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ABSTRACT: Microbial lipases constitute a class of biocatalysts with
the ability to cleave ester linkages of long-chain triglycerides. This
property makes them particularly attractive for industrial applications
ranging from food processing to pharmaceutical preparation. Among
such enzymes, Candida rugosa lipase (CRL) is one of the most
frequently used in biotransformation. A notable feature of CRL, among
many lipases, is its propensity for interfacial activation: these enzymes
exhibit elevated catalytic rates when acting at the interface between
aqueous and hydrophobic phases. Notably, this phenomenon can be
attributed to the presence of a mobile lid domain, which in its closed
state occludes the enzyme active site. To advance our understanding of
interfacial activation, we explore the dynamics of CRL rotation at the
octane—water interface in this work. To do so, we employ molecular
dynamics and umbrella sampling to evaluate the free energy of rotation of the enzyme at the interface. We identify a global minimum
in the rotational landscape that coincides with lid opening at the interface. Additionally, we investigate the role of surface residues
outside the lid domain as they serve to instigate rotation of the lid toward the aqueous phase. In doing so, we identify a patch of
leucine residues which when mutated to glycine impose a barrier to rotation that maintains the enzyme in the inactive (closed lid)
state on the order of 1 ys. Importantly, this study presents a novel quantification of the rotational free energy corresponding to CRL
lid opening at the octane—water interface. The accompanying mutagenesis study likewise clarifies the role of hydrophobic surface
residues in the transition. As such, this work provides valuable insight into the phenomenon of interfacial activation that might open
up new avenues for manipulating the microenvironment of industrially relevant lipases, affording enhanced control over the enzyme
state.
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B INTRODUCTION

Candida rugosa lipase (CRL) is a biocatalyst that has found
widespread use in industrial hydrolytic applications including
polymer synthesis, food processing, biodiesel production, and

(inactive) states of the enzyme. In its active state, the lid
domain of CRL hinges open to expose an L-shaped
hydrophobic intramolecular tunnel containing the active site:
the catalytic triad consisting of residues Ser209, Aspl87,

pharmaceutical preparation.' ™ While the value of CRL as a
biocatalyst derives from its high regio-, chemo-, and
enantioselectivity, industrial applications are limited by the
sensitivity of the enzyme to the solvent environment.” * In
particular, the activity of lipases, as with CRL, is typically
dependent on interfacial activation as it demonstrates marked
activity increase at the oil—water interface.” This can be
understood as a coupling of the water-soluble enzyme and its
water-insoluble substrate, typically triacylglycerol.” In response
to this challenge, several immobilization methods have been
developed to elicit and retain enzyme activation, including
covalent binding, cross-linking, and encapsulation.lo*12 Nota-
bly, these methods can make use of hydrophobic supports to
achieve activity increases akin to interfacial activation.

The phenomenon of interfacial activation has been
elucidated by the discovery of a common structural motif
among lipases: a mobile lid domain. The lid domain, also
referred to as a flap, differentiates the open (active) and closed
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His224, and the oxyanion hole (Gly124 and Ala210)."” In its
inactive state, the helical lid domain occludes the active site,
preventing solvent and substrate access. The lid domain itself is
amphipathic: in its closed state, the hydrophilic side faces the
solvent whereas the hydrophobic side faces the interior of the
protein, including the aromatic and aliphatic residues at the
base of the intramolecular tunnel.>~"> The flap is anchored by
a disulfide bond involving Cys60—Cys97 and a salt bridge
involving Glu95—Arg37.'° The lid domain is identified as
residues 60—97, bookended by the disulfide bridge.
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Figure 1. Simulation Initialization. (a) The equilibrated structure for enzyme CRL in water was extracted and fit to an ellipsoid, defining three
principal axes for the enzyme: x, y, and z. For each of the six initial states of the enzyme at the octane—water interface, each principal axis was
oriented orthogonal to the interface dimension (y) and either pointing in the direction of the octane phase (up) or the water phase (down).
Structure X-up orients the lid domain (orange) such that it is entirely solvated by the aqueous phase; structure X-down, entirely by the octane
phase. The remaining structures orient the lid at the interface. (b) An internal vector is defined to facilitate calculation of the enzyme orientation
relative to the interface. Specifically, the centers of mass of three bundles of a-helices are used to establish a stable plane within the enzyme. The
normal to this plane is used to calculate the angle to the interfacial dimension (y), referred to as ¢.

Not simply a matter of rigid rotation, transition between
states is accompanied by rearrangement of the flap secondary
structure and isomerization of the Pro92 peptide bond.'®
Additionally, hydrophobic patches in the vicinity of the lid
domain (e.g., residues 439—459) are known to play a role in lid
opening.'® In comparing lid closed and open crystal structures,
the same hydrophobic patch transitions from intramolecular
hydrophobic interactions with the lid domain (closed) to
intermolecular hydrophobic interactions (open) with the same
lid residues of the symmetry-related molecule, hinting at the
role of the hydrophobic layer in stabilizing the lid open state.'®
To clarify the role of hydrophobic surface patches on CRL, in
this work we dive deeper into the association of hydrophobic
residues with the oil—water interface and highlight their
importance for aligning the lid with the interface prior to
opening.

When produced by nonsporogenic yeast, C. rugosa, enzyme
CRL is typically harvested as a mixture of isozymes, each
exhibiting unique catalytic properties.'” This study focuses on
the CRLI isoform as it the most widely used isozyme, has been
structurally characterized in both its open and closed states via
X-ray crystallography,>'® and is known to exhibit interfacial
activation.” Importantly, the activation of CRL1 has been
demonstrated to be the rate-limiting step in catalysis where
only the existence of a highly hydrophobic interface was able to
shift the equilibrium toward the open conformation of the
lipase."®

Within this context, myriad experimental and computational
studies have sought to explore the phenomenon of interfacial
activation under varying solvent, pH, temperature, and support
conditions.””'? Immobilization protocols have been explored
to impart varying degrees of enzyme rigidity and manipulate
the microenvironment so as to shift equilibrium dynamics
toward the open state.'”'>?°™** Beyond immobilization
methods, the activity and selectivity of lipase CRL has been
explored via mutagenesis. Previous structure—function rela-
tionships have largely consisted of either swapping regions of
isoforms to create chimeric lipases or site-directed mutagenesis
studies, with specific emphasis on residues within the lid
domain and hydrophobic tunnel.”>™** These experimental
studies have likewise been joined by molecular dynamics

studies of lipases concerning the effect of mutations on
interfacial activation.”” ™

Whereas previous computational approaches have empha-
sized the role of lid domain and active site residues as
determinants of substrate specificity and enzyme activity, this
work explores the impact of residues outside the lid domain on
preferential adoption of the lid open state. More specifically,
we probe the role of leucine residues which constitute a
hydrophobic patch vicinal to the lid domain through site-
directed mutagenesis of select residues to glycine. Classical
simulations and umbrella sampling (US) are employed to
explore and define the rotational free energy landscape for
native and mutant enzymes acting at the octane—water
interface. In the absence of 6 hydrophobic leucine residues,
we demonstrate a barrier to rotation that precludes lid opening
on the time scale of 1 ys. In this way, we demonstrate how
mutagenesis disrupts hydrophobic regions of the enzyme
surface that in the native state serve to facilitate rotation of the
lid toward the oil phase. This work serves to demonstrate the
holistic effect of hydrophobic surface patches outside and
within the lid domain which work in series to accomplish
enzyme rotation and lid opening at the oil—water interface. To
our knowledge, this is the first study to explore the impact of
hydrophobic residues neighboring the lid domain on the
rotational dynamics and subsequent conformational dynamics
of the lid.

B THEORETICAL METHODS

Classical MD Imulations. All molecular dynamics simulations
were performed using the PMEMD engine of Amber 20°**® with full
periodic boundary conditions. The necessary force field parameters
for protein, water, octane, and ions were obtained from FF19SB,*¢
OPC3 water model,”’ general amber force field (gaff),38 and Li-Merz
6—12 OPC3 ion parameters,” respectively. Octane molecules were
parametrized with the gaff, with partial charges computed via the
residual electrostatic potential40 fitting method in antechamber, usin
the Hartree—Fock level with the 6-31G* basis set in Gaussian 16.*
The SHAKE™" algorithm was applied to constrain bonds involving
hydrogen atoms while the SETTLE* algorithm was applied to
constrain water molecules. In addition, hydrogen mass repartition-
ing"* was employed with a mass increase to 3.024 Da per hydrogen
atom, affording the use of a 4 fs time step for all simulations. A cutoff
distance of 8 A was chosen for evaluation of nonbonded interactions
including electrostatic and van der Waals forces. Long range
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Figure 2. Simulation predictions of CRL orientation at the octane—water interface. (a) The time series data monitors the value of ¢ (CV defining
enzyme orientation relative to the interface). Each distinct initial orientation is differentiated by color. Data is plotted every S ns for clarity.
Additional trials beginning from the X-up state (orange) are differentiated by marker shape. All trials show rotation toward ¢ & 0.4 rad within 350
ns, apart from X-up trial 2. Probability density plots are shown to highlight regions of stability. All data within the first 350 ns of simulation was fit
to a sum of four Gaussians, resulting in 4 mean values representing the centers of each distribution that are marked by dotted lines and text.
Structures corresponding to semistable states at ¢ & 2.2 rad (b) and ¢ &~ 0.4 rad (c) are shown along with octane (blue) and water (red) molecules
within 1 nm of the interface. The lid domain is contrasted in orange with the rest of the protein in white.

interactions were computed according to the particle mesh Ewald
summation method.*®

All classical simulations followed the same minimization and
equilibration protocol as follows. An initial energy minimization was
performed for all systems consisting of a short steepest descent energy
minimization followed by a maximum of 2500 steps of conjugate
gradient minimization. Next, the temperature was increased in stages
up to 300 K over S00 ps using the Bussi thermostat™® (a stochastic
version of the Berendsen thermostat, 7 = 1) in the NVT ensemble.
The system was pressurized to 1 atm at 300 K for 1 ns using the
Berendsen barostat’” (7 = 1) and Bussi thermostat in the NPT
ensemble. To capture fluctuations more accurately in the NPT
ensemble, the Monte Carlo barostat®® (a stochastic version of the
Berendsen barostat) was used to control pressure in all production
runs.

Initial structures for CRL in the closed (pdb: 1TRH)'® and open
(pdb: 1CRL)"® lid states were obtained from the Protein Data Bank.
All simulations originate from the closed lid structure with the open
lid structure used solely as a reference state for analysis. The online
MD preparation software H++" was used to predict the protonation
state of ionizable groups of CRL at pH 6.5, yielding a net charge of
—11. All systems were neutralized with sodium ions. Two disulfide
bonds were defined between cystine residues 60 and 97 and residues
268 and 277. Prior to constructing the oil—water interface, CRL was
initially equilibrated in water according to the protocol outlined
above.

System Initialization. After initial equilibration, the enzyme was
extracted, and software visual molecular dynamics®® was used to align
the three principal axes of the enzyme to the x, y, and z directions.
Next, initial configurations for the enzyme-interface systems were
assembled using PACKMOL,”! consisting of CRL, 1376 octane
molecules, 20,832 water molecules, and 11 sodium ions in a 9 X 13.5
X 9 nm box. The orientation of the enzyme was systematically
adjusted to sample rotation at the interface from varying initial states:
in each configuration, the enzyme was centered at the oil—water
interface with one of the 3 principal axes oriented orthogonal to the
interface and pointing toward either the octane or water phases. This
resulted in 6 unique configurations, hereafter referred to as X-up, X-
down, Y-up, Y-down, Z-up, and Z-down. The starting orientations are
shown in Figure 1 panel A with the lid domain highlighted in orange.
Classical simulations were run for a total of 350 ns unless otherwise
indicated. Two additional trials for the X-up configuration were run

based on the complex rotational landscape demonstrated by the initial
trial.

To monitor the enzyme’s orientation relative to the interface, we
constructed a collective variable (CV) based on the relative positions
of three helical bundles of a-helices within the enzyme. The center of
mass of each helical bundle was used to construct a plane internal to
the protein, lying below the lid domain. The protein orientation was
then defined as the normal to the internal plane. We define ¢, the
angle of the enzyme relative to the interface, as the angle between the
protein vector and the interface normal, pointing in the direction of
the octane phase (i.e., the y-unit vector) (Figure 1).

Based on subsequent analyses of relevant surface amino acids, 6
leucine residues were mutated to glycine to eliminate hydrophobic
interactions between the side chains and the octane phase. Residues
were directly mutated in the text of the pdb, retaining only backbone
atoms. Then the structure of the mutated side chains was completed
by Amber’s tleap module. The stability of the enzyme backbone
following mutation was verified for all trials of unbiased mutant
simulations (Figure S14).

Umbrella Sampling. Two sets of US simulations were performed
to evaluate the free energy of rotation for CRL at the oil—water
interface subject to lid domain rearrangement and surface residue
mutation. In both cases, a set of 79 windows were equally distributed
every 0.035 rad (2°) between ¢ = 0.35 and ¢ = 2.97 rad (¢ = 20° and
¢ = 170°) to the interface. For the native protein, initial
configurations for each window were selected from unbiased trials
of X-up. For the mutant protein, unbiased frames spanning the
reaction coordinate were obtained following steering, as addressed in
the next section. US simulations were conducted with the Amber 20

MD engine patched to the PLUMED library (version 2.7.3)%*7* for
keal

mol-rad

restraint handling. A harmonic angle restraint of 5000 was

applied for initial runs of 15 ns for all windows. For the last 10 ns of
simulation (reserving S ns for equilibration) the number of lid
residues in contact with the octane phase (within 4 A) was evaluated.
Based on the results of the calculation, the windows were split into
two categories: interfacial (the lid domain is in contact with octane)
or aqueous (the lid domain is not in contact with octane). To
minimize computational expense and with consideration of the
additional time required for lid domain rearrangement at the interface,
the equilibration time for the two categories of windows was extended
nonuniformly: aqueous windows were extended up to 25 ns of
equilibration whereas interfacial windows were extended up to 40 ns
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Figure 3. Interfacial activation is preceded by enzyme rotation at the interface. (a) Representative open lid structure of enzyme CRL is shown for
trial X-up T1 at 350 ns. The lid domain is highlighted in orange and compared to the crystal structure open lid state (gray) and the crystal structure
closed lid state (black). All nonlid atoms for the three enzyme structures were aligned to minimize a-carbons RMSD. (b) ASASA is measured
relative to the start frame and grouped by amino acid residue name. Residues are sorted according to theoretical hydropathy index® and colored
from least hydrophobic (blue) to most hydrophobic (red). (c) Lid domain a-carbon RMSD is calculated relative to the open (light) and closed
(dark) crystal structures. The point at which the protein adopts a value of ¢ < 0.4 rad is marked by a dotted black line.

of equilibration. All production frames included 10 ns of simulation
time. The effect of varying equilibration time is shown in Figure S12
and demonstrates convergence in the aqueous windows at 15 ns of
equilibration and in the interfacial windows at 30 ns of equilibration.
The free energy surface was constructed by reweighting the observed
configurations according to the weighted histogram analysis
method.> Error analysis was performed via Monte Carlo boot-
strapping.

Steered MD Simulations. Given the lack of rotation beyond ¢ =
2 rad in unbiased simulations of mutant enzymes, we chose to steer

CRL between angles 2.1 and 1.3 rad with a restraint of 5000 keal

mol-rad

and at a pulling rate of 0.018 %. The stability of the enzyme during
steering was verified (Figure S17). Structures along the steering
trajectory were extracted and used as initial frames for unbiased
simulations and run for 100 ns. These trials either demonstrated
rotation back to ¢ &~ 2 rad or continued rotation to ¢ &~ 0.4 rad, as
was observed in the native enzyme simulations, depending on the
initial angle from steering at which the run was initialized. In turn, the
resulting unbiased frames that spanned the reaction coordinate (¢ =
0.35 to ¢p = 2.97 rad) were used as initial frames for US (Figure S17).

Simulation Analysis. Trajectories were analyzed using a
combination of Amber 20 CPPTRAJ module,>* PLUMED library
(version 2.7.3), MDAnalysis python library,"**” and MDTraj python
library.>® All molecular visualizations were generated using Pymol.”’

B RESULTS AND DISCUSSION

Native CRL Exhibits Consistent Rotation Toward the
Oil-Water Interface Accompanied by Lid Opening. We
initially sought to evaluate the tendency for CRL to rotate at
the oil—water interface beginning from a diversity of initial
states (X-up, X-down, Y-up, Y-down, Z-up, and Z-down). The
starting orientation of the enzyme relative to the interface is
highlighted in Figure 1. Notably, the lid domain begins
immersed in the octane phase in the X-down state, immersed
in aqueous phase in the X-up state, and contacting both phases
for all other initial states. Figure 2 demonstrates the orientation
of the enzyme, as defined by the enzyme-interface vector (¢),
over the course of 350 ns of simulation per trial. A root mean

18265

squared deviation (RMSD) for all a-carbons contained within
the helical domains of the CV was evaluated for all trials.
Results in Figure S1 demonstrate insignificant rearrangement,
validating the stability of the CV during enzyme rotation and
lid domain opening. In response to the complex rotational
landscape exhibited by the X-up configuration, we elected to
run two additional trials starting from the same initial state (X-
up T2 and X-up T3). All trials show rotation to a final angle of
¢ = 0.4 rad [X-up T2 shows rotation to ¢ ~ 0.4 rad after
approximately 800 ns (Figure SS)]. Likewise, all trials
demonstrate rapid rotation in the range of ¢ = 1.9 to ¢ =
0.4 rad, alluding to a steep decline in the rotational free energy
landscape. The probability density in Figure 2 is used to track
trends across trials, demonstrating multiple semistable states in
the range of ¢ = 1.9 to ¢ = 2.6 rad, as sampled by the three X-
up trials. The persistence of X-up trial 2 around ¢ = 2.6 rad for
250 ns and around ¢ = 2.2 rad for the following 550 ns
indicates the presence of multiple semistable states along the
rotational pathway. To identify these states, the phi data for all
runs was fit to a sum of four Gaussians, yielding a function with
mean values of ¢ = 0.4, 1.9, 2.2, 2.6 rad, highlighted in Figure 2
by the dashed lines (Figure S6). Panel B and C of Figure 2
feature representative structure for states at ¢p = 2.2 and ¢ =
0.4 rad, respectively. At ¢ = 0.4 rad, the lid is aligned with the
interface, adopting an open conformation which exposes the
hydrophobic underside to the octane phase and affords access
to the active site (Figure S7). At ¢ = 2.2 rad, as with all states
above ¢ = 1.5 radians, the lid domain remains submerged in
the aqueous phase and maintains a closed state, occluding the
active site.

To evaluate lid domain rearrangement in the context of
rotation, we measured the RMSD for all lid domain a-carbons
(residues 60—97) relative to both the closed and open lid
crystal structures over the course of the same 350 ns (Figure 3
panel C). As such, lid opening is interpreted as increasing
RMSD relative to the closed state alongside decreasing RMSD
relative to the open state. Since all trails are initialized in a
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closed lid state, the RMSD relative to the closed lid crystal
structure begins near zero and increases in accordance with lid
opening. Panel A of Figure 3 shows an example open
configuration for X-up at 350 ns in comparison to the closed
(black) and open (gray) lid crystal structures. The
accompanying accessibility of the active site is highlighted in
Figure S7. For ease of comparison to enzyme orientation, the
point in time when the protein adopts an angle ¢ < 0.4 rad is
marked by a dotted line in each plot. In the case of X-down,
the lid is facing into the octane phase in the initial state with an
angle less than 0.4 rad, therefore the dotted line is marked at 0
ns and lid opening proceeds immediately.

In all cases, lid domain opening begins prior to the cessation
of rotation. That is to say that the final orientation of the
enzyme is, itself, a function of the lid state. Furthermore, the
extent of lid opening is found to be nonuniform between trials.
Values for RMSD are expected to vary on account of the
flexibility of the lid and are therefore not used as a threshold
for lid opening. Rather, the accessibility of the active site is
evaluated through a combination of lid domain RMSD and
visualization (Figure S7).

All trials, excluding Y-up, exhibit a crossover event in RMSD
values: at this point, the lid more closely aligns with the open
state as compared to the closed state. Interestingly, Y-up
exhibits an alternate mode of lid opening where the lid domain
folds onto itself and persists to 1 us (Figures S3 and S7).
Rather than the hydrophilic side of the flap folding back to
interact with the nonlid residues on the protein surface, the lid
folds onto itself. To evaluate the alternate modes of lid opening
observed, we quantified per residue RMSD of lid domain alpha
carbons (Figure S8). To note, the lid domain residues in the
range of 80—90 for trial Y-up remain affixed to the protein
core, differing from the other trials. These findings prompt
further investigation into the alternate modalities of lid
opening with consideration of the approach angle to the
interface.

While lid opening prompts a loss of common secondary
structure relative to the initial closed state, the specific
secondary structure of the open state crystallographic reference
is not adopted within the simulation time. This indicates that
adopting the open state configuration may proceed via a
concerted process consisting of lid hinging and structural
rearrangement, the latter of which likely requires time scales
beyond the scope of classical simulation. As the mechanistic
basis of lid domain rearrangement is not presently well
understood, additional studies would be required to evaluate
the energetics of this rearrangement and the role of the
interface. Furthermore, there is an implicit presumption that
the open and closed crystal structures represent opposite ends
of the interfacial activation pathway. To note, the experimental
conditions of the open structure crystallographic study did not
include the presence of an oil—water interface. Without proof
of this presumption, the diversity of states accessible to the
enzyme at the oil—water interface is not necessarily restricted
to the conformer preferentially adopted in the crystal form.
Within this context, we choose to focus on the accessibility of
the active site as evidence of lid domain opening and the
stability of the open structure is borne out by the persistence of
the lid open state.

The X-up trials are a standout case in which the lid domain
is initially submerged in the aqueous phase. It is important to
note that in all trials of this candidate initial orientation, the lid
domain exhibits negligible rearrangement prior to contacting

the octane phase. This finding is in line with previous studies
demonstrating reduced activity in the absence of nonpolar
solvent.” Importantly, it indicates an initial driving force for
rotation outside of the lid domain. It is this effect that we seek
to explore in this work.

To gain insight into the driving force behind enzyme
rotation and subsequent lid opening, we measured the change
in solvent accessible area (SASA) for all residues in contact
with the octane phase (within 4 A) referenced to the first
frame. Results for all trials are shown in Figure S9 and an
example for X-up trial 1 is shown in panel B of Figure 3.
Results are organized by residue type and colored (blue to red)
by increasing theoretical hydrophobicity.®” All trials exhibit an
initial increase in total SASA in the first few nanoseconds of
simulation due to side chain reorientation at the oil—water
interface, having initially been equilibrated in pure water. The
next significant change in SASA occurs at the point of lid
opening and is largely attributable to Val, Leu, and Phe
residues. These results suggest that lid open state is stabilized
by the hydrophobic effect, mediated between the octane phase
and hydrophobic residues initially on the underside of the lid.
The preponderance of aliphatic and aromatic residues has
previously been shown to be integral for the recognition and
binding of hydrophobic substrates.” Transition to the open
form results in an increase of the total hydrophobic surface by
approximately 1300 A? for residues in contact with octane.
These results demonstrate an increase in overall surface area
with interfacial activation, consistent with previous studies that
have measured an increase in hydrophobic surface area of 1300
A? upon lid opening."

Collectively, the results of unbiased simulations suggest a
global minimum in free energy along the rotational landscape
that occurs at an angle of approximately 0.4 rad and coincides
with a transition in the lid domain from the closed to the open
state. While exposure of the hydrophobic underside of the lid
to the octane phase provides a driving force for lid opening,
enzyme rotation proceeds lid domain rearrangement and as
such is mediated by residues outside of the lid domain. These
unbiased studies serve to validate the occurrence of interfacial
activation at the octane—water interface and provide a basis for
which to compare subsequent mutagenesis studies.

Umbrella Sampling Yields Free Energy Demonstrat-
ing Quasi-Barrier Less Rotation and Global Minima
following Interfacial Activation. Based on the results of
unbiased simulations, a campaign of US simulations was
performed to evaluate the free energy of rotation for enzyme
CRL about the oil—water interface. In each window, the

keal
mol-rad
¢ to the interface while allowing for free rotation within the
plane of the interface. After an initial 15 ns of simulations for
all 79 frames (the first S ns left to equilibration), the number of
contacts between octane molecules and lid domain residues
(60—97) was evaluated to determine the location of the lid
relative to the interface. Windows containing any residue in
contact with the octane phase (i.e,, <4 A for >10% of frames)
were classified as interfacial, all else were classified as aqueous.
The cutoff was found to occur at approximately 1.6 rad. To
conserve computation resources, longer equilibration was
afforded to interfacial windows with the understanding that
lid domain rearrangement at the interface would be the most
significant constraint on convergence. As anticipated, aqueous
phase windows demonstrated convergence in free energy after

enzyme was restrained (kappa = 5000 ) at a set value of
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Figure 4. Interfacial activation is accompanied by increasing prevalence of octane—leucine contacts. (a) The free energy of rotation (orange) for
enzyme CRL at the oil—water interface was evaluated over a range ¢ = 0.35 to ¢ = 2.97 rad. Minima predicted from unbiased simulations are
marked by dotted lines at ¢p = 0.4, 1.9, 2.2, 2.6 rad. Two regions of the simulation, interface, and aqueous, are differentiated by the shaded and
nonshaded regions, respectively. Interfacial windows exhibit contact (within 4 A) between the lid domain and the octane phase and in turn
demonstrate interfacial activation and lid domain rearrangement. In response, windows within the aqueous region were equilibrated for 25 ns; the
interfacial phase, for 40 ns. The average number of enzyme Leu residues in contact with the octane phase are evaluated for each window and
highlighted in pink (within 4 A for >10% of window frames). Contacts for all other residues are included in Figure $10. Octane occupancy (fraction
of frames per window within 4 A of octane) are shown (b) for 6 leucine residues: L460, L465, L485, L486, L508, and L510, and demonstrate
contact with the octane phase prior to the lid domain—indicated by the gray shaded region. These six residues are mutated to glycine for
subsequent analyses. For clarity, the locations of select residues are differentiated on the enzyme surface (c), including the lid domain (orange),

nonmutated leucine residues (pink), and mutated leucine residues (blue).

1S ns of equilibration, whereas interfacial windows demon-
strated convergence after 30 ns (Figure S12). All production
frames consisted of 10 ns of sampling per window. For each
period of equilibration evaluated we likewise monitored the
average lid domain RMSD (referenced to the lid close state).
As such, the depression in free energy around ¢ ~ 0.4 rad with
progressive equilibration is shown to be a result of lid domain
rearrangement and resulting exposure of hydrophobic residues
to the octane phase (Figure S9). For the interfacial category of
windows, extending the equilibration from S to 40 ns resulted
in a decrease in free energy of approximately 100 kcal/mol,
unambiguously a result of lid opening (Figure S12).

Final durations of equilibration were 25 and 40 ns for
aqueous and interfacial frames, respectively. The resulting free
energy surface is shown in Figure 4. Predictions of stable states
along the rotational pathway based on unbiased simulations (¢
= 0.4, 1.9, 2.2, 2.6 rad) are emphasized by dotted lines. The
hypothesized semistable states are confirmed by three shallow
local minima in the anticipated range of phi values and a
significantly favorable global minima at approximately ¢ ~ 0.4
rad. As expected, the transition to lower values of phi is
essentially barrier-less as the maximum hurdle along the
pathway is on the order of 2 kcal/mol. The =340 kcal/mol
drop in free energy beyond 1.9 radians explains the rapid
rotation observed during unbiased runs.

Hydrophobic Interactions Mediate Enzyme Rotation
Prior to Lid Opening. To probe the driving force behind
enzyme rotation and lid domain rearrangement at the interface,
we evaluated the nature and number of contacts between the
enzyme and the octane phase throughout the course of biased
rotation. More specifically, we measured the average number of
contacts (<4 A) between octane molecules and CRL residues
per residue type in each window (Figure S10). Again, residues
are arranged and colored according to the hydropathy index
for ease of distinction between hydrophilic and hydrophobic
side chains. The most significant change in the number of
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octane-residue contacts with rotation is observed for leucine
residues: from ¢ = 2.6 to ¢ = 0.4 rad the number of leucine
residues in contact with the octane phase increases from
approximately 8 to 28 residues. Leucine contacts for each
window are overlaid with free energy in Figure 4 panel A. This
is consistent with results from unbiased simulation (Figure
$10). It is important to note that while the number of octane—
leucine residues increases by approximately 10 residues
following lid opening (¢ > 1.6 rad), the initial increase by
10 residue contacts occurs during the transition between
semistable states in the range of ¢ = 1.9 and ¢ = 2.6 rad.
Within this range of rotation, the lid domain remains
submerged in the aqueous phase. Therefore, we hypothesize
that these leucine residues facilitate the necessary enzyme
rotation to orient the lid at the interface for opening. Thus, lid
opening and the subsequent stabilization of the enzyme at the
oil—water interface is shown to be mediated by hydrophobic
residues on the underside of the lid; however, additional
hydrophobic residues are implicated in enzyme rotation prior
to lid opening.

While leucine is not the only hydrophobic residue with
increasing octane phase contact upon rotation, its effect is most
pronounced and as such the residue type was chosen as the
focus of this study. To evaluate the impact of leucine residues
on the rotational landscape, select leucine residues were
mutated to glycine, eliminating the hydrophobic interactions
between their side chains and the octane phase. Only leucine
residues that are solvent exposed in the closed state (>0.5 nm?)
and exhibit no lid contact (>4 A) were considered for
mutation. Additionally, candidates for mutation were required
to contact the octane phase prior to any lid residues, ensuring
that their role in rotation is independent of the lid state. As
demonstrated in Figure 4, these criteria were met by 6 leucine
residues: 1460, 1465, 1485, 1486, L508, and L510. Their
location relative to the lid domain is emphasized in panel C of
Figure 4 with blue coloring. In the same figure, the location of
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Figure S. The rotational landscape for native versus mutant CRL. (a) The free energy of rotation for native (orange) and mutant (blue) CRL are
compared. A barrier to rotation of approximately 23 kcal/mol is shown for traversal of the mutant enzyme to lower values of ¢, including the global
minimum at ¢ & 0.4 rad. While the global minimum in free energy is conserved between the native and mutant enzymes, the native enzyme
demonstrates a greater delta between its highest and lowest energy states of approximately 80 kcal/mol compared to the mutant enzyme over the
same range of ¢ values. Two angles relative to the interface, pose A (0.4 rad) and pose B (2.2 rad), are emphasized by shading. The corresponding
per residue ASASA are displayed in panel B with values at pose B subtracted from those at pose A. Results for the native protein are shown in
orange and the mutant in blue. Residue names are sorted according to increasing theoretical hydrophobicity to highlight the trend in residue-octane
contacts: at the lesser angle to the interface (pose A and following interfacial activation) there is greater contact area between octane and
hydrophobic residues and lesser contact area between octane and hydrophilic residues.

the lid is differentiated in orange and all other leucine residues
in pink. Several leucine surface residues are found at the tip of
the lid (near residues 70—80) where initial lid opening is
consistently exhibited (Figure S8). Additionally, the blue-
shaded leucine residues constitute a hydrophobic patch on the
enzyme surface that connects two sides of the enzyme, one
containing the lid domain and the other not. Visually, it
appears to function as a hydrophobic bridge for rotation
toward the global minimum state. We explore the role of this
cluster in promoting enzyme rotation via mutagenesis.
Mutant CRL Does Not Exhibit Interfacial Activation
on the Order of 1 pus. Following the same protocol for
initialization, equilibration, and production as with the native
enzyme, three trials of mutant enzymes were run for three
distinct random packings of the enzyme initialized in the X-up
configuration. To note, in this configuration the lid is initially
submerged in the aqueous phase. Based on the observation
from native simulations that the limiting step of interfacial
activation was rotation and alignment of the lid domain with
the interface, only the X-up starting configuration was
evaluated for mutant runs. Likewise, frames spanning the
range of ¢ = 0.35 to ¢ = 2.97 rad were sought for consistency
with native protein US. Enzyme stability following mutation
was confirmed through negligible nonlid a-carbons RMSD
over the course of simulation (Figure S14). After extending all
3 trials to 1 ps, none of the runs showed rotation beyond ¢ =
2.2 radians (Figure S15). While this indicates an imposed
barrier to rotation, it precludes access to frames at lower values
of ¢ required for US. Therefore, steering was performed to pull
the enzyme between 2.1 and 1.3 radians. Next, frames were
selected from the steered trajectory to be used as starting states
for unbiased runs. Resulting orientations are showcased in
Figure S17. While trajectories beginning from ¢ = 1.7, 1.8
demonstrate return to ¢ ~ 2.2 radians, those beginning from ¢
= 1.6, 1.65 exhibit continued rotation to ¢ =~ 0.4 radians. Based

on this finding, the barrier introduced through mutation is
anticipated to appear in the range of 1.6—1.7 radians.

Mutation to LEU Residues Outside of the Lid Domain
Imposes a Barrier to Rotation. Figure 5 panel A compares
the free energy surfaces as a function of phi for both the native
and mutant enzymes. Plots are aligned to the highest energy
value, occurring at ¢ & 2.9 rad (170°). Two local minima of
the mutant rotation occur at ¢p & 2.3, 2.6 radians, consistent
with sampling observed in classical simulations. Whereas the
native protein experiences an essentially barrier-less rotation,
the mutant enzyme must surmount a 23 kcal/mol barrier at
approximately 1.6 radians to rotate from the global maximum
to the global minimum. This explains the lack of rotation in
mutant classical simulations out to 1 us. Viewing the mutated
residues (highlighted in blue in Figure 4 panel B), we observe
that they lie directly on the rotational pathway between local
and global minima, serving as a hydrophobic bridge between
the states. Therefore, it is posited that these residues, despite
being located outside of the lid domain and active site, play an
important role in aligning the enzyme for activity at oil—water
interfaces.

Despite introducing a barrier to rotation, mutation does not
alter the location of the lowest free energy state, consistently
observed at ¢ & 0.4 radians. However, the difference in energy
between the highest (¢ ~ 2.9) and lowest (¢ ~ 0.4) energy
states differ between the two rounds of US. This can be
explained by the difference in contacts between the octane
phase and the enzyme at the lowest energy state following
mutation. Namely, six interactions between octane and the
hydrophobic side chains of leucine are eliminated in the
mutant enzyme. To evaluate this effect, a set of US simulations
were run where capped (ACE, NME) amino acids of either
leucine or glycine were pulled through an octane—water
interface. Next, the AAG for the transition from water to
octane between leucine and glycine was estimated to be
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approximately 19 kcal/mol (Figure S21). For six residues
mutated, this places a maximum estimate for AAG on the
order of 114 kcal/mol. Considering the corresponding amino
acids in the whole enzyme simulations are solvent exposed to a
lesser degree, it is expected that the measured value of AAG
would be less than the 114 kcal/mol estimate. As such, the
actual measured value of 80 kcal/mol is in line with
expectation.

To explain the significant decline in free energy with
rotation, we compared two poses at ¢) ~ 0.4 rad (Pose A) and
¢ =~ 2.2 rad (Pose B). The average solvent accessible surface of
amino acids in contact with the octane phase was evaluated for
both poses. Resulting values for Pose B were subtracted from
Pose A, highlighting the interactions introduced and
eliminated following rotation and lid domain opening (Figure
S Panel B). Once again, amino acids are sorted according to
the hydropathy index for visualization. For the native and
mutant enzymes, there is a loss of contacts between octane and
the most hydrophilic amino acids (Arg, Lys, Asp) and an
increase in contacts between octane and the most hydrophobic
amino acids (Ile, Leu, Val, Phe). These changes explain the
difference in free energy and provide a driving force for lid
opening and rotation. As expected, the extent of octane-leucine
contact is decreased between the native and mutant enzymes.

B CONCLUSION

Here, we have evaluated the solvent interactions and energetics
of interfacial activation for enzyme CRL at the octane—water
interface. In particular, we demonstrated consistent lid opening
beginning from a diversity of initial orientations. Through
classical and biased molecular dynamics simulations we
evaluated the rotational free energy for CRL at the octane—
water interface, and in doing so presented a clear driving force
for interfacial activation. Importantly, the global minima in
rotation was shown to coincide with lid opening and alignment
at the interface. Through careful analysis of octane—amino acid
interactions, we showed the lid open state of the enzyme to be
stabilized by hydrophobic residues on the underside of the lid.
Moreover, we identified a cluster of leucine residues which
demonstrate interaction with the octane phase prior to lid
opening and when mutated to glycine, impose a barrier to
rotation that maintains the enzyme in the inactive, closed lid
state, out to 1 us. This is not to present the selected mutated
residues as exhaustive of the hydrophobic residues that play a
role in the rotational dynamics of the enzyme. Rather, the
mutations at these residues are merely sufficient to impose a
barrier to rotation. This finding presents a novel interpretation
of interfacial activation as a holistic phenomenon, dependent
on residues both within and outside the lid domain. As such,
this work provides valuable insight into both the energetics and
dynamics of interfacial activation for enzyme CRL.

Future avenues for research include replicating the computa-
tional mutation experiment with a benchtop analog to verify
the conclusions of the work. Additionally, the current study
could be replicated with alternative mutations, such as serine in
place of glycine, to gauge the effect of induced hydrophilic
interactions on the rotational landscape. Whereas previous
mutagenesis studies have placed specific emphasis on residues
within the lid domain and hydrophobic tunnel, this study
highlights the key role of residues outside the lid domain in
achieving alignment of the lid with the interface. Therefore, it
holds important implications for enhanced control over the
enzyme state. Given the ubiquitous nature of lid domains

among lipases, there are abundant opportunities for continued
exploration into the holistic effects of enzyme surface residues
on rotation at oil—water interfaces.
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