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ABSTRACT

Cyclic peptides represent a promising class of drug candidates. A significant obstacle limiting their development as therapeutics is the lack
of an ability to predict their membrane permeability. We use molecular dynamics simulations to assess the ability of a set of widely used
parameters in describing the membrane permeability of a set of model cyclic peptides; the parameters include polar surface area (PSA),
the number of hydrogen bonds, and transfer free energy between an aqueous phase and a membrane mimicking phase. These parameters
were found to generally correlate with the membrane permeability of the set of cyclic peptides. We propose two new descriptors, the charge
reweighted PSA and the non-polar surface area to PSA ratio; both show enhanced correlation with membrane permeability. This inspired us
to explore crosslinking of the peptide to reduce the accessible surface area of the backbone polar atoms, and we find that this can indeed result
in reductions in the accessible PSA. This gives reason to speculate that crosslinking may result in increased permeability, thus suggesting a
new scaffold for the development of cyclic peptides as potential therapeutics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078025

I. INTRODUCTION

Cyclic peptides are useful drug scaffolds because of properties
such as tunable chemical linkers, long half-lives, and high efficiency
in disrupting protein-protein interfaces."” However, their devel-
opment as drugs has been limited by cell permeability issues."”
Although several natural and synthetic cyclic peptides have been
approved by the Food and Drug Administration (FDA),"” there are
few rational principles to guide the design of membrane perme-
able cyclic peptides. Compared to small molecules, cyclic peptides
are endowed with large numbers of chiral atoms, which not only
affects binding to receptors but also significantly modulates their

membrane permeability.” * For small molecules, the membrane per-
meability can be adjusted by varying the solvent accessible polar
surface area (PSA). PSA is defined as the sum of the solvent acces-
sible surface area (SASA) of all polar atoms, such as backbone
carbonyl, oxygen, and nitrogen and their bonded hydrogen atoms,
which can be calculated by rolling a solvent probe along the surface
of the molecule.” However, cyclic peptides are usually flexible and
display ensembles of diverse conformations. This can result in con-
formational transitions when partitioning from the aqueous phase
to the membrane phase,'”'' which is an additional layer of complex-
ity when rationalizing their membrane permeation. Understanding
the mechanism of membrane permeation and development of new
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metrics that can predict membrane permeability holds the potential
to accelerate the development of new cyclic peptide drugs.

The membrane permeability of a solute can be described by
the inhomogeneous solubility-diffusion model."”'* In a bilayer
membrane model, the membrane permeability coefficient Py, of a
molecule can be calculated using the following equation:

_ 1 rrexp[AG/T] 1 7
R- 5 _/ﬁ i dr_D[Z exp[ AG(r)kT]dr, (1)

where r is the reaction coordinate, which is usually chosen as the
distance between the center of mass of the molecule and the cen-
ter of mass of the membrane along the membrane normal; D is
the local diffusivity at r, and AG is the transfer free energy or the
potential of mean force (PMF) between the aqueous phase and the
membrane phase, which can be calculated from molecular dynamics
(MD) simulations. Although the exact membrane permeability can
be accurately calculated, in practice, it is successful only for a few
small molecule or short peptide drugs that passively diffuse across
the membrane'* '® and remains a big challenge for most of the pep-
tide molecules due to insufficient sampling of the conformational
space.'” Recently, Sugita et al.'® have made a breakthrough by cal-
culating the membrane permeability of 156 cyclic peptides using
replica exchange umbrella sampling molecular dynamics simula-
tions and found a reasonable correlation between the experimental
determined membrane permeability and the in silico predictions.
Their simulations also revealed that the rate limiting step for most
peptides translocation across the membrane is to cross the bilayer
center. However, these calculations are computationally intensive.
The problem becomes a little more tractable for a family of peptides
that are homologous to each other. For example, for a given class of
structurally similar cyclic peptides, if we assume that the diffusion
coefficients of the cyclic peptides are similar, the membrane perme-
ability can be ranked by the integration of AG along the translocation
pathway [Eq. (1)]. If we further assume that the shape of the PMF is
similar among these peptides, one can use the free energy differences
AG between the aqueous phase and the membrane phase to rank
their membrane permeabilities. For example, Dickson et al. used the
partition free energy to predict the membrane permeability of 49
drug molecules.'® For larger molecules, such as peptides, the calcula-
tion of AG often suffers from lack of convergence and hence requires
advanced sampling methods.'® In the case of peptides, the biphasic
model, consisting of an aqueous phase and a membrane mimicking
phase, has been used due to its simplicity.'”*’ Using grid inhomo-
geneous solvation theory (GIST), Kamenik et al. found that the free
energy differences between a set of cyclic peptides from the aqueous
phase to the chloroform phase correlated very well with the exper-
imentally reported membrane permeability, with the coefficient of
determination R” = 0.846.”'

Since the accurate computation of free energies is not a trivial
task, various studies have focused on searching for empirical para-
meters that can easily be computed and that correlate with mem-
brane permeability.””** According to the mechanism of passive
diffusion, membrane permeability depends on the solvation free
energy differences between the two media and is correlated with
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the PSA, the molecular size, and the overall hydrophobicity of a
molecule. For relatively rigid small molecules, the PSA is almost con-
stant along the entire translocation pathway, but the PSA of peptides
can fluctuate significantly due to their high inherent flexibility, and
hence requires efficient sampling of their conformational spaces.” It
has been proposed that PSA less than 1.4 nm? in non-polar medium
is necessary for membrane permeable macrocycles;”*” neverthe-
less, challenges such as force field accuracy and sampling remain.””
For example, using multicanonical molecular dynamics simulations,
Ono et al”’ found that the average PSA in either water or in a
membrane mimicking medium correlates poorly with the mem-
brane permeability of a set of cyclic hexapeptides. However, they
found that the average total solvent accessible surface area (SASA)
in cyclohexane correlated well with membrane permeability, and yet
it did not do so when the membrane mimic used was chloroform.

In this study, we use molecular dynamics (MD) simulations
to evaluate the correlations of various molecular parameters with
the reported experimental membrane permeabilities of a set of nine
cyclic hexapeptides.” These peptides share the same sequence and
differ only in the chirality of individual residues. We employ a sim-
ple biphasic model to mimic the membrane system and test the
correlations of several molecular descriptors of the peptides with
the membrane permeability of the peptides, e.g., the transfer free
energy from aqueous phase to a membrane mimicking phase AG, the
intra-peptide hydrogen bonds (HBs), and surface parameters, such
as PSA.

Il. METHODS

The peptides were taken from the work of Rezai et al.” and
are all based on the template sequence of cyclo[Leu-Leu-Leu-
Leu-Pro-Tyr], differing only in the chirality of individual residues
(Table T). Rezai et al. used a parallel artificial membrane perme-
ability assay (PAMPA) to determine the membrane permeability
of the peptides.””””’ The apparent permeability coefficient Py, of
the peptides was calculated by normalizing the steady state flux of
the peptide across the PAMPA membrane by the surface area of
the membrane and the initial concentration of the peptide.”””" In
our study, the calculations of the transfer free energies of the pep-
tides from the aqueous to the membrane mimicking phase (e.g.,
hexane) and the properties of the peptides in hexane, chloroform,
and octanol solutions were carried out using the AMBERI14SB
force field, which has been shown to be quite robust in model-
ing cyclic peptides.”””” The parameters for the linker groups used
for crosslinking the peptides (Table II) were taken from our previ-
ous study.” Restrained electrostatic potential (RESP) charges were
assigned to the non-natural amino acids using a protocol based on
the parameterization of natural amino acids.””® The OAB residue
is an unnatural amino acid in one of our controls, Romidepsin
(ROM), whose side chain contains two carbon and one double
bond between the beta carbon and alpha carbon. It was para-
meterized using NWCHEM,*” while the RED server’® was used
for the other residues; the Hartree-Fock method using the 6-31g*
basis set was used. The antechamber module in AMBER18*° was
used to assign atom types,”’ and the AMBER14SB force field was
used,”’ with the TIP3P model of water.”” The topologies of the
cyclic peptides were built using the tleap module of the AMBER18
package. The parameters for chloroform and octanol were obtained
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TABLE I. The sequence, the number of intra-peptide hydrogen bonds (HB), and permeability of the cyclic peptides.

Intra-peptide Intra-peptide

Peptide” Sequence HB (water)” HB (hexane)” log Pry”
1 dL-dL-L-dL-P-Y 0.26 2.9 -6.2
2 dL-dL-dL-dL-P-Y 1.08 3.23 -7

3 L-L-L-dL-P-Y 0.71 3.36 -7.1
4 L-dL-dL-dL-P-Y 1.06 2.98 -7.2
5 L-L-L-L-dP-Y 1.01 2.35 -7.3
6 dL-dL-dL-dL-dP-Y 1.77 2.72 -7.3
7 L-L-dL-dL-P-Y 1.53 2.94 -7.3
8 L-dL-L-dL-dP-Y 0.26 2.53 <=-8.1
9 L-dL-L-L-dP-Y 1.61 1.53 <=-8.1

“The peptide sequence and the experimental permeability were taken from the work of Rezai ef al.” The permeability coefficient
log Py, was determined using PAMPA.
®The number of intra-peptide hydrogen bonds (HB) of the peptides in water and hexane were calculated from our MD

simulations.

TABLE II. Simulated parameters of the crosslinked cyclic peptides.

NSA/ NSA/ ANSA/
Peptide Sequence’ HB,,"" HB, " PSA™! cPSA® pPSA™ cpSA™ APSAMTWC AcPSAMTW  cpsaHW
ROM RCR-VAL-dCYS-OAB-VAL 152 722 101 055 506 938  —0.13 -0.07 1.39
ROH RCR-VAL-dCYS-OAB-VAL 132 785 108 058 491 921 ~0.04 0 -0.18
ROMIM RCM-VAL-dCYS-OAB-VAL 127 843 11 062 471 838  —0.09 -0.05 0.66
ROMs1 dMKC-VAL-dOEC-OAB-VAL 158 798 094 052 633 1145 0.06 0.04 -0.78
ROMs2 dMKC-VAL-dMKC-OAB-VAL 116 679 105 059 504 899 0.152 0.09 -1.85
Pep8 LEU-dLEU-LEU-dLEU-dPRO-TYR 253  13.94 157 088 453 8.1 -0.17 -0.05 0.18
pep8cys  CYS-dLEU-LEU-dCYS-dPRO-TYR  1.15 117 166 091 361 662  —0.11 ~0.06 0.47
pep8sl  MKC-dLEU-LEU-dOEC-dPRO-TYR 247 109 127 07 578 1043  -0.08 -0.02 0.09
pep8s2  MKC-dLEU-LEU-dMKC-dP-TYR 1.6 100 136 074 498 907  -0.016 -0.01 0.22
Pep9 LEU-dLEU-LEU-LEU-dPRO-TYR  1.53 109 159 088 438 7.93 0.016 0.03 -0.37
pep9cys  CYS-dLEU-LEU-CYS-dPRO-TYR ~ 0.18  12.0 1.8 096 337 623 0.038 0.02 -0.03
pep9sl  MKC-dLEU-LEU-dOEC-dPRO-TYR  2.86  10.2 12 066 578 1046  —0.238 ~0.13 1.77
pep9s2  MKC-dLEU-LEU-dMKC-dPRO-TYR ~ 1.88 113 133 074 482 869  -0.11 -0.04 -0.08

*MKC and OEC are residues at the stapling sites, with 4 and 7 carbon sidechains, respectively; RCR and OAB are the two unnatural residues in romidepsin; RCM is an RCR analog

with one extra carbon in the linker.

bHBPPH is the number of intra-peptide hydrogen bonds in hexane; superscript H indicates simulation in hexane, while subscript pp indicates the number of intra-peptide hydrogen

bonds.

HB, " is the number of hydrogen bonds in water; superscript W denotes simulation in water, and subscript pw denotes the number of hydrogen bonds between peptide and water.

4Superscript H denotes the surface parameters of the peptide in hexane.

®Superscript H-W denotes the differences in the surface parameters of the peptide between the hexane phase (H) and the water phase (W), e.g., APSA™™" = pSAT.PSA™; AcPSAHW

= cPSAH-cPSAY; and ANSA/cPSAFY = NSA/cPSAH-NSA/cPSAY.

from the group of van der Spoel (http://virtualchemistry.org).*
Peptides can display different protonation states at different pH
and in different microenvironments;'*"° however, the peptides
used in this study only consist of cyclic backbones and the side
chains of Leu, Pro, and Tyr, and they do not contain titratable
groups (the pKa of the sidechain of Tyr is ~10.1 and hence will
remain protonated under the conditions explored here); hence, we
used the same force field parameters corresponding to physiolog-
ical pH in both aqueous solution and the membrane mimicking
environment.

To understand how the peptide partitions into the membrane,
we constructed a biphasic system consisting of one organic slab and

one aqueous phase; the former is a mimic of a membrane and can be
described using hexane, chloroform, or octanol.'"*® The details of
the system setup are given in Table S1. We used umbrella sampling
simulations to calculate the transfer free energies of the peptides
from the aqueous phase to the organic phase. In each umbrella
sampling simulation, the z-position was chosen as the reaction coor-
dinate, which is the position of the center of mass of the peptide with
respect to the center of mass of the hexane slab along the slab normal
(z-direction), and the path is described by 24 equally spaced win-
dows with 0.15 nm between adjacent widows, which are sufficient
to achieve the overlap of the distributions of the potential energy
between adjacent windows. Each window was simulated for 50 ns
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with a harmonic potential of 1000 kJ/mol/nm to restrain the peptide
to a specified z-position. The last 30 ns were used to construct the
PMF as a function of the z-position using the weighted histogram
analysis method (WHAM).*

To explore whether the differences in solubilities of the peptides
between water and the organic phases (membrane mimics) could be
correlated with membrane permeability, we also simulated each pep-
tide in water and the membrane mimicking medium (we explored
hexane, chloroform, and octanol separately) for 400 ns each, using
the last 300 ns (as the system had equilibrated, see later) for analy-
sis. Compared to the time taken to compute the PMF in the biphasic
system, the simulation of the peptide in an organic medium is about
one order of magnitude faster due to the smaller size of the simu-
lation box and without the need to simulate the intermediate states
along the translocation pathway. The solubility of the peptide was
estimated by computing the solvent accessible surface area (SASA)
using the double cubic lattice method (DCLM) that is implemented
in the GROMACS package.’® SASA is the surface formed by rolling a
solvent probe (e.g., water molecule) along the van der Waals surface
of the peptide molecule.”’ In this study, the probe radius was chosen
as 1.4 nm. The SASA was then further decomposed into PSA and
non-polar surface area (NSA). For the peptides used in this study,
the polar atoms refer to the CO and NH groups of the backbone as
well as the OH group of the Tyr sidechain, and all other atoms are
treated as non-polar atoms. The PSA of the peptide was calculated
by summing the atomic area of the polar atoms (e.g., the CO and
NH groups in the backbone and the OH groups in the side chains of
Tyr residues), and NSA was calculated by the subtraction of the PSA
from SASA. The charge weighted PSA (cPSA) was calculated using
>qi* PSA;, where q; is the partial atomic charge of the polar atoms
and PSA,; is the atomic area of the individual polar atoms. The above
simulations revealed that hexane is a better mimic of the lipid tails
of the membrane, and so we carried out two additional sets of sim-
ulations in hexane using the CHARMM?36” and CHARMM36M"!
force fields to study the effects of force fields on the prediction of
membrane permeability; the corresponding parameters were gener-
ated using CHARMM-GUI " In addition, we further explored the
AMBERQO3 force field”* because Ono ef al. had shown that this force
field yields a good correlation between simulations carried out in
cyclohexane and experimental data.”’ Our results showed that expo-
sure of the backbone polar atoms appears to modulate solubility,
and hence, to examine this, we decided to explore these effects by
introducing crosslinks to reduce the exposure of the backbone polar
atoms. For this, we choose two poorly permeable peptides, pep8 and
pep9 (Table I), and designed six crosslinked analogs with different
lengths of the linkers, by crosslinking residues 1 and 4. These were
called pep8cys and pep9cys, in which two cysteine residues were
used via a disulfide bridge to crosslink the peptides; pep8sl and
pep9sl in which the crosslinker consisted of 11 carbon atoms, and
pep8s2 and pep9s2 in which the crosslinker consisted of eight carbon
atoms (Table II). Each crosslinked cyclic peptide was subjected to
400 ns of simulations in both hexane and water. For comparison, we
also performed simulations of a FDA approved drug that is known
to be cell permeable, romidepsin (ROM). To examine the effect of
crosslinking on peptide permeability, we also constructed and simu-
lated two hydrocarbon stapled analogs of romidepsin: ROMs1 (11
carbon crosslinker) and ROMs2 (8 carbon crosslinker); as a fur-
ther control, we explored the effects of removing the geometrical
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constraints in romidepsin by reducing the disulfide bridge (ROH).
Details of the system setup are given in Table S2.

In all the simulations, the bonds between the hydrogen atoms
and any heavy atoms were constrained using the LINCS algorithm,
enabling a time step of 2 fs to be used.”” Both Lennard-Jones
interactions and short-range electrostatic interactions were cut at
1.0 nm, and long-range electrostatic interactions were calculated
using PME.>® All simulations were performed in the NPT ensemble,
with temperature and pressure being maintained at 300 K and 1 bar
using the Nosé-Hoover thermostat and the Parrinello-Rahman
barostat, respectively. The hydrogen bond is identified when the dis-
tance between the donor atom and the acceptor atom is smaller than
0.35 nm, and the angle subtended by the donor-hydrogen-acceptor
atoms is smaller than 30°. Simulations were carried out using
GROMACS 5.1.”" Surface parameters (e.g., PSA, NSA, and SASA)
were calculated using the g sas command in GROMACS with a
probe radius of 1.4 nm; RMSD of the peptides was calculated using
the g_rms command in GROMACS, and the number of hydrogen
bonds were calculated using the g_hbond command in GROMACS;
cPSA was calculated using our own python script. Principle com-
ponent analysis (PCA) was carried out using the GROMACS com-
mands g_covar and g_anaeig, and the probability distribution of the
conformational states along the first two principle components PC1
and PC2 was calculated using our own code; PMF was constructed
using the GROMACS command g_wham.

lll. RESULTS AND DISCUSSIONS

A. Correlation of transfer free energy
with permeability

We first examined the transfer free energy of the peptides
from water to hexane (the potential of mean force, PMF, Figs. |
and S1). All the peptides displayed a free energy minimum at the
water-hexane interface, where the non-polar atoms of the pep-
tide undergo desolvation, while the polar atoms are still solvated
with water molecules, as shown by the snapshots in Fig. S2. At the
hexane-water interface, most Leu residues prefer to penetrate into
the hexane phase, while the Tyr side chain is largely solvated with
water molecules. This is consistent with computational studies that
have reported that free energy of transfer from water to a bilayer
center is negative for Leu, but slightly positive for Tyr, and contrasts
with the negative free energies for the other aromatic sidechains Phe
and Trp.”® As the peptides further penetrate into the hexane phase,
the polar atoms start to desolvate, resulting in an increase in the
PMEF. In the case of a membrane, the free energy barrier associated
with polar groups, particularly the charged groups, exists mainly in
the lipid tail region of the membrane, where the polar atoms get
desolvated.””” This suggests that the free energy difference between
the water phase and an organic phase mimicking the lipid tail region
of the membrane AG could be a useful parameter to assess mem-
brane permeability. We find that the calculated AG between the
aqueous phase and the hexane phase generally correlates reasonably
with the experimental permeability, with the calculated coefficient of
determination R? = 0.613 [Fig. 1(b)].

The AG of small molecules can be estimated through the use
of simple empirical methods, such as group contribution theory.*’
In contrast, calculation of the AG for peptides, particularly for pep-
tide enantiomers, requires rigorous sampling of the conformational
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FIG. 1. Transfer free energy from agueous phase to hexane. (a) Potential of mean force for the peptide transferring from water to hexane as a function of the z-position
of the peptide with respect to the center of mass of the hexane slab; (b) correlation of the free energy difference with the peptide permeability; and (c) correlation of the
integration of the potential of mean force based on Eq. (1) with the peptide permeability.

spaces because a peptide, in contrast to small molecules that largely
are relatively rigid, is very flexible and is characterized by a com-
plex free energy landscape with many metastable states separated by
free energy barriers.”"*” We wondered whether the free energies of
the intermediate states along the pathway across the hexane-water
biphasic system could be used to recapitulate the experimentally
observed the membrane permeabilities of the peptide enantiomers.
From Eq. (1), we know that the membrane permeability not only
depends on the free energy difference AG but also depends on the
diffusion coefficient along the translocation pathway. As the pep-
tides in this study only differ in chirality, we can assume that their
diffusion coefficients are similar. This allows us to integrate based on
Eq. (1), and we find that although the membrane is modeled using
a simple hexane-water biphasic system, integration of the free ener-
gies does result in a small improvement in correlation (R? = 0.666)
[Fig. 1(c)]; however, these correlations are not very satisfactory.

B. Polar surface area in a membrane mimicking
environment

Next, we looked for correlations between the exposed surface
areas in both water and hexane with permeabilities of the peptides.
The 400 ns simulations were found to have attained equilibrium
rapidly in the properties of interest (Figs. S3 and S4). The overlap
in the distribution of PSA in hexane between the different pep-
tides (Fig. S4) suggests the necessity of using the ensemble averaged
PSA from MD simulations instead of the PSA of a single confor-
mation. Figure 2(a) shows a similar correlation as above between
the ensemble averaged PSA in hexane and the peptide permeability
(R* = 0.624). In contrast, the PSA in water shows poor correlation
with the peptide permeability (R* = 0.017), suggesting that PSA in a
membrane mimicking medium could possibly be a useful descriptor
for the membrane permeability of such cyclic peptides. There is also
poor correlation for the averaged total solvent accessible surface area
(SASA) in either water or hexane [Fig. 2(b)]. This is in contrast to
the computational study of Ono et al.,’’ in which the authors found
a strong correlation between the total SASA in cyclohexane and
the experimental permeability of eight cyclic peptide enantiomers
(R* = 0.872). Interestingly, Ono et al. did not find any correlation of
PSA in either cyclohexane or water with permeability (R* = 0.063).

Although the peptides used in the work of Ono et al. have the same
amino acid content (e.g., four Leu residues, one Pro, and one Tyr)
to the peptide used in this study, the sequences in the two stud-
ies are quite different, resulting in differences in the calculated PSA
and SASA. For example, the PSA in our study ranges from 1.22 to
1.6 nm? [Fig. 2(a)], while the PSA in the work of Ono et al. spans
a narrow range from 1.37 to 1.44 nm?, suggesting that the peptides
used in the study of Ono et al. are less flexible; this of course may also
result from different solvents (cyclohexane) and force fields used in
their study (AMBERO03).

PSA is related to the desolvation free energy penalty associ-
ated with entry into the membrane, which is often balanced by the
favorable free energy gain associated with the non-polar groups. To
take into account the contribution from non-polar atoms, which
provides the driving force for membrane penetration, we wondered
if the ratio of non-polar surface area (NSA) to PSA would give a
better correlation; indeed, we find that it does improve the corre-
lation [R® = 0.719; Fig. 2(c)], suggesting that this ratio is a better
descriptor for membrane permeability. As the NSA/PSA ratio con-
siders both non-polar and polar groups of the peptide, it is also a
more general parameter and is less dependent on the size of the
peptide.

Although the NSA/PSA ratio appears to correlate better with
membrane permeability compared to PSA alone, it still has some
intrinsic limitations. PSA is defined by summing the atomic area of
all polar atoms, such as oxygen and nitrogen, and does not account
for the variations in partial atomic charges that characterize the
atoms based on their environments. For example, COO- has smaller
PSA compared to COOH, but the former is associated with a higher
free energy penalty during penetration into the membrane, resulting
in discrepancy in the correlation of PSA with membrane permeabil-
ity. To overcome this limitation, we propose a modified PSA, which
reweights the atomic area of each polar atom with its partial atomic
charge. The charge weighted PSA (cPSA) is calculated as cPSA
= >qi * PSA;, where q; is the partial atomic charge of the individ-
ual polar atom and PSA; is the atomic area of the polar atom. When
the PSA is weighted by the corresponding partial atomic charges, the
correlations of cPSA and NSA/cPSA with membrane are increased
(R? for cPSA is 0.668 compared to 0.624 for PSA; R? is 0.773 for
NSA/cPSA compared to 0.719 for unweighted PSA, Fig. 3).
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FIG. 2. Correlation of SASA, PSA, and NSA/PSA with the membrane permeability of the cyclic peptides in hexane (a)-(c) and water (d)—(f). The values for the calculated

surface parameters are included in Table S3.

The above results suggest that permeability strongly depends
on the screening of the polar atoms of these cyclic peptides in
hexane. As the polar atoms are mainly part of the peptide back-
bone (the only other polar atoms are from a Tyr sidechain hydroxyl
group), the free energy penalty is largely determined by the desolva-
tion of the backbone polar atoms, which consist of the polar amide
NH groups and the polar carbonyl CO groups. To evaluate the rel-
ative contributions of NH and CO groups to the overall PSA, we
calculated the atomic PSA for the two functional groups NH and
CO (Fig. 4). Compared to the CO groups, the accessible atomic area
for NH groups is quite low, suggesting that the PSA is largely made
up of contributions of the CO groups of the peptide. Indeed, the PSA
and cPSA for the CO group show enhanced correlation with perme-
ability, with R? = 0.83 and 0.827, respectively [Figs. 4(b) and 4(e)].
The dominance of CO in PSA largely arises from the higher par-
tial charges of the carbon and oxygen atoms, which in turn requires
paying larger free energy penalties as they enter the membrane.
Further decomposition of the PSA into contributions from each ele-
ment revealed that O shows the highest correlation with peptide
permeability (Fig. S5), as a result of having the highest partial charge.

Compared to small molecules, peptides are flexible and can
form a large number of intra-peptide HBs and intermolecular HBs
with water (and perhaps inter-peptide HBs depending on the local
concentrations of the peptides). The formation of intra-peptide HBs
reduces the PSA in the membrane and stabilizes the polar atoms
and thus favors membrane translocation, as has been hypothe-
sized for cyclosporine A (CSA).'’ In water, the cyclic peptide CSA
adopts an open conformation, with backbone atoms engaged in HBs
with water molecules, while in a membrane, CSA adopts a closed
conformation driven by the formation of intra-peptide hydrogen

bonds.'”** Thus, the reduction of PSA and the formation of higher
number of intra-molecular HBs in the membrane compared to those
in water are reasonable indicators of the permeability of the cyclic
peptides. However, the changes in total SASA are poorly correlated
with peptide permeability (Fig. S6a), but the change in PSA corre-
lates well with permeability (Fig. S6b). When the PSA is reweighted
by the atomic charges, the correlation increases slightly (R* increases
from 0.681 to 0.701, Fig. S6c). Figure S7 shows that all the cyclic
peptides form more intra-peptide hydrogen bonds in hexane than in
water, suggesting that the cyclic peptide undergoes a conformational
transition when translocating from the aqueous to the membrane
phase. Although the number of intra-peptide HBs in water is poorly
correlated with membrane permeability, the number of HBs in hex-
ane and the difference in HBs between hexane and water do show
some correlation, with R* value of 0.410 and 0.336, respectively.

For most molecules containing polar groups, the main free
energy barrier along the translocation pathway lies in the lipid tail
region of the membrane.'”””* The above simulations were per-
formed in hexane, which was selected to mimic the lipid tail region
of the membrane. Different organic media have been used in the
literature to mimic membranes.”” We also performed MD simula-
tions to explore the potential of using chloroform and octanol as
membrane mimics, and the corresponding surface areas are shown
Figs. S8 and S9. All the descriptors examined above show reduced
correlations with peptide permeability in chloroform, and we sus-
pect it results from the small and spherical shape of a chloroform
molecule, which is structurally quite different from the extended
shapes of the lipid tails of the membrane. In octanol, all descrip-
tors show very poor correlation with peptide permeability (all R?
values are below 0.15). Due to the presence of the polar hydroxyl
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FIG. 3. Correlation of cPSA and NSA/cPSA with the membrane permeability of the cyclic peptides in hexane (a) and (b) and water (c) and (d). For comparison, the calculated
parameters for six new crosslinked peptides are also included in (a) and (b). The values for the calculated surface parameters are included in Table S4.

group, octanol is less hydrophobic and has an amphiphilic structure.
Together the data suggests that hexane is a better mimic of the lipid
tail of the membrane and could arise from its structural similarity
with the lipid tails, at least for the set of cyclic peptides explored in
this study.

An additional uncertainty in computational predictions of
membrane permeability is the choice of force field. There appears
to be no general force field that can unambiguously be applied to
any given molecule. We decided to explore the use of AMBERO03
(we tested this force field because it yielded a good correlation in a
study published by Ono et al.”’), CHARMM36, and CHARMM36M
force field on our calculations due to their success in describing pep-
tide and protein molecules.”’ Figure S10 shows that CHARMM36
results in poor correlations between various surface parameters with
the peptide permeability. For CHARMMS36M, although PSA, cPSA,
NSA/PSA, and NSA/cPSA show certain correlations with peptide
permeability, but the correlations are not as good as those obtained
using the AMBER14SB force field. (R* reduced from 0.624 to 0.37
for PSA, 0.667 to 0.331 for cPSA, 0.719 to 0.293 for NSA/PSA,
and 0.773 to 0.225 for NSA/cPSA; Fig. $10.) The simulations using
the AMBERO3 force field demonstrate poor correlations (Fig. S11).
AMBERO03 was parameterized using a different approach to that
used for the other AMBER force fields, and hence its parameters are
substantially different.®® The results highlight the strong effects of
force fields on the properties calculated and hence remain a large
source of ambiguity in any blind tests and prediction efforts. For
example, the FDA approved cyclic peptide drug cyclosporine A,

due to the presence of a cis peptide bond between residues 2 and
3, is a big challenge for developing a proper force field to charac-
terize its conformational transition from the aqueous phase to the
organic phase.'’ The cyclic peptides used in our study contain only
six residues; it is likely that the small backbone ring structures may
result in certain backbone constraints that are not properly modeled
by the standard force fields; there has been some recent progress;’”"*
clearly more work needs to be done.

The above results suggest good correlations when using
AMBERI14SB force field and hexane as the membrane mimick-
ing medium. To understand the associated free energy landscape
of the cyclic peptides, we further performed PCA analysis. Figure
S12 shows the free energy landscape along the first two princi-
ple components PC1 and PC2. Interestingly, in general, the pep-
tides with higher membrane permeability (e.g., pepl) appear to
display funnel-shaped landscapes, suggesting that the most pop-
ulated conformations of pepl in hexane are energetically favor-
able. In contrast, the fluctuations of the peptides with low mem-
brane permeability (e.g., pep8 and pep9) are characterized by a
more frustrated free energy landscape with more metastable states,
resulting in lower populations for the energetically favorable con-
formations of the two peptides in hexane; an exception is pep7,
which displays less flexible conformations, but is known to be less
permeable.

The translocation of peptides across the membrane is a com-
plex process that depends on the interplay of hydrophobicity,
molecular size, intra-peptide hydrogen bonds, polar surface area,
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FIG. 4. PSA (a)-(c) and cPSA (d)(f) of the cyclic peptides in hexane by different functional groups CO, NH, and NHCO. The values for the calculated surface parameters

are included in Table S5.

flexibility of the peptide molecule, and the lipid composition of the
membrane.”””> For example, the molecular size affects not only
the diffusion coefficient but also the free energy cost of a molecule
entering the membrane. The larger the molecule, the slower the
diffusion and the higher the entropic penalty associated with the cre-
ation of a cavity in the membrane to accommodate the molecule.”
Using NMR, Wang et al. reported that the experimental diffusion
coefficient of a typical six-residue cyclic peptide is in the range of
0.34-0.36 (1 x 107> cm?*/s), depending on the solvent.” The dif-
fusion coefficient of the cyclic peptides in hexane calculated from
our simulations (Table S3) are higher than the reported ones and
displays large statistical noise because of the use of only a single
peptide in our simulations. Moreover, the RMSD between the pep-
tides used here are small, and yet the computed diffusion coefficients
are more widely distributed, pointing to the complex relationship
between peptide conformations and their overall mobilities. Hence,
it is more appropriate to use the proposed surface parameters as
a ranking function for peptides with similar size (e.g., the peptides
used in this study). In addition, the membrane permeability of cyclic
peptides may also compete with processes, such as (a) the entropic
penalties associated with the conformational changes needed for
membrane permeation; (b) aggregation that may result from high
hydrophobicity and can significantly affect peptide solubility.””® Tt
is clear that combinations of multiple parameters are required to
describe membrane permeability. Naylor et al. have used a combina-
tion of decadiene-water distribution coefficient and octanol-water
partition coefficients to successfully describe the membrane per-
meability of a set of cyclic peptides, with the former accounting
for the tendency to partition into the membrane and the latter

accounting for solubility.®” Hence, searching for meaningful param-
eters can extend the parameter space for peptide permeability. The
two new parameters we proposed above, cPSA and NSA/cPSA, can
be useful additions to the set of parameters that are combined toward
developing multi-variable equations to predict membrane perme-
ability of such molecules. Recently, machine learning methods have
been coupled with MD simulations to predict peptide membrane
permeability.””’® The new parameters developed in this study can
be used as descriptors or molecular features in the machine learning
predictions. It is worth noting that the proposed surface param-
eters are based on an isotropic membrane model, which neglects
the inhomogeneity of the membrane as well as the interactions
between the peptide and the head groups. Due to such limitations,
certain molecular events, such as the peptide conformation at the
membrane-water interface, cannot be captured, which has been
shown to be important in the translocation of the peptide across
the membrane.'® Atomistic lipid membrane model can be more
realistic but are computationally expensive due to the necessity to
use enhanced sampling methods, such as replica exchange umbrella
sampling simulations.'® In contrast, the proposed surface parame-
ters (e.g., PSA, cPSA, NSA/PSA) in this study can be easily calculated
from a single MD simulation in a membrane mimic media (e.g., hex-
ane) and can be used as in silico screens for the rapid identification
of potentially membrane permeable peptides, at least for a congenic
series of molecules.

C. Optimization of the peptide scaffold

The findings of our study suggest that the free energy penalty
associated with the translocation of the cyclic peptides across the

J. Chem. Phys. 156, 065101 (2022); doi: 10.1063/5.0078025
Published under an exclusive license by AIP Publishing

156, 065101-8


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

membrane arises largely from the desolvation of polar backbone
atoms, particularly the carbonyl groups. Therefore, we wondered
if chemical modifications could be carried out in these peptides to
shield the polar backbone atoms, thereby enhancing permeability.
As the cyclic peptides have an overall ring structure, a simple strat-
egy may be to link the sidechains of two residues located across
the ring, forming a bicyclic peptide in which the linker atoms
can shield the backbone polar atoms from one side. Interestingly,
romidepsin (ROM), a membrane permeable peptide drug targeting
histone deacetylases (HDAC), has a bicyclic structure crosslinked by
a disulfide bond” between a Cys residue and an unnatural amino
acid that contains an SH group linked to the backbone by a four-
carbon chain. Upon entering the cell, the disulfide bond undergoes
reduction, resulting in a reduced form of romidepsin (ROH) that
binds to histone deacetylases. To examine the effect of the disulfide
bond crosslinking on membrane permeability, we simulated ROM
and ROH in hexane for 400 ns. Table II shows that ROH has larger
PSA and smaller NSA/cPSA values compared to native ROM, sug-
gesting that disulfide crosslinking shields the polar atoms, and it
is speculated that this contributes favorably toward the ability of
ROM to be membrane permeable.®’ Based on this speculation, we
explore whether similar modifications to our peptides will result in
shielding of the polar backbone atoms. We chose two poorly per-
meable peptides pep8 and pep9 from Table I and mutated the first
and fourth Leu residues into two Cys residues linked by a disul-
fide bridge, yielding two bicyclic peptides pep8cys and pept9cys.
These two peptides were subject to MD simulations (for 400 ns) in
hexane. The PSA and cPSA of the new peptides were unexpectedly
high (Table IT), even higher than the parent peptides, suggesting that
this modification resulted in a larger exposure of the polar back-
bone atoms. Visual inspection of the peptide conformations revealed
that the backbone ring structures of pep8cys and pep9cys are sig-
nificantly twisted and likely result from the constraints imposed by
the short disulfide linker between the two Cys residues, as shown by
the snapshots of the crosslinked peptides in Fig. S13. This was not
seen for ROM because the crosslinking chain is much longer and the
ring is smaller (five residues compared to six residues in pep8 and
pep9). To overcome this, we decided to introduce a longer hydro-
carbon cross-linker, and for this, we modeled a staple linker; this
technique of stapling is increasingly being used to constrain linear
(mostly alpha helical) peptides toward their development as poten-
tial therapeutics.”"*” We introduced staples across positions 1 and
4 in the parent peptides pep8 and pep9. Two types of staples were
introduced: one containing 11 carbon atoms and the other contain-
ing 8 carbon atoms, resulting in four stapled cyclic peptides, referred
to as pep8sl, pep9sl, pep8s2, and pep9s2 (Table II and Fig. S13).
Each stapled cyclic peptide was subjected to 400 ns simulations in
hexane. The calculated PSA, cPSA for all the stapled cyclic pep-
tides, are significantly reduced compared to their parent peptides.
In particular, the PSA for pep8s1 and pep9s1 are 1.27 and 1.20 nm?,
respectively, which are similar to the most permeable peptide (e.g.,
pepl with PSA 1.23). The peptides with the longer staple (pep8sl
and pep9sl) display much lower PSA than the peptides with a short
staple chain (pep8s2 and pep9s2) because the longer staple chains
shield larger polar surface areas than the shorter ones. In addition,
in hexane (the membrane mimic), the stapled cyclic peptides also
form a larger number of intramolecular hydrogen bonds compared
to the parent peptides, and this likely favors membrane translocation

ARTICLE scitation.org/journalljcp

(Table IT). In contrast, the hydrogen bonds between the peptide and
water display no correlation. To further validate the role of hydro-
carbon crosslinking in modulating peptide permeability, we used the
same hydrocarbon stapling strategy to modify ROM and made two
ROM analogs, ROMsl with a long hydrocarbon chain and ROMs2
with a short chain. We also constructed another romidepsin ana-
log with a longer crosslinking chain, ROM1M, with one additional
carbon inserted between the two sulfur atoms. Table II shows that
although there is no reduction in PSA for ROM1M, the hydrocar-
bon crosslinked peptides, ROMsl and ROMs2, display a reduced
PSA and increase in NSA/cPSA compared to the parent peptide
ROM; the longer hydrocarbon chain exerts a greater shielding effect
on account of the long and flexible hydrocarbon chain. Of course,
these last three examples are used here to support our hypothesis
of backbone shielding only; since the ROM is thought to function
by chelating a zinc in HDAC enzymes through its Cys sulfur,®’ these
three ROM analogs are expected to be dysfunctional. We also carried
out simulations of the peptides in water and calculated the differ-
ences in the surface parameters between hexane and water, such as
APSA, AcPSA, and ANSA/cPSA. However, these parameters do not
show clear pattern between the parent peptides and the crosslinked
peptides.

One may argue that the increase in NSA/PSA and NSA/cPSA
may simply result from the larger molecular size arising from the
incorporation of the bulky staple chain. To investigate this, we cal-
culated the total surface area and the radius of gyration of the stapled
cyclic peptides in hexane and water (Fig. S14). Compared to the
parent peptides, the stapled cyclic peptides showed no increase in
the radius of gyration and the total surface area in both media. In
fact, for pep9sl and pep9s2, both the total surface area and radius
of gyration decrease compared to the parent peptide pep9 even
though these two peptides contain larger crosslinkers, suggesting
that the two stapled cyclic peptides adopt more compact struc-
tures. The results reveal that the hydrocarbon staple chain provides
a hydrophobic environment that appears to nucleate the sidechains
of other hydrophobic residues into wrapping around the backbone
ring, resulting in conformations with more polar backbone atoms
buried inside, and suggests a potential way to improve the per-
meability of cyclic peptides. Clustering the conformations of the
peptides sampled during the MD simulations based on their RMSD
(Fig. S13) reveals that, for the hydrocarbon crosslinked peptides,
the population of the first cluster increases significantly compared
to their parent peptides, in both water and hexane, suggesting a
reduction in the number of conformational states upon crosslinking.
The reduced conformational flexibility of the crosslinked peptides
can also be seen from the free energy landscape along the first two
principle components (Fig. S15). Compared to the frustrated free
energy landscape of the parent peptides pep8 and pep9 (Fig. S12),
the crosslinked peptides display more funnel like free energy land-
scapes (Fig. S15). To understand how the hydrocarbon crosslinking
affects the conformational transitions of the stapled cyclic pep-
tides when transferred from water to hexane, we calculated the
RMSD of every conformation sampled in water with respect to
every conformation sampled in hexane. The distributions of such
pairwise RMSD between the two media characterize the similarities
between the conformational ensembles of a stapled cyclic peptide
between water and hexane. Figure S16 shows that the distribution
of RMSD of the crosslinking peptide derivatives shifts to lower
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values compared to their parent peptides, suggesting that hydrocar-
bon crosslinking reduces the differences in conformations between
water and hexane. This can reduce the entropic penalties associated
with the translocation of the peptide from the aqueous phase to the
membrane phase, thus favoring membrane permeation. Therefore,
hydrocarbon stapling could be a promising chemical modification
to enhance the membrane permeability of peptide drugs. Indeed,
stapled alpha-helical peptides have displayed favorable membrane
permeability compared to the non-stapled linear peptides;*"* how-
ever, hydrocarbon stapling may result in low solubility due to the
high hydrophobicity of the hydrocarbon staple chain.

IV. CONCLUDING REMARKS

We have used MD simulations to study the correlation of
thermodynamic and structural parameters with the membrane per-
meability of a set of cyclic peptides that differ from each other only
in chirality. MD simulations with realistic lipid membranes are time
consuming and often result in the system being trapped in local min-
ima in the complex free energy landscape. This has resulted in the
use of organic media to mimic the membrane both experimentally
and computationally. We have used three membrane mimicking
media, hexane, chloroform, and octanol, and found that hexane was
the best at describing the membrane permeability of this set of cyclic
peptides. We found that the most widely used parameters in describ-
ing the membrane permeability of these cyclic peptides, such as the
free energy of transfer between water and the membrane mimicking
phase, the ensemble averaged PSA, and the average number of intra-
peptide hydrogen bonds, correlate with membrane permeability,
with R* ranging from 0.41 to 0.624. When the PSA is decom-
posed into different elements or functional groups, we found an
enhanced correlation between the properties of the carbonyl group
with peptide permeability. We also proposed two new parameters to
determine the ability of peptide to cross membranes: the NSA/PSA
ratio, which takes into account both non-polar and polar surface
areas, and cPSA, which takes into account the difference in the polar-
ity of the peptide atoms. Both show improved correlations with the
membrane permeability of these cyclic peptides, with NSA/cPSA
showing the highest correlation, R* = 0.773. These parameters can
easily be obtained from a single simulation of a peptide in hexane.
They can also be combined with intra-peptide hydrogen bonds, log
P, and other computational and experimental parameters, to pro-
vide rapid screening or predictions of the membrane permeability of
cyclic peptides. Finally, based on our simulations, we were inspired
to introduce hydrocarbon chains to crosslink residues in the cyclic
peptides to shield the polar atoms from exposure. These designed
peptides showed much reduced PSA and NSA/PSA than their parent
peptides, suggesting that these peptides may have higher perme-
ability across membranes, hence opening a new window for the
development of cell permeable cyclic stapled peptides as potential
peptide therapeutics.

SUPPLEMENTARY MATERIAL

See the supplementary material for snapshots of the model pep-
tides in hexane and water, surface parameters based on element,
surface parameters in octanol and chloroform, surface parameters
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using AMBERO3 and CHARMM force fields, RMSD, and surface
parameters of crosslinked peptides.
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