, as there
are thirty-two enzymes). These ve complexes were observed to
remain intact (OG-Ca distance to be less than 5 Å) for 100%,
100%, 72%, 69%, and 67% of the simulation time (100 ns). The
nature of interactions that stabilizes the Michaelis complex was
also examined (refer to Fig. 8). The major contribution is from
the pre-formed oxyanion hole in LipA. The backbone N–H groups
of residue Leu12 and Met78 (the oxyanion hole) form strong
hydrogen bonds with the carbonyl oxygen (C]O) of the
substrate. Other contributing factors are the weak C–H/O
hydrogen bond between a hydrogen of Ca of Gly14 and an oxygen
of the NO2 group of the substrate, and a number of van derWaals
interactions between the substrate and the enzyme active site.
Conclusions

The behavior of substrate molecules in the medium plays an
important role in determining the overall catalytic rate of
enzymes.23 The catalytic rate of industrially relevant enzymes
such as lipases can, in principle be enhanced if the operating
RSC Adv., 2022, 12, 11896–11905 | 11903



RSC Advances Paper
temperature can be increased without denaturation of the
protein. This has been achieved experimentally, upon the
complete removal of the solvent (water) and suitably ‘protect-
ing’ the enzymes from aggregating with each other by encasing
each of them in a polymer surfactant shell. The process yields
a solvent-free protein liquid which can function beyond 100 �C,
although with catalytic rates much reduced when compared to
that in the aqueous solution. A fundamental understanding of
the reduction in the rate requires a study of substrate behavior
in these exotic liquids. Atomistic molecular dynamics simula-
tions of the substrate, p-nitrophenyl butyrate (PNB) in a solvent-
free liquid of lipase A, reported here, have provided the same.
For the sake of comparison, the substrate behavior in an
aqueous solution of lipase A has also been studied.
Our ndings include

� PNBmolecules are primarily located in the surfactant medium
of the SFPL and mostly in its hydrophilic (PEG) layer, which was
discerned through number density proles and radial distri-
bution functions.

� Despite being a highly viscous liquid, the SFPL facilitates
conformational exibility of the substrate to exhibit different
dihedral angles with similar probabilities as in the aqueous
medium.

� The tendency of a substrate to interact with enzymes is
reduced in the SFPL compared to that in the aqueous medium.
This is a signicant difference from its behavior in the aqueous
solution, and underlies the hampered catalytic activity of the
enzymes as an SFPL medium.

� The translational displacement of a substrate is substan-
tially hindered in the SFPL relative to that in the aqueous
solution. The motion of the PNB molecule is sub-diffusive in
nature, and the displacement magnitudes in the SFPL are two
orders of magnitude smaller than that in the aqueous system,
for any given time duration. The overall hampered motion of
the substrates is a major reason for the lower catalytic rate of
enzymes in the SFPL compared to that in the aqueous system.

� Despite their overall sluggishness in the SFPL, substrate
molecules display a variety of translational mobilities, from
being almost immobile to ones which move reasonably well.
Substrates with the high mobility are shown to interact lesser
with the enzymes and more with the surfactant than their low
mobile counterparts. A few substrate molecules (15%) have even
been seen to transit between enzymes during the course of the
simulation – a crucial event in molecular recognition.

� The reorientational dynamics of a substrate molecule,
which also impacts the catalytic rate, is slower in the SFPL than
in the aqueous form and hence could also contribute to the
reduction in the activity of enzymes in this hybrid liquid.

� The active site recognition ability of the substrate mole-
cules is found to be largely retained in the SFPL. On occasions
when the PNBmolecules interact with the enzyme, they interact
mostly with amino acid residues close to the catalytic triad. In
simulations with high substrate concentrations comparable to
those used in in vitro experiments, the formation of the enzyme-
substrate Michaelis complex was observed.
11904 | RSC Adv., 2022, 12, 11896–11905
In summary, we have investigated various features displayed
by substrates in an engineered solvent free protein liquid using
extensive all-atom molecular dynamics simulations and have
presented possible reasons for the experimentally observed
reduction in the catalytic activity of enzymes in this hybrid
liquid, from the perspective of the substrates. These include: (a)
the reduced translational diffusion of the substrates, (b) their
hindered reorientational dynamics, and (c) the decreased
tendency of substrates to interact with enzymes, in the SFPL.
These microscopic insights into the behavior of substrate in the
SFPL can potentially aid in designing SFPLs with improved
properties.
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