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Thermodynamics and mechanism of the membrane permeation
of Hv1 channel blockers
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Abstract

The voltage-gated proton channel Hv1 mediates efflux of protons from the cell. Hv1 integrally
contributes to various physiological processes including pH homeostasis and the respiratory
burst of phagocytes. Inhibition of Hv1 may provide therapeutic avenues for the treatment

of inflammatory diseases, breast cancer, and ischemic brain damage. In this work, we

investigate two prototypical Hv1 inhibitors, 2-guanidinobenzimidazole (2GBI) and 5-chloro-2-
guanidinobenzimidazole (GBIC), from an experimentally screened class of guanidine derivatives.
Both compounds block proton conduction by binding the same site located on the intracellular
side of the channel. However, when added to the extracellular medium, the compounds strongly
differ in their ability to inhibit proton conduction, suggesting substantial differences in membrane
permeability. Here, we compute the potential of mean force for each compound to permeate
through the membrane using atomistic molecular dynamics simulations with the adaptive biasing
force method. Our results rationalize the putative distinction between these two blockers with
respect to their abilities to permeate the cellular membrane.
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Introduction

Hv1 is a voltage-gated proton channel whose primary function is the release of excess
protons from the cell.1~3 Human Hv1 is a homodimer, and each monomer is composed

of four transmembrane alpha helices forming the voltage-sensing domain (VVSD) which
also serves as the proton conduction pathway.#~10 Hv1 integrally contributes to various
physiological processes! of which pH homeostasis and respiratory burst in phagocytes are
the best characterized.11-15 Inhibition of Hv1 may provide therapeutic avenues for the
treatment of inflammatory diseases,16-18 breast cancer,19-22 and ischemic brain damage
during stroke.23-25

Numerous guanidine derivatives have been found to block proton conduction in the human
Hv1 channel by interacting with an intracellular binding site.26:2” Two molecules in this
class, 2-guanidinobenzimidazole (2GBI) and 5-chloro-2-guanidinobenzimidazole (GBIC),
rapidly inhibited Hv1-mediated currents when added to the intracellular side of the
membrane.25:2” However, when the compounds were added to the extracellular medium,
they displayed very different inhibitory behaviors: GBIC-mediated inhibition slowly reached
steady-state within the timescale of the experiment (several minutes), whereas no significant
inhibition could be observed with 2GBI over similar periods of time.2” These observations
suggested that external GBIC can cross the membrane and reach the intracellular binding
site more effectively than 2GBI.

GBIC differs from 2GBI by the replacement of a hydrogen atom with a chlorine atom on
the benzene moiety, and this structural modification may affect the ligand’s pharmacokinetic
properties. Membrane permeability rates have not been experimentally determined for 2GBI
or GBIC, but the permeation process can be examined using molecular simulations. These
simulations typically have an advantage over experimental techniques in that they can
provide spatially resolved information with atomistic resolution. Molecular dynamics (MD)
simulations enable investigation of transport processes at the molecular level to describe and
explain important steps including membrane partitioning and molecular flip-flop across the
hydrophobic membrane core.28

The inhomogeneous solubility-diffusion model2%:30 describes the permeation process
derived from the steady-state flux of solute molecules through the membrane.3! The
permeability P, of some solute to cross a membrane of thickness L is expressed as:
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where WA2) is free energy profile or potential of mean force (PMF) for the translocation of
the solute, D(2) is the local diffusion constant of the solute, kg is the Boltzmann constant,
T'is the temperature, and zis a collective variable that describes the position of the solute
along the transmembrane axis. Our focus in this work is on calculating the PMFs for the
translocation of 2GBI and CIGBI across lipid bilayers to gain understanding of their relative
permeabilities from a thermodynamic standpoint.

We aimed to investigate the propensity of CIGBI to permeate the lipid bilayer, shedding
light on why it may be able to block Hv1 from the extracellular compartment much more
efficiently than 2GBI. We employed atomistic MD simulations to compute the potentials
of mean force for 2GBI and CIGBI to permeate through a membrane using the adaptive
biasing force (ABF) enhanced sampling method,32:33 which applies a continually updated
biasing force to effectively yield a flat free energy surface in the long time limit. ABF

has been demonstrated to reproduce experimental membrane permeability trends.34:35 Our
results rationalize the putative distinction between these two blockers on their abilities to
permeate the cellular membrane to inhibit Hv1.

In this work, we compute and examine the one-dimensional potentials of mean force

for 2-guanidinobenzimidazole (2GBI) and 5-chloro-2-guanidinobenzimidazole (GBIC) to
permeate through a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer in
the direction of the bilayer normal. Chemical structures of the molecules that we study in
this work are depicted in Figure 1. For 2GBI, we consider two tautomers, which we refer to
as GBI1 and GBI2. Both GBI1 and GBI2 are positively charged but differ in the placement
of one hydrogen atom, leading to different regions of partial charge concentration (denoted
by the shaded blue regions in Figure 1). These two tautomers were previously investigated
in the computation of relative binding free energies to Hv1,36 and GBI2 was predicted

to be the primary tautomeric state that binds to Hv1. In solution of pH 5-8, however,

GBI1 may be the more prevalent species as predicted using the ChemAxon pKa plugin
(https://docs.chemaxon.com/display/docs/pKa+Plugin). We considered a GBI1-like tautomer
of GBIC.

We obtained an initial configuration of a 72-lipid POPC bilayer from the end of a

35 ns simulation at 303 K and 1 atm. This configuration was generated by the group

of Jeff Klauda and is available at https://terpconnect.umd.edu/~jbklauda/memb.html. The
membrane spanned the xy plane with the z-axis normal to the membrane plane. Using

the CHARMM36 force field3’ for the lipid molecules with the modified TIP3P water
model, 3839 we further equilibrated the membrane for 849.6 ns using Desmond 2.4.40
Short-range realspace interactions were cut off at 12 A by using a force-based switching
function between 8 A and 12 A. An r-RESPA algorithm?! was employed to integrate the
equations of motion with a time step of 4 fs for the long-range non-bonded forces, 2 fs for
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short-range non-bonded, and 1 fs for bonded forces. The particle mesh Ewald method*2:43

was used to treat long-range electrostatics. All bond lengths involving hydrogen atoms were
constrained using SHAKE.** The simulation was performed at constant temperature (303 K)
and pressure (1 atm), using Nose-Hoover chains#® and the Martyna-Tobias-Klein barostat.*6

Given that permeation events may affect membrane structure and to diminish the possibility
of boundary effects, we extended the size of the membrane via a 2x2 patch to yield a final
system size of 288 POPC molecules (144 per leaflet) and 16,444 water molecules. The cell
dimensions were 100 x 100 x 90 A3, Simulations with this system were performed using
the NAMD 2.13 software package.*’ The system was equilibrated for an additional 20 ns.
The temperature was maintained at 295 K using the stochastic velocity rescaling (canonical
sampling through velocity rescaling)*® thermostat with a rescale period of 1 ps and 20

time steps between rescaling. The pressure was maintained at 1 atm using the Nosé-Hoover
Langevin piston method*6:49 with an oscillation period of 200 fs and a damping time scale
of 100 fs. The O-H bond lengths in water were constrained using the SETTLE algorithm,>0
and all other covalent bonds involving hydrogen atoms were constrained using the RATTLE
algorithm.>! Long-range electrostatic interactions were evaluated using the particle mesh
Ewald method*243 with a grid spacing of 1.0 A. Short-range van der Waals and electrostatic
interactions were calculated using a cutoff of 9 A with a switching function applied beyond
8 A. Multiple time step integration was applied®? with timesteps of 4 fs for long-range
electrostatic forces, 2 fs for short-range nonbonded forces, and 2 fs for bonded forces.

We used the same configuration of the equilibrated bilayer to prepare the three separate
systems for GBI1, GBI2, and GBIC. We used the force fields for GBI1 and GBI2 from our
previous relative binding free energies study.36 GBIC was parametrized in a similar manner
as previously described for 2GBI.36 The CHARMM generalized force field parameters were
obtained from the ParamChem server, https://cgenff.umaryland.edu/53:°* We compared the
energy minimized structure from the force field with that of a gas phase MP2/6-31G*
geometry optimization to ensure that we had comparable minimum energy structures.

We also assessed the torsional energy profiles and refined dihedral parameters to yield
more consistent results with quantum mechanical data (refined parameters in Supporting
Information). Each solute was added into the bulk solvent, and we equilibrated the system
for an additional 10 ns, maintaining the same MD simulation parameters.

We then performed MD simulations with the adaptive biasing force (ABF) method32:33

in NAMD. Using the colvars®®> module in NAMD, we defined a one-dimensional

collective variable (denoted as 2) to describe the relative position of the solute along the
transmembrane axis, specified as the center of mass position of the solute relative to the
center of mass position of the carbonyl carbon atoms of the POPC molecules. The collective
variable was stratified into eleven overlapping windows whose boundaries are listed in Table
1 and depicted at the bottom of Figure 2. The window boundaries were maintained using
harmonic restraints with force constants of 10 kcal/mol/A2. The forces applied by ABF
were collected with a bin width of 0.1 A. A total of 1000 samples were collected per

bin prior to application of ABF to avoid nonequilibrium effects in system dynamics. Each
window was sampled separately for each permeant, at a minimum of 40 ns per window per
permeant. The windows comprising the collective variable in bulk water (labeled 01,...,11

J Membr Biol. Author manuscript; available in PMC 2022 February 01.


https://cgenff.umaryland.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Limetal.

Page 5

in Table 1) were initiated from equilibrated MD simulations, and each subsequent window
approaching the center of the bilayer was initiated from the previous overlapping window.
Window 06 (cf. Table 1)was sampled in duplicate, bidirectionally initiated from window 05
and window 07. Convergence was reached more quickly for windows in which the solute
was only in bulk water (|4 = 30 to 40 A). Convergence took longer in both inhomogeneous
environments (e.g., membrane headgroups) as well as in the hydrophobic interior of the
membrane. The minimum, total amount of simulation time for each solute was at least 1 ps.
For all molecules in aggregate, we simulated a total of 6.7s.

One of the key events of membrane permeation is solute “flip-flop” across the hydrophobic
membrane core.?8 This flip-flop may occur over long timescales,>8 preventing adequate
sampling of the interior hydrophobic region of the membrane (see also the example in
Supporting Information). For this reason, we employed a bidirectional approach following
the protocol of Li et al.>” to compute membrane permeation, with the solute approaching
the membrane center from both the upper and lower leaflets of the bilayer. For each

leaflet of the membrane, we combined the gradients obtained from ABF simulations over
successive windows by averaging the overlapping gradients between neighboring windows.
The combined gradient data for each leaflet was integrated to yield the PMF corresponding
to each half of the membrane. The PMFs were shifted such that the average value in bulk
water (|2 = 35 to 40 A) is equal to zero kcal/mol. The upper and lower leaflet PMFs were
then combined under the assumption that the solute interacts strongly with only one leaflet
at a time, leading to independent contributions to the overall PMF at given value of the
collective variable. The resulting PMF is given by>’

W(z) = — kgT m{e‘WUI)per(Z)/kBT + e_Wlower(Z)/kBT] _ @

Noting the symmetry of the bilayer, we symmetrized the resulting PMF by averaging about
the bilayer center. Error bars were estimated as the difference between the unsymmetrized
and symmetrized PMFs.35

Finally, from the potential of mean force WA2), we computed the free energy difference for
the small molecule to partition into the membrane from bulk water using the equation:>8-60

2 W) - Wiz)
[ e kgl dZ], ©)
1

where 2z and 2, represent points in bulk water on opposite sides of the membrane. In general
terms, the transfer free energy of a solute from one solvent to another is proportional to the
log of the partition coefficient, that is, AG(z) = — kgT In K(z). The partition coefficient, K(2),

AG(wat — mem) = — kgT In
Zy— 71

is a form of equilibrium constant describing the ratio of the concentrations of the solute in
each solvent,81-63 where the two solvents here are the aqueous phase regions on opposite
sides of the membrane. We do not simulate these concentrations directly but determine
this equilibrium constant from integrating the exponential of the Boltzmann-weighted
free energy (PMF) along this coordinate. Error bars were estimated by propagating® the
uncertainty values of the PMFs.
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Results and Discussion

In this work, we used atomistic MD simulations with ABF to compute the free energy
profiles (or PMFs) for various Hv1 inhibitors to permeate a lipid bilayer (Figure 2). We
rationalize the apparent increased ability of 5-chloro-2-guanidinobenzimidazole (GBIC) to
permeate the membrane, in contrast to 2-guanidinobenzimidazole (2GBI), primarily based
on its energetically favorable state in the membrane interior.

The PMFs for membrane permeation of 2GBI tautomer 1 (GBI1), 2GBI tautomer 2 (GBI2),
and GBIC are presented in Figure 3. Comparing the bilayer center (z= 0 A) to bulk water
(z=30 A), the two tautomers of 2GBI have highly similar PMFs, with GBI2 having a
slightly higher barrier than GBI1. The profile for GBIC, in contrast, reveals more favorable
energetics to membrane permeation. Comparing the barrier height energy differences of

the PMFs from the minimum to the maximum of the potentials, the results are (9.3 £ 0.4
kcal/mol) GBI1, (10.9 £ 0.5 kcal/mol) GBI2, and (6.8 + 0.7 kcal/mol) GBIC. The PMFs
show that the most energetically favorable position for the solute in the bilayer is generally
in the range of Izl = 15 — 20 A, which corresponds to the POPC lipid headgroup regions,
including the negatively charged phosphate groups (Figure 2).

We also computed the water-membrane partitioning free energies by integrating the
Boltzmann-weighted PMFs (equation 3). These values, shown in Table 2, suggest a greater
likelihood for GBIC to partition into the membrane compared to GBI1 and GBI2. MD
simulations based on the inhomogeneous solubility-diffusion model have previously been
found to consistently overestimate permeability values relative to experimental values,3*
so we do not propose our results to be quantitative estimates of membrane permeation.
Complicating factors include membrane composition, subdiffusive behavior, insufficient
sampling, and force field accuracy.34:35:65-69 The substantially lower barrier to membrane
crossing for GBIC compared to 2GBI suggests that GBIC would be capable of crossing the
membrane faster than 2GBlI, assuming that the diffusivity profiles of GBIC and 2GBI are
similar.

Due to interactions with the membrane, a translocating molecule may influence the
structure of its local environment in the lipid bilayer, potentially leading to membrane
deformation.6.68.70-73 Tq obtain a general sense of how the the bilayer is affected by

a permeating solute, we used the VMD PMEpot plugin’# to calculate the electrostatic
potential of the whole system (Figure 4). The electrostatic potential, measured relative to the
bulk water, was averaged over configuration snapshots in which the solute was located at
the center of the membrane (1zI < 1 A). Panels A-C of Figure 4 show a considerable amount
of membrane distortion effects to a similar degree among GBI1, GBI2, and GBIC. Panel D
shows a reference electrostatic potential plot of the membrane with the solute in bulk water
without influence on the membrane structure. Panel E depicts a representative snapshot
from MD simulations in which the solute GBI2 remains coordinated with the membrane
and solvated by water molecules as it permeates to the hydrophobic bilayer interior. These
guanidine derivatives are positively charged and are able to interact with the negatively
charged phosphate groups of the POPC lipid molecules. Electrostatic interactions appear to

J Membr Biol. Author manuscript; available in PMC 2022 February 01.
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be the driving force of membrane deformation, although it has been previously noted that
even a permeating water molecule can cause distortion of the bilayer.”2

To gain a more specific understanding of solute interactions as it translocates across the
bilayer, we computed the average number of hydrogen bond configurations as a function

of distance from the membrane center (Figure 5). Error bars denote standard deviations.
These results reveal that, at the bilayer center, GBI2, and to a lesser extent GBI1, forms a
greater number of hydrogen bonding interactions with water compared to GBIC (compare
the isodensity surfaces representing the solvation shell structures at the bottom of Figure

5). Concurrent with inducing membrane deformation, a charged solute in the bilayer will
also tend to be coordinated by water molecules.58:73.75-77 The higher average number of
hydrogen bond configurations towards the center of the bilayer for GBI12 compared to GBIC
may be correlated with the somewhat sharper membrane deformation of GBI2 as evidenced
in the electrostatic potential plots.

Also notable in Figure 5 is that GBIC has the highest average number of hydrogen
bonding interactions with POPC phosphate groups within 20 A of the bilayer center (see
also solvation shell structure of GBIC). Both GBI1 and GBIC have a more concentrated
charge region in the peripheral guanidine moiety (Figure 1), which likely interacts more
with the negatively charged phosphate groups. However, GBI1 does not have the same
level of interactions to the phosphate groups as GBIC. We hypothesized that the increased
interactions of GBIC with with phosphate may be influenced by the dispersion interactions
of its chlorine atom with the POPC hydrocarbon tails, leading to a stronger directional
preference of the solute relative to the bilayer. We next turn our focus to orientational
preferences of each solute as they translocate the lipid bilayer.

To evaluate the solute orientation along the transmembrane direction, we use a vector whose
origin is one of the two distal carbon atoms on the benzyl moiety and whose endpoint is

the nitrogen atom that bridges the imidazole and guanidine moieties (see Figure 6). The
cosine similarity between this vector and the transmembrane direction was evaluated in each
of the simulation windows, and and the corresponding distributions are shown in Figure 6.
The symmetry of the bilayer leads to antisymmetric orientation results for the solute, so we
combined the upper and lower leaflet data by taking the negative of the cosine similarity
measures of the lower leaflet.

The top row of Figure 6 shows uniform distributions from —1 (guanidine pointing towards
bilayer center) to +1 (guanidine pointing away from bilayer center), indicating that
molecules in bulk water have no orientational preference as they are in an isotropic medium.
As the solute approaches the bilayer (row 2 of Figure 6), there are marginally higher counts
towards the —1 direction. This is in the region in which the solute begins to approach the
lipid headgroups (Figure 2) and will likely orient such that the guanidine interacts with the
headgroups upon initially partitioning. This seems to be emphasized in the 1zI = 16 — 26 A
region. At some point, the molecule reorients, flipping around such that as it permeates

to the interior of the membrane beyond the headgroups, its positively charged regions

can interact with the negatively charged phosphates, while the more hydrophobic benzyl
moiety is solvated by the lipid hydrocarbon chains (rows 4-6 of Figure 6). The orientational

J Membr Biol. Author manuscript; available in PMC 2022 February 01.
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preference is weaker for GBI2, possibly due to greater solvation by surrounding water
molecules towards the membrane center (Figure 5). On the other hand, GBI1 or GBIC with
a more positively charged guanidine tail (as opposed to a more positively charged imidazole
center) is more likely to assume configurations in which the guanidine region points out
away from the bilayer center and the benzyl moiety is solvated by the hydrophobic lipid
tails. Between GBI1 and GBIC which are nearly identical save for the chlorine atom of
GBIC, GBIC has a much stronger orientation bias with its guanidine moiety pointing
towards bulk water away from the hydrophobic interior.

To explain this stronger orientation preference of GBIC, we contrasted the specific
environment around GBIC with that of GBI1. It appears that the molecular size and
composition of GBIC is such that the solute can both interact with the negatively

charged POPC phosphate groups with its guanidine moiety while also forming dispersion
interactions with the hydrocarbon chains with its chlorobenzyl moiety (Figure 7).
Interatomic dispersion forces generally increase with the number of electrons, and a chlorine
atom would therefore have significantly more dispersion contributions compared to a
hydrogen atom. This atomic substitution seems to explain the strong orientational preference
of GBIC in the membrane headgroups, as it can be energetically stabilized by dispersion
interactions of the chlorobenzyl moiety with the hydrophobic lipid tails in addition to the
Coulombic interactions of its guanidine moiety with the lipid phosphate groups.

Finally, it is possible that 2GBI and GBIC do not remain in their protonated forms from
bulk water to the varied environments along the transmembrane direction. To estimate
whether the molecules will remain protonated as they permeate the bilayer, we computed
the pK, shift profile using the method of Li et al.>” for 2GBI to analyze the effect of the
inhomogeneous environment on the molecule’s pKj, (see details in Supporting Information).
The pK, of neutral 2GBI has been experimentally determined to be 7.09.78 The pK of
positively charged 2GBI, whether GBI1 or GBI2, is necessarily greater than 7.09. Based

on the pK, shift profile, the pKj is expected to change by up to +2 pK units. This means
that the effect of the membrane will likely lead to an increase in pK, of positively charged
2GBI to at least 9. This means that GBI1/GBI2 is predicted to exhibit more basic character
as it permeates the membrane, particularly in the glycerol-phosphate region, and therefore
we do not expect deprotonation during membrane permeation. This is consistent with our
observations that 2GBI charge moieties retain a polar solvation shell trough the entire
membrane region (Figure 5). As a point of reference, even a positively charged arginine
residue is predicted to remain 70-99% protonated while partitioning into a dipalmitoylphos-
phatidylcholine (DPPC) lipid bilayer at neutral pH°’ and indeed also remains charged in
other diverse environments.”9-81

Conclusions

In this work, we computed PMFs to estimate the relative energetic barriers for two Hvl
channel blockers to permeate the membrane. Experimental evidence suggests that GBIC can
permeate the membrane and block the channel when added to the extracellular medium.2”
Our results to show that it is much more energetically favorable for GBIC to permeate
compared to 2GBI, which is in line with a body of existing literature of experiments and

J Membr Biol. Author manuscript; available in PMC 2022 February 01.
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computations demonstrating that halogen atoms tend to increase the membrane permeability
between similar chemical compounds.82-86 We posit that this trend may be rationalized

by considerable stabilization of GBIC vs. 2GBI in the membrane headgroups by both
electrostatic and dispersion interactions. Future studies that explore the kinetic contributions
to membrane permeability may provide further insight into the cell-absorption propensities
of these Hv1 blockers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Chemical structures of molecules in this study. GBI1 and GBI2 refer to distinct tautomeric

states of the positively charged molecule, 2-guanidinobenzimidazole. GBIC refers to 5-
chloro-2-guanidinobenzimidazole. The shaded blue regions have higher positive charge
density. The molecules are also shown as filled-spheres colored by partial charge magnitude
(in elementary charge units).
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Figure 2:
Number density profiles water molecules and lipid molecule moieties of the hydrated POPC

bilayer used in this work. The one-dimensional collective variable for adaptive biasing force
simulations is defined as the distance between the z coordinate of the center of mass of

the solute to the z coordinate of the center of mass of the carbonyl carbons of the POPC
lipids. Waters are drawn in slabs of light blue, and lipids are in licorice representation with
their carbonyl carbons shown as green filled spheres. The collective variable is stratified
into eleven overlapping windows whose distance boundaries are denoted in the red and blue
rectangles and listed in Table 1.
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Figure 3:
Symmetrized potentials of mean force of some Hv1 channel blockers to permeate the

membrane. Error bars signify deviation from symmetry about the middle of the bilayer at 2=

0A.
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Figure 4:
Contour plots representing the averaged electrostatic potential of the system for when the

solute is located at 1z| < 1.0 A. Panels A, B, and C show the system with GBI1, GBI2, and
GBIC, respectively. Panel D shows a representative plot of the average electrostatic potential
when the solute is in bulk water (here, GBI2 at z= 35 A). Membrane permeation leads to
considerable distortion for all molecules. Panel E shows a typical configuration snapshot

of the membrane system corresponding to GBI2 located at z= 0 A. Waters are rendered

as light blue slabs, and lipids are in licorice representation with their carbonyl carbons
shown as green filled-spheres. GBI2 is shown in filled-sphere representation, with carbon
atoms in yellow. Water molecules within 8 A of GBI2 are shown as red (oxygen) and white
(hydrogen) filled-spheres.
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Figure 5:
Top: Average number of hydrogen bonds formed by the solutes with water molecules

(blue) and phosphate groups (orange) as a function of the solute center of mass position.
Error bars are standard deviations. Hydrogen bonds were calculated using a cutoff distance
between donor and acceptor of 3.5 A and a donor-hydrogen-acceptor cutoff angle of 40°.
Bottom: Evaluation of the local environment of the solute in the hydrocarbon core region
of the membrane (1zI < 1.0 A). Solvation shell structures of GBI1, GBI2, and GBIC were
computed using spatial distributions of the oxygen atom of water molecules, oxygen atoms
of the POPC phosphate groups, and carbon atoms of the POPC hydrocarbon chains. The
surfaces represent equal number density for each group: water (blue, 0.013 A=3), phosphate
(red, 0.008 A=3), and hydrocarbon (cyan, 0.0023 A=3). The solute is shown in filled-sphere
representation colored by atom type (silver, carbon; blue, nitrogen; white, hydrogen; green,
chlorine).

J Membr Biol. Author manuscript; available in PMC 2022 February 01.

40



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Limetal.

Page 19

GBI2 GBI1 GBIC
0.15 8.15 0.15
0.10 A 0.10 A 0.10 A e
z =30, 40] A
0.05 4 0.05 - 0.05 4
0,00 - jimittetiie sl | 0.00 - ptasiasnsed el | 0.00 - /iimesses seemadio |
0.15 0.15 0.15
0.10 A 0.10 A 0.10 A o
z=[22,34] A
0.05 A 0.05 A 0.05 4
0.00 _M 0.00 _M 0.00 1 pemmsmenes el |
0.15 0.15 0.15
0.05 4 0.05 4 0.05 A
0.00 '\Illl- ’ 4..:!!""' 0.00 ’ .nll'I"' 0.00 '\Iln- r .-I"'"'
0.15 0.15 0.15
0.10 0.10 A 0.10 + 2
/" z=1[8,20] A
0.05 A 0.05 A 0.05 4
0.00 + T T 0.00 * T T 0.00 + T T
0.15 0.15 .15
0.10 A 0.10 - 0.10 + &
| z=[2,1214
0.05 - H 0.05 - ” 0.05 - ‘
0.00 4 , il < 0.00 v J 0.004 . A .
0.15 0.15 0.15
0.10 A 0.10 A 0.10 + o
z=[-6,6] A
0.05 A 0.05 A ‘ 0.05 A
0.00 "v_r‘r 0.00 - 0.00 -
-1 0 i -1 0 1 -1 0 1

cosine similarity

Figure 6:
Probability density histograms of molecule orientation as a function of position along the

transmembrane direction (z-axis). A vector is defined using two atoms on the solute (purple
arrow). The cosine similarity is computed using this vector and the +zaxis to represent

the directionality of the solute, wherein a cosine similarity score of 1 means the guanidine
moiety is pointing towards +z, and a value of —1 means the guanidine moiety is pointing
towards —2z. A cosine similarity of O corresponds to the solute oriented perpendicular to the 2
axis (i.e., parallel to the membrane plane). In this figure, each column shows the histograms
for a separate solute, and each row represents a particular range along the collective variable.
The symmetry of the upper and lower leaflets of the bilayer results in antisymmetric cosine
similarities between the two leaflets (e.g., range [8, 20] A would be antisymmetric to range
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[-20, -8] A). For each permeant, we take the negative values of the cosine similarity
scores of the lower leaflet and histogram them with the cosine similarity scores of the
corresponding ranges of the upper leaflet.
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@ In addition to electrostatic interactions of the charged guanidine region of the solute with

sl the negative phosphate moieties of POPC, GBIC may be further stabilized by dispersion
interactions of its chlorine atom with the hydrocarbon tails of the lipid bilayer. The left panel
shows a representative configuration of GBIC in the membrane around the polar/apolar
interface (z= 8-20 A). GBIC (circled in orange) is drawn as filled spheres, with carbon
atoms in yellow, nitrogen atoms in blue, hydrogen atoms in white, and the chlorine atom in
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Table 1:

Page 22

Separation of the collective variable (CV) into windows. The collective variable is defined by the difference
of the zcoordinate of the permeant center of mass and the zcoordinate of the carbonyl carbon atoms of the

POPC bilayer.

Window  CV: lower bound ()  CV: upper bound (A)

01
02
03
04
05
06
07
08
09
10
11

30
22
16
08

40
34
26
20
12
06
-02
-08
-16
=22
-30
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Table 2:

Partitioning free energies estimated from the potentials of mean force. Error bars obtained by propagation of
uncertainties.

AG(wat — mem)

Permeant (kcal/mol)
GBIl -1.79 £0.02
GBI2 -2.13£0.02
GBIC -5.49 +£0.04
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