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Abstract

Thermomyces lanuginosus lipase (TLL) is an industrially significant catalyst for the production
of biodiesel due to its operability over a wide range of pH and temperature. Molecular
dynamics simulations of TLL in aqueous solutions of a biocompatible ionic liquid (IL),
cholinium glycinate (ChGly) have been carried out to investigate the microscopic reasons
for the experimentally observed enhancement in the activity of TLL, upon addition of room
temperature 1L, especially at an optimal concentration. Eight different TLL systems in
both its open and closed forms at various concentrations of the room temperature IL in
water have been studied. A special orientation of the lid residue W89 in the closed form
that enables an optimal substrate binding rate has been identified which can be probed via
fluorescence spectroscopy. The flipping and consequent exposure of W89 in the open form of
TLL induces a change in the lid helicity and orientation in such a way that the residue R84
from the front lid hinge gets trapped around a particular region in all the systems except
at 0.5M concentration of IL. In the latter, R84 exhibits considerable fluxionality and moves
back and forth via a water channel which is formed due to the chaotropic nature of cholinium
cation. Arginine switch is well established to be the primary signature of interfacial activation
of TLL, one that is observed here in an optimal IL concentration (0.5M) without the use
of substrate or surfactant. The present work can pave for the development of a broader

platform for the understanding and application of lipases in environment-friendly catalysis.
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1

2

; Introduction

5

7 As the world passes through an era of increasing demand for energy and diminishing supplies
8 . . . .

9 of fossil fuels, newer sources need to be explored. In this context, along with other unconventional
10

11 sources, the production of biodiesel fuel (fatty acid alkyl ester) from animal and plant
12

13 oils has drawn much attention of researchers in the fields of chemical, biochemical and
14

15 protein engineering. ™ Lipases are a class of enzymes found to be most suitable for biodiesel
16

17 production due to their unique feature called interfacial activation.*

18

19 In the course of interfacial activation of a lipase, buried hydrophobic side chains of
20

21 amphiphilic lid residues get exposed and stick to the lipid-solvent interface. Such an “activation”
22

23 of the enzyme is naturally favored in a solvent possessing either a hydrophobic character or a
24

25 low dielectric constant.® ! The separation and purification of product too become easier in
26

27 such interfacially immobilized enzymatic catalysis (immobilized on large hydrophobic surface
28

29 of aggregated substrate or surfactant), than when the reaction is carried out with chemical
30

g; catalysts. > 7 Among all lipases, the ones from the thermophilic fungus Thermomyces lanuginosus
gi (TL) are found to be industrially significant catalysts for biodiesel production,* owing to
gg their inherent stability at high temperature,!? a wide range of pH operating conditions!?
g; as well as high methanolysis activity.'*!” TL lipase (TLL) has been used not only in
j,g biodiesel production but also in food industry, in enantiomeric separation of racemic mixtures
j; and in many regio-selective or specific processes to synthesize fine chemicals.* Rightfully,
ji TLL has been studied by several researchers through in vitro experiments,'® site-directed
jg mutagenesis, 192! X-ray crystal structures, 2?3 site-directed spin labeling,?* intrinsic tryptophan
47 . . . .

48 fluorescence studies,?>?* 27 and molecular dynamics simulations. '?:2%2

49 . : . . . .

50 TLL has a typical a/ 3 hydrolase fold,???3 maintained by three disulfide linkages (C268-C22,
51

52 C36-C41 and C104-C107).% Like all other lipases, a flexible lid (residues 86-92) covers
53

54 (uncovers) the active site in the closed (open) form of the enzyme.!” The active site of the
55

56 enzyme contains a trypsin-like S146-H258-D201 catalytic triad.3® The open-closed motion
57

58 of the lid is governed by two hinge regions (residues 82-85 and 93-96) proximal to the
59

60

3
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lid.3? Crystallographic studies?® have shown that in the course of interfacial activation with
increasing lipid concentration or decreasing solvent polarity, C268-C22 disulfide isomerization
and formation of a short agp-helix (residues 23-28) followed by the lid residue R84 switch from
D57 to €268, convert TLL from its catalytically low activity (LA) closed state (Protein Data
Bank or PDB ID: 1DT3) to activated (A) closed form (PDB ID: 1DT5) (Figures 1 and 2
top). In the subsequent step of interfacial activation, the opening of the lid converts this

activated (A) closed form to fully activated (FA) open form (PDB ID: 1DTE) (Figures 1

and 2 top).
Low Activity [ 1- Disulfide isomerization | Activated Fully Activated
Form (LA) |2. q_nelix formation Form (A) | 4. Lid Form (FA)

|ﬁ .*
1073 3. Arginine (R84) switch IDTS | opening 1DTE

Decreasing solvent polarity

_a

Figure 1: Key changes in the structure of TLL during interfacial activation as proposed by
Brzozowski et al.?* 1DT3, 1DT5 and 1DTE are PDB IDs.

Interfacial activation

Biocatalysis of lipases is preferably performed in less polar organic media (mainly alcohol)
or in aqueous organic solutions (where the extent of interfacial activation is more) rather than

3237 have also

in highly polar, aqueous media.?! However, several reports in the literature
suggested alcohol to cause the inactivation and/or thermal destabilization of the enzyme.
A very recent simulation study of TLL in methanol solvent has explored the details of the
molecular mechanism behind this inactivation.!®

One of the ways to overcome this type of inactivation, without losing the advantages
of faster lid opening in less polar solutions compared to pure water, is to substitute the
organic component by less volatile ionic liquid (IL). The low volatility of ILs will allow the
catalysis to be performed at higher than ambient temperatures, which in turn increases
the catalytic rate. ILs can be constituted by a proper combination of cation and anion

4
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Ce-
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C36(SG)
31 %.C41(SG)

P
1.65 M Glycinate

44 Cholinium
anion

45 cation

49 Figure 2: Top: The overlay of low activity closed (1DT3) (orange) and fully activated
50 open (1DTE) (wheat) crystal structures of TLL highlighting the zones related to interfacial
51 activation. The red asterisk represents the position of the active site. The red arrow shows
52 the direction of arginine (R84) switch. Bottom: Geometry optimized cholinium glycinate
(ChGly) ion pair in gas phase. Dotted lines show the distance between corresponding atoms.
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chosen from around 10° possible combinations.3®3% Like polar organic solvents, ILs can also
form water-mimicking hydrogen bonding network around the protein surface residues that
stabilize the native fold of the protein.**? ILs with proper cation-anion combination can
also prevent TLL (which has a strong tendency to form ordered biomolecular aggregates
confronting its open active centers*®) from forming disordered aggregates during folding. 2

All these features make ILs a novel media for proteins in diverse biotechnological applications.

44-52 53-55 ;

There are several studies and reviews in literature on the influence of different ILs on

the activity of lipases. Over the last decade, applications of room temperature ILs (RTILs)
in biocatalysis for biofuel production has become an emerging field of research.?3-°6-61

A very recent experimental study of TLL catalyzed hydrolysis of p-nitrophenyl esters
at optimum temperature and pH by Deive et al. showed an enhancement (up to 50%) of
enzymatic activity in aqueous cholinium amino acid (ChAA) IL solvents compared to pure
water.%2 They also observed that among the ChAA ILs, TLL showed its highest activity in
ChGly (Figure 2 bottom). The activity was observed to reach a maximum at a particular
concentration of IL (around 0.5M) and decreased on increasing IL concentration further.
However, this observation is in apparent contradiction to the interfacial activation of lipases,
as the rate of interfacial activation increases with increase in IL concentration, i.e. with
a decrease in solvent polarity.?® Thus, a comprehensive microscopic explanation for these
interesting observations needs to be offered.

In the present study, the structural changes of TLL at varying concentrations of ChGly IL
in water are studied. Due to the biocompatibility, ecotoxicity® and miscibility with water, %4
ChAA ILs have established themselves to be one of the best possible biocompatible media
for biocatalytic applications. The choice of glycinate is justified because of its lack of any
(alkyl) side chain which otherwise leads to solvent hydrophobicity-induced destabilization
and reduced activation of the enzyme.5

In this article, we successfully relate the special interfacial activation mechanism of TLL?3

as obtained from X-ray crystallographic analysis to results obtained from molecular dynamics

6
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simulations of this enzyme in aqueous IL solutions. We propose that the extent of arginine
switch (lid residue R84) is the key process behind the experimentally observed® optimum

solvent-dependent activity of TLL. Our computational findings along with the experimental

©CoO~NOUTA,WNPE

62 can open up new routes for designing the best possible combination of thermophilic

10 observations
12 lipases and biocompatible ILs at an optimum solvent concentration which can advance the

14 study and applications of enzymatic catalysis.

18 Computational Details

22 1. Choice of crystal structures

25 In the present study, the X-ray crystal structures of the A and FA forms of TLL (PDB
27 ID: 1DT5 and 1DTE, respectively??) were taken from Protein Data Bank (www.rcsb.org)
29 to represent the closed and open forms, respectively. The choice of 1DT5 over 1DT3 for the
31 closed form lies in their crystallization condition. The conditions employed in our simulations
33 (at most 2.0M ChGly in aqueous solvent), corresponds to low ionic strength and thus TLL in
35 its closed form will have a structure which is similar to that of 1DT5 (A) which too has been
37 crystallized under low ionic strength conditions. In contrast, 1DT3 form has been crystallized

39 under high ionic strength condition. The chosen crystal structures were protonated at neutral

41 pH using pdb2gmx tool within GROMACS package. %

45 2. Protein-IL system preparation

48 In the first step, the enzyme was solvated in water. The resulting system was then neutralized
50 by sodium ions and energy minimized. Subsequently, the protein along with the sodium
52 ions, collected from the previous step, was re-solvated in a pre-equilibrated IL-water mixture
54 solution at four different concentrations, 0.0M (pure water), 0.5M, 1.0M and 2.0M, using
56 PACKMOL software 7 (initially in a cubic box of 100 A edge length). At each concentration,

58 TLL was chosen in both open and closed forms, and thus we simulated a total of eight systems

7
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(four each for the open and closed forms). Details of the systems simulated are summarized

in Table S1.

3. Force-field parameters and simulation details

CHARMMS36 parameters for the protein and CHARMM general force field (CGenFF) ™™
parameters for the IL were used along with the TIP3P model™ for the water molecules.
Ions of the IL have been known to be influenced by charge transfer and polarization effects,
which can be captured in an effective force field " ® by using ion charges which are lesser than
unity. Following literature,”™ the ion charges were scaled down so that the cation and the
anion have 4+0.85 and —0.85 charges, respectively. With the reduced charges and CGenFF
parameters, simulations of the pure ChGly provided a density which was underestimated
by less than 1% of the experimental value (for details, see “Force field parameterization for
ChGly IL” in SI). For all systems, a steepest descent energy minimization followed by 1 ns of
NVT equilibration (at 300 K) were carried out with position restraints on the heavy atoms
of the enzyme with a force constant of 10* kcal/mol/rad?. The imposed restraints were then
gradually removed in four successive stages of NPT equilibrations (first three steps were of
0.5 ns each) with force constants 10, 10%, 10" and 0 (i.e. unrestrained) kcal/mol/rad?. The
unrestrained NPT equilibration run was performed until the box length converged. Later,
for each system, NVT production run was carried out for 120 ns without any constraint. For

t80

all NVT runs, the Bussi-Donadio-Parrinello velocity rescaling thermostat® with coupling

constant 0.5 and 1.0 ps for equilibration and production, respectively at 300 K and for all

t81’82 t83’84

NPT run, Nosé-Hoover thermosta and Parrinello-Rahman barosta with coupling

constant 1.0 ps for both at 300 K and 1 bar respectively were used. An integration time step
of 0.5 fs was used. Particle mesh Ewald (PME) method® with cutoff distance of 12 A was
used to treat the long-range electrostatic interactions. The Lennard-Jones (LJ) interactions
were smoothly brought down to zero from 10 to 12 A using the force-switched approach. All

66-71

systems were simulated using GROMACS 5.0.5 (double precision). Trajectories were

8
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visualized using VMD software.®® Root mean square deviation and fluctuation (RMSD and
RMSF), radial distribution function (RDF), the radius of gyration, etc. were calculated
using the corresponding routines in GROMACS to analyze trajectories. PyMOL software®”

was used to prepare the graphics.

Results and Discussion

Unless stated otherwise, results from simulations of the open form of the enzyme (PDB ID:

IDTE, Figure 2 top) will be discussed here.

1. Overall conformational changes in TLL

1.1. RMSD and RMSF

To study the overall structural changes of TLL induced by the presence of IL, we have
calculated its backbone RMSD (root mean square deviation) and all-atom RMSF (root
mean square fluctuation) (averaged over each residue) with respect to the minimized (in
water) structure of the enzyme, in its open form. After 100 ns of simulation, the RMSD of
all the systems become stable (Figure 3(a)). In the 100-120 ns time window, open_0.5IL and
open_1.0IL systems (abbreviated system name, see Table S1 in SI for detail) show higher
RMSD values than that in pure water, whereas the open_2.0IL system has RMSD lower than
that in pure water.

The RMSF of some lid residues and residues 244-250 are observed to be high (Figure
3(b)). The significantly high RMSF value of R84 in open_0.5IL system (Figure 3(c)) can
be attributed to an interesting event, viz. arginine switch, which will be discussed in detail
later. In all the systems, hydrogen bonds between the lid back hinge residues (residues 93-96)
and the nearby protein residues (such as N94-H110 and N96-D111) with an average distance
within 2.8-3.0 A exist; however, the situation in the open_0.5IL system is different. Instead

of forming intra-protein hydrogen bonds, the lid back hinge residues (Figure 3(d)) interact

9
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chiefly with the solvent molecules which leads to higher RMSF of the former, compared to
that in other systems. This higher RMSF of residue R84 from front hinge (residues 82-85)
of active site lid (residues 86-92) and the whole back hinge (residues 93-96) in open_0.5IL
system (Figure 3(d)) signifies rigid body hinge-type motion for lid opening and closing; this
motion is much simpler than that of the lid opening through the motion of middle region
(residue 86-92) of the 1id*?®® (shown in Figure S1). As direct interactions of protein surface
residues with water are most favorable for open_0.5IL system (as discussed later), the residues
244-250, being a part of the large random loop in the C-terminal region can easily interact
with solvent in this system which leads to its high RMSF (Figure 3(b)), as especially seen
in between 80-100 ns of the simulation trajectory (see Figure S2). This is the main reason
behind the very high RMSD of TLL in the open_0.5IL system in this time window.

In the closed form of the lipase, the hydrophobic residues get buried away from the solvent,
and hydrophilic residues get exposed to it (i.e., just opposite to what happens in interfacial
activation)® 1%(Figure S3). Due to this, in the closed form of TLL, the lid hydrophobic
residues come in close contact with the hydrophobic residues present in a nearby random
loop (residues 202-211)(Figure S3). As a result of this hydrophobic interaction, the lid
always remains in closed form, independent of the IL concentration (Figure S4). This induces
stability to the protein which is reflected in the lower RMSD of overall protein compared
to that for the open form of TLL (Figure S5(a)). Again, compared to the open form, the
lid comes quite close to the random loop comprising of residues 202-211 in the closed_0.51L
system which leads to strongest hydrophobic interaction between the lid and that random
loop, amongst all systems. Residue R84 thus gets locked to C268, whereas it is not locked
to any residue in rest of the systems in the closed form of TLL (Figures S6 and S7). This
observation is also supported by the RMSF plot (Figure S5(c)) where R84 exhibits the least
fluctuation for closed_0.5IL system. All these observations make TLL be most stable in the
closed_0.5IL system among all the eight systems, as indicated by the lowest RMSD of TLL

in this system (Figure 3(a) and S5(a)).

10
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100 150 200 250
Residues

40 81 8 87 9 93 96
42 Residues %0

44 Figure 3: (a) RMSDs (averaged over all backbone atoms) as a function of simulation time
45 and (b) RMSF (averaged over all atoms of each residue within 100-120 ns time interval) at
46 all four IL concentrations in the open form of TLL with respect to the same form of the
enzyme (energy minimized in pure water), (¢) RMSF of lid residues (zoomed from panel
(b)), and (d) Different sections of the lid shown for open_0.5IL system.
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1.2. Radius of gyration

Results on radius of gyration (R,) of the whole enzyme, the core regions and the lid are
presented in SI (See “Radius of gyration (R,)” in SI). These too support the observations
made from RMSD and RMSF. In addition, these also agree with a common feature of
interfacial activation, i.e., the surface hydrophobic residues get exposed more toward the

8-10

solvent with decreasing solvent polarity, and this effect is more prominent in the flexible

lid region in open conformation.

1.3. Intra-protein and protein-solvent interactions

To understand the overall conformational changes of TLL in more detail, we have examined
the changes in intra-protein as well as protein-solvent hydrogen bonding interactions with
increasing IL concentration. The complete data is presented in Supporting Information
(see “Intra-protein and protein-solvent interactions” in SI) and a summary is provided here.
Nonpolar surface residues of lipases get more exposed to solvent whereas the side chain of
polar surface residues get buried inside with decreasing solvent polarity. The number of
lid-solvent hydrogen bonds is highest for the open_0.5IL system, making it more active for

catalysis.

2. Changes in the active site

In the open form (fully activated)?® of TLL, the hydroxyl oxygen atom (OG) of S146 from
the trypsin-like catalytic triad (Figure 4 top), performs a nucleophilic attack on the carbonyl
carbon of the lipid or ester substrate. The nucleophilicity of S146 hydroxyl oxygen (OG)
is increased by the hydrogen bond formed between one of the imidazolium nitrogen (NE2)
of H258 and the hydrogen attached to the nucleophilic oxygen (OG) of S146. Another
imidazolium hydrogen attached to the nitrogen (ND1) of H258 forms two hydrogen bonds
with two carboxyl oxygens (OD1 and OD2) of the third catalytic residue D201 which helps

H258 to maintain the best orientation of the imidazolium plane for the formation of the

12
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strongest possible hydrogen bond between histidine H258(NE2) and serine S146(hydrogen
attached to OG). After the nucleophilic attack, a tetrahedral oxyanion intermediate is formed
which is stabilized by the oxyanion hole formed by the backbone NH group of L147 and S83.%°

From Figure 4(a), we observe that the catalytic hydrogen bond between NE2(H258) and
hydrogen attached to OG(S146) is the strongest (3.0 A) in 0.5M and 1.0M IL solvents.
Though the OD1(D201)-ND1(H258) hydrogen bonding distance is the shortest (2.75 A) in
the 2.0M IL solvent (Figure 4(b)), OD2(D201)-ND1(H258) hydrogen bonding distance is
the strongest (2.65 A) in all the systems except in open_2.0IL (Figure 4(c)). Again, in the
open_0.5IL system, residue S83 forming oxyanion hole remains at the largest distance apart
from the catalytic residue S146 (Figure 4(d): OG(S146)-N(S83) distance is 8.6 A) compared
to other systems. This leads to an easier nucleophilic attack by OG(S146) on the substrate
which can approach closer to the catalytic triad without any hindrance from S83. Thus, the
catalytic triad of TLL becomes most active for nucleophilic attack on the substrate followed
by stabilization of the tetrahedral intermediate by the oxyanion hole in the 0.5M IL solvent.
In the closed form too, the closed 0.5IL system is found to have one of the most effective

active site for catalysis (Figure S13), following similar arguments.

3. W89 flip: optimal substrate binding rate

Tryptophan (W), being one of the amino acids forming the aromatic belt in the transmembrane

% is one of the best candidates to interact with the lipid

segment of membrane protein,®
surface due to the amphiphilic nature of its side chain. So, in the presence of lipid or an
ester substrate, the lid residue W89 stays over the substrate bound to the active site and

influences the process of substrate binding to the enzyme at an optimal binding rate.2!%

3.1. Three different orientations for W89

WS89 can give rise to optimal substrate binding rate only when its side chain is oriented

exactly above the substrate, if not, at least within the active site pocket. However, it is not

13
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Figure 4: Top: Catalytic triad (D201-H258-S146) and oxyanion hole (L.147-S83) of the active
site for TLL in open crystal structure (1IDTE). Color scheme: oxygen (red), nitrogen (blue)
and carbon (light green). Hydrogens are not shown for clarity. Bottom: Donor-acceptor
distance of hydrogen bonding interactions for all the four systems in the open form of
TLL: (a) OG(S146)-NE2(H258); (b) OD1(D201)-ND1(H258); (c) OD2(D201)-ND1(H258);
(d) OG(S146)-N(S83). Donor-acceptor (D-A) pairs whose distance is less than 3 A and
H-D-A angle is less than 30° are considered here as hydrogen bond.
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Lid residue W89

: : :

Orientation 2 Orientation 3 Orientation 1
(inside (exactly (outside
active site pocket) over the substrate) active site pocket)
1DT3

T 1DT5
Open_0.5IL Closed_0.0IL
Open_1.0IL Closed_0.5IL S
dpen 2.0 Closed_1.0IL

Figure 5: Classification of the systems with respect to the side chain orientation of W89.
1DT3, 1DT5 and 1DTE are low activity closed, activated closed and fully activated open
crystal structures of TLL, respectively.

always possible to achieve this orientation. W89 shows three possible orientations depending
on the open-closed conformation of the lid, as well as on the presence or absence of IL or
surfactant in the solution (Figures 5 and 6(a)). In the apo form (enzyme, without any bound
ligand) of the open enzyme in pure water (system open_0.0IL containing 1DTE), the side
chain of W89 is oriented away from the active site and is located within a hydrophobic
microenvironment?! formed by the side chain of nearby residues 186, 190, F113, L147 and
L206 (Figure 6(b): orientation 1). On the other hand, due to the presence of surfactant
during the time of crystallization of TLL in the open state (1IDTE), W89 remains within the
active site pocket (Figure 6(c): orientation 2). Such an orientation can aid the easy
exposure of W89 toward solvent on increasing surfactant concentration. However, this
kind of exposure would not be so easy if W89 orients toward the congested hydrophobic
microenvironment and away from the active site. And this is also true for the open TLL
solvated in aqueous IL solution (i.e., open_0.5IL, open_1.0IL and open_2.0IL systems) and

as a result, in these systems too, W89 remains in orientation 2 (Figure 6(c)). (Although

15
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both IL and surfactant play essentially the same role, the rationalization of our choice of IL
over surfactant is discussed in “Rationalization of the choice of IL over surfactant” in SI.)
In all the closed systems, independent of IL concentration, the lid is locked to the closed
state due to the hydrophobic interaction with a nearby random loop (residues 202-211)
(Figures S3 and S4). This rigidity of the lid makes lid residue W89 to be fixed exactly over
S146 and the oxyanion hole (i.e., exactly over the position where the substrate is expected to
bind) in all the closed systems as well as in the closed crystal structures (1DT3 and 1DT5)

(Figure 6(d): orientation 3).

3.2. IL concentration dependent flipping of W89

Although the simulation of the open form (open_0.0IL) was initiated from 1DTE in which
W89 is oriented toward the active site pocket (Figure 6(c): W89 in wheat color, having
orientation 2), it soon flips back (at ~17 ns simulation time frame) into the hydrophobic
microenvironment (Figures 6 (b) and (c): W89 in red color, having orientation 1), due to
the absence of surfactants and IL. By the same analogy, the addition of IL to result in the
open_0.5IL system causes W89 to flip from the microenvironment toward the active site
pocket (Figure 6(c)). This W89 flip in the open_0.5IL system is rationalized in further detail
below.

As discussed earlier, in the presence of IL, hydrophobic interactions within the enzyme
decrease, and the surface hydrophobic residues get more exposed to the less polar solvent. 1923
This fact is also evident from the increase in Ry of the lid in the open form of TLL upon
increasing IL concentration (Figure S8(d)). Thus, with the increase of IL concentration,
exposure of protein surface hydrophobic residues I86, 190 and L206 toward the solvent
weakens the hydrophobic interaction of residue W89 with the surrounding hydrophobic
microenvironment®! (Figure 6(b)). Due to the presence of an amphiphilic side chain, W89
too would prefer to be exposed toward the aqueous IL solvent. However, this process is

hindered by the congested hydrophobic microenvironment and the nearby D57-D62 hinge
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(a) lid (b)
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active'site L substrate
Ired arrow: W89 flip active site

Figure 6: Three different orientations of W89. Simulation structures are taken from
the last frame of the 120 ns trajectories of each system. Overall protein and the active
site residues are shown for the closed 0.0IL system (panel (a) and (d)) and the open_0.0IL
system (panel (b) and (¢)). Sky blue colored ellipse represents the expected substrate binding
position. Hydrogen atoms of active site residues and W89 are not shown for clarity except for
residues S83 and L1147 where only polar hydrogen atoms are shown. (a) Three different
orientations of W89. 1: W89 within hydrophobic microenvironment, i.e., outside the
active site pocket in open 0.0IL system (W89 shown in red). 2: W89 within active site
pocket in open_0.5IL system (W89 shown in cyan). 3: W89 exactly over the substrate binding
position in closed_0.0IL system (W89 shown in light green). (b) Orientation 1: Residues
forming hydrophobic microenvironment (in open_0.0IL system) are represented in sticks as
well as sphere with wheat color. For clarity, the lid is shown in transparent purple. (c) W89
flipping from open 0.0IL (red) to open 0.5IL (cyan) system. All the systems having W89
in orientation 2 (IDTE: wheat, open_0.5IL: cyan, open_1.0IL: magenta and open_2.0IL:
yellow) are shown here. (d) W89 orients itself exactly over the substrate binding position
(orientation 3) in all closed systems (0.0M: light green, 0.5M: cyan, 1.0M: magenta, 2.0M:
yellow) and the closed crystal structures (1DT3: orange and 1DT5: marine).
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(Figure 6(b)). Thus, in the presence of IL, instead of orienting outward, W89 prefers to
flip into the active site cavity (which is somewhat less congested) by breaking its weaker
hydrophobic interactions with that microenvironment (Figure 6(c)).

At lower IL concentration (0.5M), W89 points toward the active site; whereas at 1.0M
concentration, it gets closer to the active site (Figure 6(c)). This observation is in contrast to
the general expectation that the protein surface hydrophobic residues will get more exposed
to the solvent on increasing IL concentration.

In this context, we have identified the existence of an intra-lid hydrogen bond between
donor N88(ND2) and acceptor N92(OD1) with an average distance of 2.9 A, in the case
of open_1.0IL system (Figure 7 (c)). The formation of this H-bond is a consequence of the
drastic decrease (from 37 to 30) in the number of lid-solvent hydrogen bonds (Figure S11(d)),
on increasing the IL concentration from 0.5M to 1.0M. It should be noted, however, that
the formation of this intra-lid hydrogen bond converts the lid from a 3j¢-helix (for 0.5M)
to an almost a-helix or a random coil (for 1.0M) (Figure 7 (b) and (c) respectively). This
change in the lid helicity makes R84 and W89 in the open_1.0IL system to come closer to the
D57-D62 region (Figure S16) and the catalytic triad (Figure 6(c)), respectively. However,
on further increase to 2.0M concentration of IL, N92 breaks the hydrogen bond with N88
and forms a new hydrogen bond with H110 with an average distance of 2.9 A between the
acceptor N92(O) and donor H110(NE2) (Figure 7 (d)). As a result, the lid changes from
a nearly a-helix or a random coil (for 1.0M) to a perfect a-helix (for 2.0M) (Figure 7 (c)
and (d) respectively), which in turn makes W89 get exposed to the solvent to an extent
greater than that seen in the open_0.5IL system (Figure 6(c)). This change in lid helicity
with increasing IL concentration is concomitant with the exposure of lid residue N92 moving
away from the active site and getting exposed to the solvent (Figure S14).

Although W89 moves closer to the active site in the open_1.0IL system (than at 0.5M IL
concentration), it orients itself on the approach path of the substrate to S146 (Figure 6(c));

as a consequence, substrate binding to the active site (where S146 is located) is sterically
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1

2

2 hindered. On increasing IL concentration further to 2.0M, W89 moves away from the active

g site, as expected. Thus, among all the open systems, it is only at 0.5M concentration that

7

8 W89 stays near the substrate binding position, but does not orient itself too closer to the

9

10 active site to hinder the substrate binding process. (Figure 6 (c) and (a), respectively; W89

11

12 shown in cyan color for open_0.5IL). Again, in the closed_0.51L system, W89 remains exactly

13

14 above the substrate binding position (Figure 6(d)) like in all other closed systems. So, in

15

16 terms of W89 orientation too, the 0.5M system is most effective for optimal substrate binding

17

18 rate.

19

20

21 . . . . .

22 4. W89 flip triggers Arginine (R84) switch

23

;g The W89 flip is one of the major guiding forces behind the arginine (R84) switch which

g? constitutes the primary event in the interfacial activation of TLL. As discussed earlier,

28

29 R84 switch distinguishes the low activity, closed form (1DT3) from the activated, closed

30

31 form (1DT5) of TLL. Thus, the observation of the W89 flip in the simulations of the fully

32

33 activated, open form of the enzyme in the presence of IL is significant and portends to a

34

35 subsequent R84 switch, which we shall now examine.

36

37 On increasing the IL concentration from 0.0M to 0.5M (from Figure 7 (a) to 7 (b)), the

38

39 flip of W89 toward the active site converts the residues 86-89 of the lid from a random loop

40

41 to a short 3;p-helix by dragging residue N88 closer to G61 of nearby D57-D62 loop hinge.

42

43 As a result, the residues 82-88 region gets closer to D57-D62 hinge via weak electrostatic

44

45 interactions between S83, N88, G61 and D62 (Figure 7 (b)). These observations are supported
) ) g pp

46

47 by the positive correlation in the dynamical cross correlation maps (DCCM) between residues

48

49 82-88 and residues 57-62 loop in the presence of IL (positive correlation between these

50

g; two loops had also been found by Gunasekaran et al.?’), whereas these two regions are

gi almost uncorrelated in pure water (Figures S15 and S1) wherein the lid has a random loop

gg configuration (Figure 7 (a)). The formation of intra-lid hydrogen bond between N88(hydrogen

g; attached to ND2) and N92(OD1) (for 1.0M) followed by intra-protein hydrogen bond N92(0)-H110(hydroge

59

60
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(d)

Figure 7: Lid helicity, and correlation between the lid and 57-62 loop in the last frame:
Lid, its front and back hinges, and 57-62 loop are displayed in purple, yellow, and cyan
respectively. Residues forming hydrogen bonds between them are labeled with red letters.
In the 0.5M system (b), residues within the blue circle (G61, D62, S83 and N88) interact
electrostatically which result in a positive correlation between the lid and 57-62 loop in
DCCM (Figure S15). The essence of the present figure can easily be captured from the
change in helicity as well as position of the lid (shown in magenta color) on going from 0.0M
to 2.0M.
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attached to NE2) (for 2.0M) weakens the electrostatic interactions between the lid and
D57-D62 loop (Figure 7 (c) and (d) respectively). Thus, with the increase in IL concentration
from 0.5M to 2.0M, residues 82-88 move away from the 57-62 loop (DCCM plot shows
reasonably good correlation to anticorrelation, on changing IL concentration from 0.5M to
2.0M). These events support the observation of the conversion of the lid (especially residues
86-89) from a 31p-helix (for 0.5M) to an almost a-helix or a random coil (for 1.0M) followed
by a perfect a-helix (for 2.0M) (Figure 7 (b), (c¢) and (d) respectively). Due to the positive
correlation in DCCM between 82-88 and 57-62 regions for the 0.5M system, R84 switches
(Figure 8 and S16) from G266-C268 to D57 zone by forming a hydrogen bond with D57 (just
before the switch, i.e. at around 106 ns, the average distances of R84(CA) from G266(0),
C268(0) and D57(CG) are 9.7, 10.7 and 8.7 A, respectively). In summary, we have observed
that W89 flip induces a change in lid helicity in such a way that R84 gets trapped around
C268, D57-D62, and G266-C268 for 0.0M, 1.0M and 2.0M systems, respectively whereas it
switches over all these regions in only 0.5M system (Figure 8 and S16). In the course of
interfacial activation of TLL, a similar arginine (R84) switch, on going from low activity
(LA) form to activated (A) form of TLL had been demonstrated by Brzozowski et al.?3
through a crystallographic study (Figure 2 top).

In the closed forms of the enzyme, due to the absence of W89 flipping (Figure 6(d)), the
extent of R84 switch is reduced, and it is only observed in the closed_1.0IL system and is
fully absent in the closed_0.5IL system (Figures S6 and S7). From the comparison between
the open and closed system in 1.0M IL concentration, it is observed that instead of coming
closer to the random loop (residues 202-211), the lid goes far from that loop in the closed
lid conformation (Figure S3). As a result, the hydrophobic interactions between the lid and
that loop become least favorable, which may be the cause for R84 switch in the closed_1.0IL

system.
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G266

Arginine Switch

Figure 8: Schematic of arginine (R84) switch through water channel in the open 0.5IL
system. For detailed description directly from simulation trajectories, see Figures S16, S17,

S18 and S19.

5. Arginine (R84) switch through water channel
5.1. Water-structure breaking vs. direct water-protein interactions

The R84 switch is caused not only by the IL concentration dependent flip of W89, but is
also mediated by the water molecules surrounding the enzyme. In general, the addition of IL
in the solvent results in the rupture of the micro-aqueous phase® surrounding the enzyme,
leading to the destabilization of the native fold of the protein.42°0-525455 However, in the
analyses of R, of the overall protein (Figures S8(c) and S10(c)), and of intra-protein as well
as protein-solvent H-bonding (Figures S11(a), S11(b), S12(a) and S12(b)), ILs are found to
additionally stabilize the protein, indicating that the disruption of water network plays only
a minor role. This observation is in line with the experimental outcome that water-structure
plays a secondary role in stabilizing the protein.**% We can now assume two scenarios:
in the first, water molecules surrounding the enzyme in the 0.0M system are reluctant to

interact with the protein surface residues, due to the stronger water-water hydrogen bonding
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than that between water and protein. Secondly, in systems with ILs, few water molecules
in the thin water layer get replaced by cations or anions of ILs. This replacement weakens

the extended hydrogen bonding network in water (secondary factor)**% that makes the direct

©CoO~NOUTA,WNPE

water-protein interactions (primary factor) more probable.
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Figure 9: Radial distribution function (RDF) g(r) for C,-atom (CA) of lid residues (a) as
well as for carbon atom CZ at the terminal group of the side chain of R84 (b) with the
oxygen atom (OW) of water for all four systems containing TLL in open form in the 100-120
ns time window. RDF plots are shown only up to first or second coordination shell of the
corresponding atom whereas the whole RDF' plots are shown in the inset.
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Table 1: Coordination number (CN) of solvent with respect to all lid residues as well as with
respect to R84 obtained from the 100-120 ns time window of MD simulations of TLL in its
open form.®

Solvent CN in first

RDF pair concentration | coordination
(M) shell
0.0 4.2
0.5 8.8
CZ(R84)-OW 10 31
2.0 4.9
0.0 2.1
: 0.5 24
CA(lid)-OW 10 19
2.0 1.3
0.5 0.1
CZ(R84)-C(GLS) 1.0 0.2
2.0 1.8
0.5 0.2
CZ(R84)-O(CHL) 1.0 0.8
2.0 1.9

“Values at 0.5M IL concentration are in bold to show the “optimal” values. CZ: carbon atom at
the terminal group of side chain of R84; CA: a-carbon of all lid residues; OW:oxygen atom of
water; C(GLS): carbonyl carbon atom of glycinate anion; O(CHL): hydroxyl oxygen atom of

cholinium cation. A similar table (Table S3) showing the results for closed systems is provided in

SI.

5.2. Existence of water channel: Arginine switch

To obtain a closer insight into the direct water-protein interactions, we have calculated
the radial distribution functions separately for water, cholinium and glycinate with the lid
residues as well as with R84 (Figures 9 ((a) and (b) respectively) and S20) and also the
corresponding coordination numbers (CN) (Tables 1 and S3). In all the systems, the lid
residues are mainly solvated by water along with a few IL ions (mostly cholinium, due to its

chaotropic nature?:9)

in the first coordination shell. With increasing IL concentration (from
0.5M to 2.0M), more water molecules in the water layer surrounding the protein are replaced
by IL ions, leading to the decrease in water CN of lid residues, including of R84 (Table 1).
However, with the increase of IL concentration from 0.0M to 0.5M, a water channel between
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(C268 zone to D57 zone is formed by the water molecules that are somewhat freed from the
water-structure which is weakened in the presence of IL (Figure S17). Consequently, RS/
in the open form of TLL easily switches back and forth (in the 60 to 110 ns simulation time
window) between the G266-C268 and the D57 zones through the flexible water channel by
making and breaking consecutive hydrogen bonds with the water molecules (Figures 8, S16,
S17 and S18). Thus, this water channel mechanism for the R84 switch is an example of direct
water-protein interaction as a consequence of water-structure weakening in the presence of
IL. However, the back and forth arginine (R84) switch was also observed multiple times
when the trajectory of the open_0.5IL system was extended up to 300 ns (Figure S19 and
“Arginine switch movie” in SI). Due to this switch, the lid residue R84 covers a large
surface area of accessible solvent which leads to higher CN of water with respect to both
lid residues (CA atom) and R84 (CZ atom) in the open_0.5IL system compared to that in
the open_0.0IL system (Table 1). A further increase in IL concentration increases the CN of
less mobile IL ions with respect to R84 by replacing some more mobile water molecules both
from the water channel and G266-C268 and D57-D62 zones (Table 1). The fewer number
of water molecules around R84(CZ) in open_0.0IL and open_2.0IL systems (CNs are 4.2 and
4.9, respectively) preclude the formation of such a water channel which makes R84 switching
forbidding. As a result, R84 becomes locked within particular zones at both 0.0M (C268
zone) and 2.0M IL (G266-C268 zone) concentrations (Figure 8, S16, S17 and S18). However,
in the open_1.0IL system, the CN of water around R84(CZ) is close to that in the open_0.5IL
system (CNs are 8.1 and 8.8 respectively). So, on increasing IL concentration from 0.0M to
1.0M, R84 once switches from C268 to D57-D62 zones (~46 ns simulation time frame), but
due to the formation of incomplete water channel (as CN is slightly lesser than that in 0.5M
system) (see Table 1 and Figure S17), R84 cannot come back to the C268 zone; it becomes
locked to D57-D62 zone (Figures 8, S16, S17 and S18). Thus, in the case of the open form of
TLL, R84 switch is only possible for the system with IL concentration around 0.5M. This is

also consistent with the very high value of RMSF of R84 in the open_0.5IL system (Figure
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3(c)).

In the closed form, on the other hand, the first RDF peaks are of least height at 0.5M
IL concentration (Figure S20). As a consequence, a sudden decrease in the CN of water
with respect to CZ atom of R84 (as well as CA atom of the lid residues) is observed ongoing
from the closed_0.0IL system to the closed_0.5IL one (Table S3). This supports the fact
that R84 is locked to residue C268 in the closed_0.5IL system (Figures S6 and S7). Starting
from the open crystal structure (1IDTE), the lid in open_0.5IL system moves toward closed
conformation, but it does not reach to the closed state, rather it remains in between open
and closed lid conformation (actually more toward open conformation) (Figure S1). So it is
not possible for the lid in closed_0.5IL system to come to the open state. This is also in line

with the R84 orientation (locked to C268) in this system.

5.3. Solvent structure around 0.5M IL concentration

The results presented so far naturally leads to the following question: what makes the IL
concentration around 0.5M so special? Is the solvent structure at IL concentration around
0.5M different from all others? We have examined this aspect on the basis of solvent-solvent
radial distribution functions and results from these are discussed in “Solvent structure
around 0.5M ChGly IL concentration” in SI. From this discussion, it is concluded that
no special solvent structure is seen around 0.5M IL concentration. The speciality of this
optimum concentration does not lie within the solvent structure (which is also a secondary

1293 as mentioned earlier), rather it lies within the primary

factor for protein stabilization
factor, i.e., the direct water-protein interactions, which has been proved, from the analyses

of coordination number, to be the best for IL concentration around 0.5M.

6. Interfacial activation: bridging theory and experiment

Interfacial activation of lipases needs a hydrophobic surface to which the lid hydrophobic

residues can be attached.?0525455.96 Thig hydrophobic surface may either be formed by lipid
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substrate or hydrophobic solvent (surfactant) in their aggregated form.?%5%5455 In the current
study, however, cholinium cations and glycinate anions are seen to exist in monomeric form
(Figures S23 and S24) at all concentrations. Furthermore, the present study does not include
any substrate in the enzyme. Thus, in the present set of simulations, it is very tough for
TLL to be interfacially activated without aid from any hydrophobic surface.

However, the radius of gyration and intra-protein and protein-solvent hydrogen bonding
interactions demonstrate that with the increase in IL concentration, hydrophilic residues
get buried away from the solvent, and the side chains of hydrophobic residues get exposed
to the solvent. These are precisely the signatures of interfacial activation.?® Considering
these aspects, we can conclude that, although both substrate and surfactant are absent in
the present study, the presence of IL can lead to interfacial activation of TLL. Furthermore,
the presence of IL increases the ionic strength of the solvent compared to pure water, which
in turn decreases the critical micellar concentration (CMC) of the lipid substrate (which is
absent in our study, but will be present during catalysis), and hence enhance the rate of
interfacial activation for systems containing IL compared to that in pure water.?” Further
investigations are required to confirm this hypothesis.

Furthermore, all the structural changes observed in TLL in the present study as a function
of IL concentration (Tables S5 and S6) are comparable to the changes which are reported to
happen during interfacial activation of TLL (i.e., the changes occur on going from 1DT3 to
IDT5 to IDTE form of TLL as described by Brzozowski et al.?®) (Figures 1 and 2). This
comparison results in the conclusion that disulfide isomerization and ag-helix formation are
jJust the initiation steps, but arginine (R84) switch (or R84 orientation) plays the most crucial
role toward the interfacial activation of this lipase enzyme (for detail, see “Arginine (R84)
switch: the most crucial step toward interfacial activation” in SI). Thus, considering this
aspect along with the lid conformation, it can be concluded that only for the open_0.5IL
system, the features related to interfacial activation almost match with that of the fully

activated (FA) form of TLL (Table S5). By the same analogy, TLL in closed_0.5IL system is
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similar to the activated (A) form of TLL (Table S6). So, the conversion of TLL from closed
to open form in 0.5M IL concentration can be considered to be similar to the conversion of
A to FA form of TLL in the presence of lipid or surfactant, which is basically the last step
of interfacial activation?® (Figure 1). Based on the mechanism of interfacial activation, our
computational observations thus rationalize the experimental result of 0.5M IL concentration

being the optimal one for enzymatic activity.

7. A promising application in biodiesel production

The catalytic activity of TLL in the hydrolysis of p-nitrophenyl esters has been investigated
earlier.%2 It is to be noted that the same type of substrates (ester or fatty acid) are also used
for transesterification reactions involved in biodiesel production. As the current computational
study does not involve any substrate, our findings can be applied to any ester or fatty acid
substrate. Thus, our theoretical study along with the existing experimental findings can
be useful for biodiesel production as well, wherein TLL is known to be one of the most
popular enzyme.* Furthermore, the use of an optimum concentration of IL with TLL can
not only enhance the biodiesel production rate, but also can avoid enzyme inactivation
by acyl acceptors (generally alcohol solvent).?® The same can yield production rates even
higher than the solvent-free system which was earlier thought to be one of the best possible

environment for biodiesel production against enzyme inactivation by acyl acceptors. %1%

Conclusions

In summary, we have observed that the addition of IL to water makes the open form of the
enzyme compact, but makes the lid region less compact and more flexible. The enhanced
interaction of the two lid proximal hinges (residues 82-85 and 93-96) with the solvent in the
d.22:88

open_0.5IL system, enables rigid body hinge-type facile opening and closing of the li

Furthermore, the active site catalytic triad for this open_0.5IL system is most effective and
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opened up to substrate. The presence of IL at 0.5M concentration with the open form of
TLL helps lid residue W89 to flip into the active site pocket, whereas in the closed form,
it orients itself exactly over the substrate binding position that can contribute to substrate
binding process.?"% The W89 flip from a hydrophobic microenvironment (in pure water, apo
form) into the active site pocket (at 0.5M IL concentration) can be experimentally verified
using tryptophan fluorescence. 1% This W89 flip triggers the arginine (R84) switch which is
related to the well-known interfacial activation of TLL.?* Furthermore, the 0.5M IL solution
is found to be optimal for creating a dynamic water channel between two regions (C268 and
D57) which leads to facile R84 switching between them. In the solution containing 0.5M IL
with the open form of TLL, the enzyme attains a structure that is closest to its fully activated
(FA) form.

Furthermore, the closed form of TLL is most stable in this 0.5M IL concentration only. In
it, the R84 residue is locked with C268, which makes the TLL structure resemble the activated
(A) form. Thus, the closed to open conversion of TLL at only 0.5M IL concentration becomes
similar to the conversion of TLL from the A to FA form which happens in the last step of
interfacial activation of TLL (Figure 1).?3 This makes TLL be catalytically most potent
at 0.5M IL concentration. Thus, almost all of our theoretical observations, correlating the
interfacial activation of TLL, agree with the recent experimental observation%? of catalytic
rate to be optimal at 0.5M IL concentration.

Needless to state, the simulations of the enzyme in aqueous IL solutions have been
performed only at few IL concentrations. Thus, the simulation results, which show 0.5M
IL concentration to be optimal for processes related to interfacial activation, should be
qualified with this caveat. Identifying the exact concentration at which such interfacial
activation processes are robust is beyond the scope of the present study.

Our investigation shows that the presence of IL with an optimum concentration can lead
to the interfacial activation, even in the absence of any substrate or surfactant. Thus, the

enzyme does not have to be activated again to uptake the substrate, which in turn enhances
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the overall catalytic rate.

It has also been found that the SG268-SG22 disulfide isomerization and formation of
an ap-helix in the chain containing residues 23-28 are just the initiation steps, but arginine
(R84) switch is the most important step toward interfacial activation of TLL. Thus, the
present study not only proposes a reasonable molecular mechanism behind this optimum
IL concentration dependent activity of TLL, but also provides a microscopic insight into
interfacial activation mechanism of this enzyme. Moreover, the lid flexibility through water
channel, being the most crucial step of interfacial activation, is general enough to explain
the molecular mechanism behind the optimum solvent concentration dependent enzymatic
activity of not only TLL enzyme, but also all lipases involving interfacial activation. Based
on this generalization of the basic concept, we can search for the best possible combination
of lipase and solvent with optimum solvent concentration which can open up a broad scope
of application of enzymes in protein engineering and catalysis in a diverse area starting from

the food industry to biodiesel production in an eco-friendly manner.
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