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ABSTRACT The functional properties of some biological ion channels and membrane transport proteins are proposed to
exploit anion-hydrophobic interactions. Here, we investigate a chloride-pumping rhodopsin as an example of a membrane pro-
tein known to contain a defined anion binding site composed predominantly of hydrophobic residues. Using molecular dynamics
simulations, we explore CI” binding to this hydrophobic site and compare the dynamics arising when electronic polarization is
neglected (CHARMM36 [c36] fixed-charge force field), included implicitly (via the prosECCo force field), or included explicitly
(through the polarizable force field, AMOEBA). Free energy landscapes of CI~ moving out of the binding site and into bulk
solution demonstrate that the inclusion of polarization results in stronger ion binding and a second metastable binding site in
chloride-pumping rhodopsin. Simulations focused on this hydrophobic binding site also indicate longer binding durations and
closer ion proximity when polarization is included. Furthermore, simulations reveal that CI” within this binding site interacts
with an adjacent loop to facilitate rebinding events that are not observed when polarization is neglected. These results demon-
strate how the inclusion of polarization can influence the behavior of anions within protein binding sites and can yield results
comparable with more accurate and computationally demanding methods.

SIGNIFICANCE Directly visualizing the behavior of water and ions within channels remains a challenge. Nonetheless,
we can simulate it using the laws of physics. Current methods based on classical (Newtonian) mechanics are
computationally efficient compared with more advanced methods; however, due to approximations, they may not
accurately capture these complex and dynamic interactions. Here, we use the prosECCo force field that offers an improved
electronic description while maintaining computational efficiency. We show that including polarization greatly influences
the binding dynamics of anions to a protein binding site. This has implications for our understanding of permeation in anion-
selective ion channels.

INTRODUCTION of disease states (channelopathies) (5) and many represent
attractive therapeutic targets. However, several aspects of
how anions interact with these proteins remain poorly
understood.

Many studies suggest that C1” can form favorable interac-
tions with a variety of hydrophobic interfaces, from simple
aqueous/air interfaces (6) to more complex interfaces with
proteins (7). In these circumstances, C1~ exhibits preferential
adsorption to the interfacial layer where an electrolyte solu-
tion and hydrophobic medium meet. At such an interface,
CI” becomes polarized due to the anisotropy of the interface,
thereby inducing a dipole not present in bulk solution. Inter-

Halide ions (F~, CI", Br™, I') are ubiquitous in biological sys-
tems (1). Among these, C1 is the most abundant anion and is
responsible for a range of physiological processes from cell
sensing and signaling to regulation of membrane potential
(2). These functions are performed through a diverse range
of ion channels and membrane transport proteins that pref-
erentially bind anions, in particular CI7, to facilitate their
movement across the membrane (3,4). Dysfunctional CI”
channels and transporters are known to result in a variety
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actions between the dipole and surrounding water molecules
then compensate for the partial reduction in hydration in the
interfacial layer, allowing Cl™ to come into direct contact
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with the hydrophobic interface (8). Partial removal of water
from the first hydration shell of CI” is considered energeti-
cally favorable (7,9); this phenomenon not only applies to
CI” but also to ions across the Hofmeister series, i.e.,
F < CI" < Br” < T. The smaller, less polarizable F~ gener-
ally retains its hydration shell and is unlikely to be found at
aqueous/hydrophobic interfaces, whereas larger, more
polarizable anions such as Br™ and I" are more easily dehy-
drated and localize at the interface (9,10). This is supported
by experimental studies that indicate that the larger the
halide ion, the larger the magnitude of surface adsorption
to hydrophobic surfaces and hence change in water structure
(11,12).

A rapidly increasing number of high-resolution structures
of channels and transporters now exist, many of which
exhibit preferential interactions with anions. These include
the CFTR CI™ channel that is defective in cystic fibrosis
(13), and many anion transporters (14,15) including the
NTQ chloride-pumping rhodopsin (CIR) (16). However,
despite the availability of such structures, the dynamics of
their interactions with anions remains underexplored in
part due to the computational challenges faced in the molec-
ular modeling of polarizable components.

The majority of molecular dynamics (MD) simulations
utilize classical pairwise additive force fields with fixed
point charges (17). Despite their general applicability and
computational efficiency, such force fields fail to accurately
capture the effects of induced polarization. Consequently,
this becomes problematic for the description of systems
that depend upon the behavior of anions.

The role of hydrophobic contacts with anions has been
investigated in several recent simulation studies using a
range of force fields (7,9,18). In particular, ongoing work
on force field design has yielded hybrid methods, namely
charge scaling approaches, which possess the computational
efficiency of standard nonpolarizable force fields yet
contain parameterizations that better represent electronic re-
sponses within a mean field framework (19). One such
approach is the polarization reintroduced by the optimal
scaling of electronic continuum correction origin (pro-
sECCo) method (20).

prosECCo is based on the initial electronic continuum
correction (ECC) method, which accounts for polarizability
implicitly through rescaling highly charged groups by a fac-
tor of 1 /¢, "2 where &, represents the electronic component
of the dielectric constant and is estimated as the high-fre-
quency dielectric constant (¢,; = 1.78 for water and ¢, =
2 for proteins) (21-23). Furthermore, the Lennard-Jones pa-
rameters require slight adjustments as charge scaling affects
the ion-water interactions, therefore a decrease of 5-10% in
radius is recommended to recover the correct hydration
structure (22). The prosECCo force field is based on
CHARMM36 (c36) and, when required, incorporates these
concepts systematically for a wide range of ions, proteins,
lipids, and sugars (20).

Effects of polarization on anion binding

Another method to account implicitly for polarization in a
nonpolarizable force field is the empirical nonbonded fix
(NBFIX) corrections applied to the CHARMM force fields
that yields a more accurate model for interacting charges
(22,24) and has been shown to influence the dynamics of
a Cl -specific transporter, CLC-ecl (18).

In this study, we chose to examine a microbial CIR (Fig. |
A) (PDB: 5G28, 1.6 A resolution) (16). CIR functions as a
light-driven inward CI” pump. Upon photoactivation, retinal
isomerization induces a conformational change that facili-
tates Cl~ transport through the protein (25). CIR contains
two CI” binding sites: the first (C1” no. 1) is located near the
retinal while the second (CI™ no. 2) is on a cytoplasmic
loop (Fig. 1 A), where its role in the CI” transfer pathway is
to facilitate C1” release into the cytosol (16). It is this binding
site that is of particular interest because CI™ interacts primar-
ily with the hydrophobic moieties within this site (Fig. 1 C).

Here, we performed MD simulations of CIR embedded in
a lipid bilayer with the c36 and prosECCo force fields.
Potential of mean force (PMF) calculations enabled us to
examine the free energy landscapes of a ClI” moving out
of the CI™ no. 2 site into bulk. We also simulated a smaller
protein fragment that mimics this site to probe the dynamics
of binding at the CI” no. 2 site using the fully polarizable
force field, AMOEBA, and compared the behavior of Cl” us-
ing the prosECCo and c36 force fields. Finally, we explored
how residues in a neighboring loop facilitate the rebinding
of CI". Our results demonstrate that accounting for polariz-
ability yields fundamentally different C1™ interactions with
CIR, thereby highlighting how even simplified descriptions
can replicate the behavior of anions in simulations.

METHODS
Structural model and system preparation

Starting from the experimentally determined protein structure (PDB: 5G28)
(16), all ligands including retinal, were removed. It was not necessary to
parameterize and simulate retinal for the purposes of this study. Systems
with the whole-protein and/or reduced fragments containing only the binding
site of interest were prepared. Simulations involving the whole protein were
embedded in a 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphochline (POPC)
bilayer and prepared using the CHARMM-GUI protocol (26-28). We chose
not to apply position restraints to the whole-protein simulations, whereas po-
sition restraints with a force constant of 1000 kJ/mol/nm? were applied to the
C, atoms for the reduced protein simulations. Analysis of RMSDs suggested
that the protein simulations without backbone position restraints deviated no
more than 1.5 A from the crystal structure (Fig. S1).

MD simulations

For comparison, nonpolarizable atomistic simulations were performed us-
ing ¢36 with associated lipid parameters where relevant (29). Simulations
with the ECC scaling used the prosECCo force field, a variant of
the same c36 force field but with scaled charges and compatible ion
types (https://gitlab.com/sparkly/prosecco/prosECCo75) (20). While the
theoretical framework of NBFIX has proven to successfully reproduce
experimental observations through preventing overbinding (18), we chose
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FIGURE 1 (A) Crystal structure of Cl™-pumping rhodopsin (CIR) (PDB:
5G28). The first CI” binding site (CI” no. 1) is located in the center of the
protein and is in contact with the all-frans retinal illustrated by the yellow
stick representation in the center of the protein. The second site (CI™ no. 2)
is located on the intracellular side (gray box) and is the focus of this study.
The gray lines depict the extent of the lipid bilayer and CI” ions are repre-
sented by the green spheres. (B) A surface representation of the protein
rotated by 90° to illustrate the bottom face where the CI” no. 2 site is
located. The CI” ion is situated outside the protein. (C) A close-up illustra-
tion of the CI™ no. 2 binding site. CI™ no. 2 is comprised of the hydrophobic
residues A44 and P45 (orange) and polar residue K46 (blue). The black
dashed lines indicate the known contacts with CI in the site. To see this
figure in color, go online.

prosECCo because it does not require additional pair-specific parameteriza-
tions of Lennard-Jones parameters and has previously been applied to the
study of halides (23,30).

The systems were equilibrated through a staged protocol whereby struc-
tural restraints on the protein backbone and CI” were gradually weakened
over a 15 ns equilibration period. Subsequently, all production runs of
55 ns were performed with an integration time step of 2 fs. All systems
were solvated with ~0.15 M NaCl using the SPC/E water model (31).
The temperature was maintained at 303.15 K with a coupling constant of
1.0 ps using the Nose-Hoover thermostat. Pressure was maintained at
1 bar using the Parrinello-Rahman barostat with a coupling constant of
5.0 ps. Semi-isotropic pressure coupling was used for systems containing
a bilayer and isotropic pressure coupling for systems of proteins in solvent.
The Verlet cutoff scheme (32) was applied and electrostatics were treated
with the particle mesh Ewald method (33). The LINCS algorithm was
used to constrain H-bonds only (34). Three independent repeats were car-
ried out for each system. These simulations were performed in
GROMACS (35) version 2020 (www.gromacs.org) and analyzed using
MDAnalysis (36,37).

AMOEBA force field simulations

Polarizable atomic multipole simulations were carried out in OpenMM
74.2 (www.openm.org). All components were modeled with the
AMOEBA polarizable force field using the AMOEBA13 protein parameter
set (38) and the AMOEBAO3 water model (39). Starting configurations for
these simulations were taken from the final frames after 15 ns of equilibra-
tion using c36 as described above. Simulations were then setup using a
similar method to that described previously (https://github.com/Inniag/
openmme-scripts-amoeba) (7). Simulations using the AMOEBA force field
were performed only for the small and large fragments in solvent; therefore,
all C,, atoms were placed under a harmonic restraint with force constant
1000 kJ/mol/nm? to prevent the reduced structures deviating from the
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experimentally determined structure. Production runs lasted 55 ns and
time integration was achieved using the r-RESPA method with an outer
time step of 2 fs and an inner time step 0.25 fs. The temperature was main-
tained at 303.15 K using the Andersen thermostat and the pressure was
maintained at 1 bar using the isotropic Monte Carlo barostat. Three inde-
pendent repeats were performed for each system.

Umbrella sampling

This was performed to obtain one-dimensional PMF profiles for a C1” ion
moving from the binding site into bulk solution. These simulations were
carried out on the whole protein embedded in a POPC bilayer and solvated
with ~0.15 M NaCl solution using the ¢36 and prosECCo force fields and
the SPC/E water model. Systems were simulated with and without the use
of backbone restraints. The collective variable (CV) was defined as the
distance between the ion and the center of mass of the protein binding
site (residues 44—46) in the negative direction parallel to the z axis of the
simulation box. Starting configurations for the umbrella windows were
obtained from equilibrated simulations. The target ion was relocated to sub-
sequent positions parallel to the z axis and the lateral positions of the ion
were set to that of the binding site center of mass. During equilibration
and sampling, a harmonic biasing potential of 1000 kJ/mol/nm? was applied
to restrain the CV. Umbrella windows covered the distance from the ion
binding site into the bulk water regime. This corresponded to 50 windows
with a 0.5 A distance interval between two successive windows. After ion
relocation, 10 steps of energy minimization were performed to remove any
steric clashes between the target ion and surrounding atoms. A further 1 ns
of isothermal-isobaric equilibration was simulated per window. Each um-
brella window was simulated for 1 ns with ¢36 and 2.5 ns with prosECCo.
Simulation details were similar to those detailed above for MD simulations.
Unbiasing was performed through WHAM: the weighted histogram anal-
ysis method using the Grossfield lab implementation in version 2.0.9
(http://membrane.urmc.rochester.edu/wordpress/?page_id=126). PMF pro-
files were shifted so that the ion in bulk solution corresponded to 0 kJ/mol.

RESULTS AND DISCUSSION
Protein binding site and simulations

In selecting a system to study, we wished to explore anion-
hydrophobic interactions within a biologically relevant pro-
tein structure. The second CI” binding site (Cl™ no. 2) of CIR
is located on the cytosolic surface (Fig. 1 B) where it facil-
itates Cl™ release into the cytosol and has unobstructed ac-
cess to the bulk cytoplasm (16). In this site, CI” is
coordinated by an aliphatic hydrogen of A44, a hydrogen
from the aromatic ring of P45, a hydrogen from the side
chain of K46 and is considered to be hydrogen-bonded to
the backbone nitrogen of K46 (Fig. 1 C).

In this study, we performed simulations of the whole-pro-
tein structure with nonpolarizable force fields (c36 and
prosECCo). However, due to the methodological and compu-
tational demands of implementing a fully polarizable force
field (AMOEBA) on these larger simulations, we therefore
designed a reduced system containing only the binding site
of interest and a few surrounding residues that neither interact
with nor obstruct the CI” pathway. We truncated the structure
to form a smaller reduced fragment consisting of only the
binding site of interest (residues 44-46) (Fig. 1 C) and a
few extra surrounding residues (residues 42-49). We refer
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to this model as the “smaller fragment.” A larger reduced pro-
tein system also included additional nearby residues of inter-
est (residues 252-256) (Fig. 5 A) and is referred to as the
“larger fragment.” For these reduced protein systems, posi-
tion restraints were applied to the C, atoms to ensure the
structures did not significantly deviate from the experimental
coordinates.

Influence of effective polarization on the
energetics of Cl™ ion binding

We first examined how the energetics of C1~ were impacted
by the inclusion of effective polarization by means of the
prosECCo force field compared with standard c36. We
define the CV as the z distance from the center of geometry
of the binding site. In addition, we compared how the ener-
getics vary when applying backbone restraints. Examination
of the umbrella histograms revealed good overlap between
windows, indicating that the resulting PMF profiles had
converged (Fig. S2).

The PMF profiles with backbone restraints using the pro-
SECCo force field reveal a free energy minimum of
~—1.9 kJ/mol at CV ~ 3 A, a distance of ~0.6 A further
from the binding location of the CI” ion in the crystal struc-
ture (Fig. 2 A). With c36, there is an energy well of
~—1.7 kJ/mol situated at CV ~ 4 A, which corresponds to
a distance of ~1.3 A relative to the experimentally deter-
mined ion location. Furthermore, the prosECCo free energy
profile exhibits a distinctive second local free energy mini-
mum at CV ~ 5 A with a free energy ~—1.5 kJ/mol. This
second local minimum is less pronounced when backbone
restraints are not implemented (Fig. 2 B) yet is within error
of the PMF profile with backbone restraints and is not
observed with ¢36. On closer inspection of the CI” ion at
this position, this second energetic well (Fig. 2 A) appears
to be associated with the displacement of the CI™ ion from
the binding site by a water molecule. The ion then proceeds
to form contacts with the methyl group of A253 and
hydrogen atoms from the aromatic ring of Y255.

When the backbone restraints are relaxed to enable pro-
tein flexibility and unrestrained dynamics, different free
energy landscapes are observed. For the prosECCo force
field, a free energy minimum of ~—3.7 kJ/mol relative to
bulk solution at CV ~ 3 A can be observed, which corre-
sponds to a distance of ~0.6 A relative to the crystal struc-
ture (Fig. 2 B). However, this binding position is consistent
with the location of the first minima of the PMF profile with
backbone restraints, which suggests that the shape of the
binding site does not deviate much from the crystal structure
when the ion is bound. A profile shift can be seen with the
c36 force field, which exhibits an energy well of
~—3.3 kJ/mol relative to bulk solution at CV ~ 4 A
(Fig.2 B), ~1.6 A from the crystal structure. Here, the loca-
tion of the free energy minimum corresponds to a dissoci-
ated CI” ion forming favorable interactions with a nearby
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FIGURE 2 Potential of mean force profiles of a CI” ion moving away
from the binding site into bulk solution. The collective variable (CV) is
defined as a straight line parallel to the z axis starting from the center of ge-
ometry of the binding site and into bulk solution. Free energy profiles from
simulations with (A) and without (B) the application of protein backbone
restraints are shown in red and blue for the CHARMM36 and prosECCo
force fields, respectively. Confidence bands were obtained by calculating
the standard error over 200 and 500 ps sampling blocks during the same
period for ¢36 and prosECCo, respectively. The horizontal gray dashed
line represents the free energy of a ClI” ion in bulk solution. The vertical
gray dashed line indicates the location of the CI™ ion bound in the experi-
mentally determined crystal structure in terms of CV. To see this figure in
color, go online.

lipid headgroup, hence the crystallographic binding site
goes undetected with the c36 non polarizable force field.

In both cases (with/without backbone restraints), the in-
teractions with CI™ occur more closely to the crystal struc-
ture ion interaction site when employing prosECCo than
c36, which could be associated with partial ion dehydration
in the site (discussed later, Table 1). However, we find
approximately twofold stronger binding when no backbone
restraints are applied (Fig. 2 B), an effect that occurs with
both force fields.

CIR exhibits similar pumping activity with CI” and Br",
and so the anomalous signal of Br™ was used to locate the
ion-binding sites (16). We therefore also performed PMF
calculations for the Br™ ion moving out of the binding site
into bulk using prosECCo. Comparing these PMF profiles
(Fig. S3), we observe that the larger, more polarizable Br~
ion binds in similar locations as the C1™ ion and with similar
relative free energies of binding, thus supporting these
experimental observations. In contrast, PMF profiles for cat-
ions indicate that a smaller, positively charged Na* ion does
not interact with the same binding site, thus explaining the
selective nature of the interactions involved in this anion
binding site (Fig. S4).
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TABLE 1 Average hydration number for CI" in proximity of
interaction site contacts

Average hydration number

Force field H-A44 H-P45 N-K46 H-K46 Bulk
c36 6.9 6.7 6.3 6.7 7.4
prosECCo 5.0 49 39 43 6.4
AMOEBA 52 5.0 4.3 5.5 7.3

Influence of polarization on ion binding dynamics

We next examined the dynamics of the ion binding using the
c36, prosECCo, and AMOEBA force fields applied to the
smaller protein fragment. We analyzed the distances be-
tween Cl” and selected atoms in the binding site that are
considered to stabilize binding (Fig. 3 A) (16). Ions within
an initial radius of 5 A of the center of geometry of the bind-
ing site were first selected and then distances to binding site
atoms of selected ions were then calculated. This initial dis-
tance was appropriately chosen based on halide interactions
within other protein binding sites (1). We considered CI” to
be bound if it resided within the distance defined by the first
hydration shell (~3.9 A for all force fields). This was real-
ized through calculating the radial distribution functions
between the Cl™ and surrounding oxygen atoms from water
molecules in bulk solvent (gc;-o(7)) (Fig. S5). In this section
we focus only on distances between CI™ and an aliphatic
hydrogen atom from A44 (Fig. 3 A).

For simulations with the ¢36 force field (Fig. 3 B), CI”
occasionally approached the binding site to interact momen-
tarily before dissociating back into solution. These interac-
tions were brief, with an average duration of <0.5 ns and a
minimum interaction distance of ~3.0 10%, just within the first
hydration shell distance (Fig. 3 B, gray line). In comparison,
significantly more CI” ions come into proximity of the bind-
ing site when prosECCo is used. The dynamics remain
relatively transient, with ClI” spending ~0.5 ns interacting
with A44 in the binding site at a minimum distance of
~2.9 A. With the AMOEBA force field, a similar number

of ions come into proximity of the binding site to interact
with an even closer minimum distance of ~2.5 A and longer
duration of occupation ~2 ns.

These data suggest that polarizability leads to stronger in-
teractions between CI™ ions and A44 in comparison with
standard fixed-charge models. The short interaction times
observed here are expected because the functional role of
this binding site is to aid ion release into the cytosol (16).
Simulations and analysis involving the whole protein
embedded in a POPC bilayer with the ¢36 and prosECCo
force fields qualitatively support these conclusions
(Fig. S6).

ClI"-hydrophobic interactions within the binding
site

We expanded the analysis of the small fragment simula-
tions further to examine the interactions of CI~ with the
whole binding site by considering the other atoms that
contribute to this site (16). Therefore, we computed the
distances between the ion and hydrogen atoms from A44
(H-A44), PA5 (H-P45), and K46 (H-K46) as well as the
backbone amide nitrogen from K46 (N-K46) (Fig. 3 A).
This analysis was prepared for each force field and
enabled us to gain a more comprehensive understanding
of the mechanisms behind CI™ binding to this hydrophobic
site.

Overall, a notable trend was found across all force fields:
the CI” comes into closest proximity with the hydrophobic
contacts of the binding site, namely H-A44 and H-P45
(Fig. 4), which are approximately equidistant. This sug-
gests that it is more favorable for Cl” to associate with
these hydrophobic contacts (8). These CI™ preferences
were achieved through the partial loss of hydration shell;
an effect that was observed previously for CI” ions in a
model hydrophobic nanopore (9). As a consequence of
including polarization and the resulting induced dipoles,

FIGURE 3 (A) Schematic diagram of hydropho-
bic binding site (CI” no. 2). The atoms circled in

pink correspond to the atoms used for CI™ ion-dis-
tance calculations. (B) lon-distance plots from CI”
ions to an aliphatic hydrogen atom of A44 over
55 ns within simulations of the smaller protein frag-
ment. Each color represents an individual ion trajec-

09o3soud

1
o

tory, plotting only the ions that initially come into
proximity of 5 A to the binding site. The gray dashed

>
% line indicates the binding distance taken as the CI™-
g oxygen atom of water, i.e., the distance of the first
> hydration shell ~3.9 A. To see this figure in color,
0 10 20 30 40 50 go online.
Time (ns)

1552 Biophysical Journal 122, 1548—-1556, April 18, 2023



Effects of polarization on anion binding

AMOEBA

T T T

o

Distance (A)

ONPDBDODOONDBDDIDO®ONBEDD®O®OND®®
4 Ly P N

30 40
Time (ns)

fou
o

FIGURE 4 Examples of single CI™ ion-distance plots (darker colors). Other C1” ion-distance plots are also shown as a function of time (lighter colors). The
ion distances are measured between a CI ion to an aliphatic hydrogen atom of A44 (H-A44), a hydrogen of the aromatic ring of P45 (H-P45), the backbone
amide nitrogen of K46 (N-K46), and a hydrogen from the side chain of K46 (H-K46) (see Fig. 3 A). The gray dashed line indicates the binding distance taken
as the Cl-oxygen atom of water, i.e., the distance of the first hydration shell ~3.9 A. To see this figure in color, go online.

the balance between ion-water and ion-protein interactions
therefore shifts toward favoring the interactions with the
hydrophobic protein contacts over water. This can be real-
ized by calculating the average hydration numbers around
the CI” ion within ~3.9 A of the selected binding site
atoms for each given force field (Table 1).

For ¢36, the average hydration number remains similar
for each hydrophobic contact. A slight reduction is observed
compared with CI” in bulk solution. This retention of the hy-
dration shell correlates with the ion-distance plots (Fig. 4)
where Cl™ ions do not come into as close proximity with
the binding site contacts compared with prosECCo and/or
AMOEBA. With the prosECCo force field, a substantial
CI” ion dehydration occurs in the binding site relative to
bulk solution. Based on previous studies using the ECC
method (9), this effect is anticipated and is again reflected
in the CI™ approach distance illustrated in Fig. 4. Moreover,
this dehydration is energetically advantageous as it pro-
motes ion binding (Fig. 2). The largest dehydration is
observed in simulations with the AMOEBA force field
where CI” loses ~2 water molecules relative to bulk when
in the vicinity of hydrophobic contacts. This enables C1~
to exist in a more stably bound state reflected by the longer
binding durations (Fig. 4) and increased ion occupancy
(Fig. 3 B). This is also consistent with the interactions and
behaviors associated with anion hydration that have been
more thoroughly explored in studies by Rempe and co-
workers (40,41).

The ion-distance plots (Fig. 4) suggest that N-K46 is further
than H-A44 and H-P45 from C1” within the site. This is a result
of the tendency for the tail of K46 to enclose the anion such
that N-K46 is then positioned deeper inside the concave cavity
formed by the binding site as a whole (Fig. S7).

Influence of polarization on the mechanism of CI”
binding

Based on findings from the PMF profiles discussed above
(Fig. 2), we further explored the mechanisms that give rise
to the metastable free energy minimum observed in simula-
tions employing the prosECCo force field (second minima
at ~5 A Fig. 2 A). On closer observation of the umbrella
sampling windows, the residues A253 and Y255 in a nearby
loop appeared to coordinate CI™ at the location of the second
free energy minimum. Notably, these residues are hydro-
phobic. To explore the influence of these hydrophobic
loop contacts, we further simulated a larger protein frag-
ment consisting of the previous smaller fragment with an
additional fragment consisting of residues from the nearby
loop (residues 252-256). This larger fragment was then
simulated using the c36, prosecco, and AMOEBA force
fields. We calculated the distance between Cl™ and the coor-
dinating binding site atoms as before, but also now calcu-
lating the distance to a hydrogen from the methyl group of
A253 and a hydrogen of CDI1 belonging to the aromatic
ring of Y255 (Fig. 5 A).

Simulations of this larger fragment with the c36 force
field did not show any significant interactions with residues
Y255 and A253. However, with the prosECCo force field
(Fig. 5 B) we observed instances where Cl” was initially
bound to its binding site then dissociated to interact with
the nearby loop (e.g., A253) and then proceeded to rebind
to its site once more. Due to the intriguing nature of this
observation, we therefore repeated the simulations with a
fully polarizable force field.

With AMOEBA, the ion also dissociated from the binding
site in exchange with a water molecule (e.g., Fig. 5 C,

Biophysical Journal 122, 1548-1556, April 18, 2023 1553



Phan et al.

Distance (A)

G254

C
15 ‘ |
=3
\;10 ' i ) '! i .h) il , )§>
o " m" Ly AR
E 5 ’ [ mw ‘Mﬂﬂ l l b‘l! Al | ‘u E
A A= bt Ly Ry THEMEE ) 5
0+ T T T T T T T i
47 48 49 50 51 52 53 54 55
Time (ns)
— H-A44 —— H-P45 H-K46 H-A253 —— H-Y255

FIGURE 5 (A) Larger protein fragment containing the C1™ no. 2 binding site and residues from a nearby loop. The binding site is composed of A44 in
magenta, P45 in dark green, and K46 in yellow. The additional residues of interest from the nearby loop are illustrated by A253 in pink, G254 in navy,
and Y255 in light blue. (B) Example of an ion-distance plot as a function of time for a CI” ion in the binding site simulated using the prosECCo force field.
(C) An ion-distance plot as a function of time for a CI in the binding site simulated using the AMOEBA force field. Snapshots of a C1” ion in the binding site
illustrate the ion dissociation and rebinding mechanism. A water molecule, marked by “w,” can be observed to displace the CI™ ion from CI™ no. 2 while the
ion favorably interacts with nearby hydrophobic residues A253 and Y255. To see this figure in color, go online.

snapshot marked w). From here, the ion could then form
favorable interactions with A253 and/or Y255 to remain
in close proximity to the binding site, thus providing the op-
portunity to rebind or otherwise dissociate into bulk solu-
tion. An example of such a rebinding event is illustrated
in Fig. 5 C. These findings are supported by simulations
of the full protein embedded in a lipid bilayer with the
¢36 and prosECCo force fields where the effect was not
observed with ¢36 but was with prosECCo (Fig. S8). This
mechanism is therefore only observed when polarizability
is considered. It is interesting to note that the ion binding/re-
binding occurs on a longer timescale with AMOEBA in
comparison with ¢36 and prosecco, suggesting that the
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rate of transport of CI” may be lower than that predicted
by nonpolarizable force fields.

Improving common fixed-charged methods to better cap-
ture the effects of polarization (e.g., prosECCo) preserves
computational efficiency and Table S1 compares the
computational performance of each force field per system
size. As demonstrated here, prosECCo can act as a proxy
for identifying potentially interesting anion interactions at
no additional computational cost to a standard nonpolariz-
able force field. These interactions can then be examined
further by performing simulations using explicitly polariz-
able models such as AMOEBA (38), CHARMM Drude
(42), etc. To some degree, prosECCo can replicate the



qualitative behavior produced by more advanced force
fields; however, to gain a higher level of physical
accuracy, extensive simulations employing fully polariz-
able force fields may be required or even ab initio MD
calculations.

CONCLUSIONS

We have performed simulations of a C1"-pumping rhodopsin
to investigate the effects of polarizability on the binding of
anions within a defined binding site. Our results demonstrate
how the inclusion of electronic polarization leads to stronger
anion binding events and longer binding durations. These
effects result from energetically favorable interactions
with a site-adjacent loop and partial ion dehydration to
interact with the hydrophobic moieties of the binding site.
Crucially, these binding mechanisms were only observed
when polarization (effects) were incorporated into the
simulations.

Future work might explore more complex biological
anion binding sites by applying both prosECCo and
AMOEBA force fields, which will help evaluate the applica-
bility of simplified models for complex interactions arising
from polarization. Structures of future interest might include
the Na*/I” symporter (PDB: 7UV0) that mediates active I”
transport and contains a highly conserved I" binding site
consisting of predominantly hydrophobic and aromatic res-
idues (15). Similarly, the Cl -selective human bestrophin
channels (hBestl and hBest2) contain a set of highly
conserved hydrophobic residues within the neck of the
permeation pathway (43). These structures suggest not
only an important role for hydrophobic contacts in the ion
permeation pathway but potentially influential roles of
anion-7 interactions.
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Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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