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Membrane permeability of cyclic peptides is an important factor in drug design. To investigate the membrane
permeability of cyclic peptides using molecular dynamics (MD) simulations, the accurate force fields for unnatural
amino acids present in the cyclic peptides are required. Therefore, we developed the CHARMM force fields of the
unnatural amino acids present in cyclosporin A (CsA), a cyclic peptide used as an immune suppressor. Especially
for N-methyl amino acids, which contribute to the membrane permeability of cyclic peptides, we developed a grid
correction map (CMAP) of the energy surface using the ¢ and y dihedral angles in the main chain of CsA. To
validate the developed force field, we performed MD simulations, including the generalized replica exchange with
solute tempering method, of CsA in water and chloroform solvents. The conformations of CsA in water and
chloroform sampled using the developed force field were consistent with those of the experimental results of the
solution nuclear magnetic resonance spectroscopy.

Key words: CHARMM force field, cyclic peptide, molecular dynamics simulation, N-methyl amino acids, replica
exchange

r d Significance » ~\

Cyclic peptides, as middle molecular weight drugs, have received considerable attention in drug development.
Because of the flexibility of cyclic peptides, molecular dynamics simulations would be useful for investigating
their dynamic properties such as membrane permeability. An accurate force field for cyclic peptides is required to
perform molecular dynamics simulations; therefore, we developed the CHARMM force field for unnatural amino
acids in a representative cyclic peptide, cyclosporin A. Results simulated using the developed CHARMM force
field were consistent with experimental data such as those of nuclear magnetic resonance spectroscopy.

. J

Introduction

Recently, middle-molecular-weight drugs (500-2,000 Da), which are between the conventional low- and high-
molecular-weight drugs (e.g., antibodies), have attracted much attention in drug development [1]. These drugs have the
ability to cross cell membranes, similar to low-molecular-weight drugs, and inhibit protein—protein interactions, similar
to high-molecular-weight drugs [1]; these drugs may, therefore, inhibit protein—protein interactions inside cells.

Cyclosporin A (CsA) is one of the most successful drugs among the conventional low- and high-molecular weight drugs.
CsA is a cyclic undecapeptide with a molecular weight of 1,202.6 Da (Figure 1A), and is used as an immunosuppressant
[2-4]. The immunosuppressive effect of CsA arises from its capacity to inhibit signal transduction of the immune response
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by binding to cyclophilin (CyP) in the T cells [5,6]. The remarkable feature of CsA is its high membrane permeability
despite its high molecular weight. The three-dimensional structure of CsA has been investigated to elucidate the molecular
mechanism underlying its cell membrane permeability [7-12]. In the crystal structure, CsA adopts two forms: closed and
open (Figure 1B and 1C). The open form was observed in the crystal structure of CsA complexed with CyP [7]. In the
open form, no intramolecular hydrogen bonds are found, and polar groups are exposed to the solvent. Therefore, the open
form appears to be hydrophilic and stable in water [8-10]. In contrast, the closed form is observed in the crystal structure
of CsA in chloroform [12]. The closed form has four intramolecular hydrogen bonds (Figure 1B), and the polar groups
face inwards in the molecule. Thus, the closed conformation appears to be stable in a hydrophobic environment (e.g.,
within cell membranes). It is hypothesized that structural transition between the open and closed forms occurs during
permeation across membranes [13,14], and CsA adopts the open form in water. CsA undergoes conformational changes
upon entering the cell membrane and assumes the closed form; further, it changes its conformation back to the open form
upon crossing the membrane. It is noteworthy that the dihedral angle of the peptide bond (@) between two unnatural amino
acids in CsA, MLE2 and MLES3, is different in the open and closed forms. In the open form, the @ angle is 180° (trans),
whereas in the closed form, the @ angle is 0° (cis) (Figure 1B and 1C).

cis form

MLE* 2 (B)

(A)
A

Le U ALA11
MLE* 10 DALA 1

Figure 1 Structures of cyclosporin A. (A) The chemical structural formula of cyclosporin A. (B) The crystal structure
of the closed form of cyclosporin A from Cambridge structural database (CSD) [CDC ID: DEKSAN]. Black dotted line
represents hydrogen bonds. (C) The crystal structure of the open form of cyclosporin A [PDB ID: 1CWA]. Unnatural
amino acids residues are labelled in red and residue names of N-methyl amino acids are followed by an asterisk. In
panels (B) and (C), o angles between MLE2 and MLE3 are depicted in red circles. All graphical depictions of 3D
structures in this paper were generated using the program PyMOL [15].

N-methylation in the backbone of cyclic peptides is crucial for their membrane permeation [5-14,16-20]. In CsA, seven
out of 11 residues are N-methylated. Because N-methylation inhibits the hydrogen-bonding ability of amino groups, the
closed form, in which N-methyl groups are exposed to the solvent, hydrogen bond formation with solvent molecules is
difficult. Therefore, the closed form of CsA prefers hydrophobic environment. Furthermore, according to quantum
mechanics (QM) calculations, the energy barrier between the cis and trans states of the @ angle between the two N-methyl
amino acids is smaller than that of natural amino acids [21]. Thus, the cis—trans transition of the dihedral angle ® between
the two N-methyl amino acids is more likely to occur than in natural amino acids.

The structural dynamics of CsA, cyclic peptides, and small drugs during membrane permeability have been studied
using molecular dynamics (MD) simulations [13,14,22-27]. Witek et al. examined stable conformations of CsA [13], its
metabolite, cyclosporin E, and cyclic decapeptides in water or chloroform, and showed structural ensemble models given
by the Markov state model (MSM) integrating multiple short MD simulations with the GROMOS force field [24,25]. Ono
et al. performed multi-canonical MD simulations of CsA in various solvents, such as water and chloroform, using different
AMBER force fields, and examined the performance of the force fields by comparing the sampled conformational
ensemble with experimental data [26]. The membrane permeability of CsA, cyclic peptides, and small compounds were
examined using high-temperature MD with a CHARMM force field [14], replica exchange MD with AMBER force field
[27], or potential mean force analysis by short MD simulations with AMBER force field using membrane-water systems
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[23]. These studies suggest that the structural features vary during translocation across the membrane, corresponding to
the hydrophilic and hydrophobic environments and their interfaces. However, it was also suggested that the
conformational sampling strongly depended on the accuracy of the force field and the extent of sampling. In particular,
the performance of the force field of not only the molecules that permeate the membrane but also the membrane molecules
is an important aspect of simulating membrane permeation [22].

For plausible MD simulations of CsA, an accurate force field including N-methyl amino acids is required. In the recent
CHARMM force field for proteins, the grid correction map (CMAP) term, which is a correction for potential-energy cross
terms of backbone dihedral angle ¢ and vy, improves the accuracy of backbone conformations of natural amino acids [28].
However, the CMAP terms for N-methyl amino acids have not yet been developed. In recent years, a CHARMM force
field without CMAP terms has been developed for peptoids, whose residues are analogs of N-methyl amino acids [29,30].
In peptoids, side chains are connected to the nitrogen atoms of the backbone rather than to the a-carbons. In CsA, a
sarcosine residue (N-methyl glycine) is a peptoid residue.

In this study, we developed the CHARMM force field for CsA, including the CMAP terms of N-methyl amino acids,
and MD simulations of CsA in water and chloroform were performed to verify the validity of the force field. Because the
timescale of cis—trans transitions of the @ angle exceeds the timescale of current conventional MD simulations (~us), in
this study, we employed the generalized replica exchange with solute tempering (gREST) method, which is an extended
ensemble method [31]. Using the gREST method, the conformational changes that cross a high-energy barrier can be
sampled efficiently.

This study might provide valuable insights regarding the force fields for peptides.

Methods

Development of the CHARMM Force Field for Cyclosporin A

In this study, we developed the CHARMM force field for unnatural amino acids, MLE, MVA, BMT, ABU, and SAR,
which are represented by red letters in Figure 1A. The atom types in these residues were chosen mainly from the topology
files of the CHARMM36 force field (top_all36 carb.rtf, top all36 cgennff.rtf, and top all36 prot.rtf) [32]. The partial
atomic charges of these residues were determined with reference to the charges of amino acids and small molecules in
CHARMM36. For the parameters of those residues missing in CHARMM36, the CHARMM generalized force field
(CGenFF) for N-methyl alanine dipeptide was used [33-37]. The parameter sets and topology files developed in this study
are available at github.com/Ikeguchilab/CsA_FF.

Calculation of the CMAP Terms of N-methyl Amino Acids

The CMAP terms of N-methyl amino acids were calculated using the same procedure as that employed in the
CHARMM36 study for natural amino acids [32]. Here, we calculated the CMAP terms of the N-methyl alanine and N-
methyl glycine (sarcosine) dipeptide models. For comparison, the CMAP terms of alanine and glycine were calculated.
The backbone torsion angles of these dipeptide models (¢, ) were rotated by 15° and 576 conformations were generated.
These structures were optimized using the MP2/aug-cc-pVDZ level using Gaussian09 [38]. Next, single-point energies
were calculated for the optimized structures using the RIMP2/cc-pVTZ and RIMP2/cc-pVQZ levels by QCHEM ver.
5.0.2 [39]. From these results, the single-point energies with the complete basis set were calculated using the method of
Halkier et al. [40].

The main chain (¢, y) conformational energy maps, E (¢, y), for four dipeptide models of amino acids (N-methyl alanine,
N-methyl glycine [sarcosine], alanine, and glycine) were obtained from high-precision QM calculations
(RIMP2/CBS//MP2/aug-cc-pVDZ) (Figure 2A-D). The energy of the CHARMM force field was corrected using the
CMAP terms to reproduce the QM energy maps, E (¢, y).

Conformational Sampling using the gREST Method

The gREST method is an improved version of the replica exchange with solute tempering (REST) method [41]. In the
standard replica exchange method, for the enhancement of conformational sampling, the exchange of the system
temperature between replicas is attempted using the Metropolis criteria every several time steps [41]. However, when the
system is large (e.g., with many solvent molecules), the system temperatures hardly change because of small fluctuations
in the system energy. In REST, the temperatures of only the “solutes” are exchanged to overcome this problem [41]. Using
REST, one can achieve a sufficient exchange ratio of solute temperatures, even for large systems. In REST2, the energy
terms involving a solute are scaled instead of heating the solute to improve efficiency [42]. In gREST, which is a
generalized version of REST2, the scaled energy terms can be chosen from the energy terms defined in the force field
[31].

The gREST simulations were performed for CsA in water and chloroform using GENESIS ver. 1.3.0 [43,44]. Here, CsA
was defined as a solute, and the dihedral angle and CMAP terms were scaled in 10 replicas corresponding to 10
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temperatures, 300 K, 305 K, 315 K, 330 K, 350 K, 375 K, 405 K, 440 K, 480 K, and 525 K. All the bonds that involved
hydrogen atoms were constrained using the SHAKE algorithm, and the integration time step was 2 fs. The long-range
electrostatic interactions were calculated using the particle mesh Ewald method. The CHARMM-GUI [45,46] was used
for the setup of the water and chloroform systems. The CHARMM36m force field was used for normal amino acids and
d-alanine in CsA [47]. Water and chloroform solvent systems were constructed in a box cell (50x50x50 A). The TIP3P
model was used for water [48], Dietz and Heinzinger model was used for the partial atomic charges, and Lennard Jones
parameters was used for kit modules chloroform [49]. Other force field parameters of chloroform were determined using
the Gaussian09 and force field tool of VMD [50]. In the 100 ns MD simulation for pure chloroform using this force field
at 300 K and 1 atm, the average density was 1.46 g/cm?, which was close to the experimental value (1.48 g/cm?). The
closed crystal structure [CDC ID: DEKSAN] was used as the initial structure for the gREST simulations. Before the
production run, we performed a 1 ns equilibration run in the NPT ensemble for each of the 10 replicates. Then, the 500
ns production run was carried out using the gREST method. The exchange of solute temperatures of the replicas was
attempted every 1,000 steps. A series of simulations were performed with and without the CMAP terms in water and
chloroform (total simulation time was 20 ps). After the production run, all flames at 300 K were extracted from the
trajectories and used for analysis.

Molecular Dynamics Simulations of CsA

For comparison, we performed conventional MD simulations of CsA in water using the developed force field with
GROMACS 2016.3 [51]. The crystal structures of the open form [PDB ID: ICWA] and closed form [CDC ID: DEKSAN]
were used as the initial structures [7,12]. The conditions of the MD simulations were the same as those used in the gREST
simulations in water. The MD simulations from the open and closed initial structures were performed for 1 ps each at 300
Kand 1 atm.

Principal Component Analysis

For analysis of trajectories, we performed principal component analysis (PCA) using Ca coordinates of CsA. The
principal component (PC) axes were determined using the trajectories of the conventional MD simulations from the open
and closed forms of CsA in water. Snapshots of the trajectories of the gREST simulations and conventional MD
simulations were projected onto a plane constructed using the first and second PCs. The probabilities of the snapshots on
the plane were obtained and converted to free energies.

Results and Discussion

Energy Maps of Dipeptide Models

The energy landscapes of the N-methyl dipeptide models were different from those of normal amino acids. In particular,
the energy barriers in the two regions around (¢, y) = (150°, 45°) and (165°, —165°) were observed only in the N-methyl
amino acids (regions A and B in Figure 2A and 2B). The energy barriers are due to the steric repulsion of the bulky
methyl group attached to the amide group (Figure 2E and 2F). In contrast, in natural amino acids, hydrogen bonds between
the amide proton and carbonyl oxygen can be formed. The energy map of the dipeptide model of the natural amino acids
has three minima (C7eq, C7ax, and C5) (Figure 2) [52]. However, in the dipeptide model of the N-methyl amino acids,
the minimum C5 around (¢, v) = (—150°, 150°) was not observed. This is also due to the steric repulsion of the N-methyl
groups, as discussed previously.

The (¢, y) conformations of N-methyl amino acids in the open and closed crystal structures of CsA were distributed
around the stable regions of the energy maps of N-methyl alanine (Figure 3A) and N-methyl glycine (Figure 3B) obtained
in this study, suggesting that the energy map reproduces the actual backbone stability of N-methyl amino acids. The
conformations sampled in the MD simulations appear according to the energy maps. Therefore, conformational sampling
without CMARP is inappropriate because the conformations in regions A and B can appear frequently.

gREST Simulations for CsA in Chloroform

We performed gREST simulations of CsA in chloroform using the CHARMM force field with and without the CMAP
terms for N-methyl amino acids developed in this study, which are referred to as chcl3-w-CMAP and chcl3-wo-CMAP,
respectively.

The sampled conformations projected onto the PCA space (PC1-PC2) chcl3-w-CMAP and chcl3-wo-CMAP were
compared (Figure 4A and 4B). In the free-energy landscape of chcl3-w-CMAP, all conformations were distributed around
the closed crystal structure [CDC ID: DEKSAN] (Figure 4A and Figure S9), suggesting two possibilities: (i) the closed
structure of CsA was more stable than the open structure in chloroform, or (ii) the initial conformation of CsA was trapped
around the closed structure. However, as shown in the next section, gREST simulations in water using the CHARMM
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Figure 2 The (¢, v) energy surfaces of the CHARMM force field with the CMAP term of the dipeptide models of N-
methyl alanine (A), N-methyl glycine (Sarcosine) (B), alanine (C), and glycine (D). In panels (A) and (B), energy
barriers A and B, which are unique for N-methyl amino acids dipeptide models, are depicted by red dotted circles. The
structures of N-methyl alanine dipeptide of energy barriers A ((¢, y) = (150, 45)) and B ((¢, v) = (165, —165)) are shown
in (E) and (F), respectively. In panels (E) and (F), dipeptides are drawn by stick (upper) and sphere (lower) models from
the same direction, and contact regions are depicted by red dotted circles in sphere models.

force field with CMAP showed a wide distribution of open and closed structures (Figure 4C). Thus, the results for chcl3-
w-CMAP indicated that the closed structure of CsA was stable in chloroform. In the solution NMR of CsA in chloroform,
four singlet peaks from the amide proton region were observed in the spectrum, which indicated the presence of one major
conformation of CsA [14]. This experimental result is consistent with the results for chcl3-w-CMAP. In contrast, the
conformations in chcl3-wo-CMAP were widely distributed from the closed to the open structure on the PC1-PC2 plane
(Figure 4B). Six structural clusters were observed in chcl3-wo-CMAP (Figure S10). This wide conformational
distribution in chcl3-wo-CMAP is inconsistent with the NMR results, indicating a single conformation in chloroform.
The NOE signals of the NMR measurement of CsA in chloroform were compared with the atomic distances in chcl3-w-
CMAP and chcl3-wo-CMAP [13]. The NOE signals separated for three or more amino acids (inter-cycle distances) were
used for comparison. The number of NOE violations of 1 A or more was four and three out of 13 for chcl3-w-CMAP and
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Figure 3 The (¢, v) angles of N-methyl amino acids in the crystal structures of cyclosporin A overlaid with the free-
energy landscapes of N-methyl alanine and glycine. The conformations of N-methyl amino acids except for N-methyl
glycine (A) and N-methyl glycine (Sarcosine) (B). the energy surfaces of N-methyl alanine and glycine are depicted. The
residues in the open form [PDB ID: ICWA] and closed form [CDC ID: DEKSAN] are depicted by triangles and circles,
respectively.
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Figure 4 Free-energy landscape from gREST samplings in chloroform and water on the principal component space
spanned by PC1 and PC2 axes. In panels (A) and (B), the results of gREST simulations in chloroform solution by using
CHARMM force field with and without the CMAP term of N-methyl amino acids are shown, respectively. In panels (C)
and (D), the results of gREST sampling in water by using CHARMM force field with and without the CMAP term for
N-methyl amino acids are shown, respectively. The crystal structure of the open form [PDB ID: ICWA] and closed form
[CDC ID: DEKSAN] are shown by a black circle and a black square, respectively.
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chel3-wo-CMAP, respectively, suggesting that the numbers of NOE violations both with and without CMAP were small.
Considering the clear difference in structural distribution with and without CMAP, as discussed above, NOE violations
may not be appropriate to distinguish the structural distributions with and without CMAP.

gREST Simulations for CsA in Water

Next, gREST simulations for CsA in water were performed with and without the CMAP terms for the N-methyl amino
acids, which are referred to as water-w-CMAP and water-wo-CMAP, respectively. In both water-w-CMAP and water-wo-
CMAP, PCA results indicated that the conformations of CsA in water varied widely from the closed to the open structure
(Figure 4C and 4D).

The free-energy landscape of water-w-CMAP was more complicated than that of water-wo-CMAP (Figure 4C). In water-
w-CMAP, 12 structural clusters were found (Figure S11). Clusters 1 and 12 (PC1, PC2 ~ -2, —2) were close to the open
crystal structure, whereas clusters 2, 3, 5, and 6 (PC1, PC2 ~ 3, 3) resembled the closed crystal structures. Clusters 4 and
7 were between the open and closed structures. In addition, skewed structures were observed in clusters 8, 9, and 10 (PC1,
PC2 ~5, 0). In contrast, the free-energy landscape of water-wo-CMAP was rather simple (Figure 4D). The structures were
widely distributed from the open to the closed structure, and the open structure appeared to be more stable than the closed
structure in water-wo-CMAP (Figure S12).

Solution NMR studies have indicated that CsA has a variety of conformations in aqueous solutions. In the spectrum of
the H/D exchange of CsA in acetonitrile [14], four singlet peaks derived from four amide protons were observed. These
peaks widened as the proportion of water in the water-acetonitrile mixture increased. These results suggest that, whereas
CsA adopts a single structure in a non-polar solvent, various conformations exist in water [14]. Accordingly, the free-
energy landscapes calculated from the gREST simulations with CMAP suggest that, whereas a single closed structure was
stable in chloroform, multiple stable conformations were found in water. In addition, the experiment by Ko et al. has shown
that ~20% of closed-like structures are populated in a 1:1 methanol/water mixed solution, which is a highly polar solvent
system such as water [53]. This suggests that the results of gREST with CMAP, which is a more stable closed-form
structure, reproduces the results of actual NMR experiments.

To examine the capability of the structural sampling by gREST simulations, we performed comparisons of 1 ps
conventional MD simulations of CsA from the open crystal structure [PDB ID: 1CWA] and the closed crystal structure
[CDC ID: DEKSAN] in water using our force field. In the free-energy landscapes on the PCA space (PC1-PC2), the
conventional MD simulations from the open crystal structure samples only open-like structures (Figure 5B). In contrast,
in the conventional MD simulations of the closed crystal structure, two major basins corresponding to closed and skewed
structures were observed (Figure 5A). All stable basins found in the conventional MD simulations were also observed in
the gREST simulations. However, in conventional MD simulations, the open-like and closed-like structures did not convert
to each other within 1 ps. Therefore, longer simulations are needed to achieve transition between the open and closed
structures. On the other hand, the gREST simulations for 0.5 us were capable of sampling the transition between open and
closed structures.

A B
8 ( ) ———— 8 ( ) —_—— 14
6 L MD, in water ] 6 | MD, in water |
Closed form Open form 12
5 5 10
< | <0 |
L 0L _
N N ‘
g 2 * «“g O 2| . | 6
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6 @ 1CWA (open form) 6 @ 1CWA (open form)
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-8 1 1 1 1 1 1 1 -8 1 1 1 1 1 L 1 0
8 6 4-2 0 2 4 6 8 8 6 -4-20 2 4 6 8 kg

PC1 (A)

PC1 (A)

Figure 5 Free-energy landscape obtained from the conventional MD simulations in water on the principal component
space spanned by PC1 and PC2 axis. (A) Results of 1 us conventional MD simulations from the closed form [CDC ID:
DEKSAN] and (B) open form [PDB ID: ICWA]. The crystal structure of the open form [PDB ID: 1CWA] and closed
form [CDC ID: DEKSAN] are shown by a black circle and a black square, respectively.
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The free-energy landscape obtained from the conventional MD simulation for the closed form indicated that no structures
close to the open form were sampled beyond the point around (PC1, PC2) = (0, 0) (Figure 5A). In addition, the results of
the free-energy landscapes in the three gREST calculations, in which open and closed conformations were sampled (water-
w-CMAP, water-wo-CMAP, and chcl3-wo-CMAP), showed a free-energy barrier around (PC1, PC2) = (0, 0) (Figure 4).
Therefore, the position around (PC1, PC2) = (0, 0) was considered to be the energy barrier between the closed and open
structures of CsA. The heights of the energy barrier were estimated from the free-energy landscapes of water-w-CMAP,
water-wo-CMAP, and chcl3-wo-CMAP to be ~7.2 kcal/mol, ~5.4 kcal/mol, and ~5.4 kcal/mol at 300 K, respectively. In
chcl3-w-CMAP, the free-energy barrier between the open and closed structures could not be estimated because only closed
structures were sampled. However, we speculated that this energy barrier in chloroform was higher than that in water.

In summary, the barrier between the open and closed structures of CsA in water was significantly different from that in
chloroform. The main reason for the difference was that the hydration made CsA more flexible in water. In contrast, the
intramolecular hydrogen bonds in CsA were more stable in the nonpolar solvent. Furthermore, a quantum chemical study
has shown that the energy barrier between cis and trans forms of the dihedral angle o of the peptide bond in N-methylamino
acid is lower in water than in hydrophobic solvents [21]. In CsA, the dihedral angle o of the peptide bond between MLE2-
MLES3 is trans and cis in the open and closed structures, respectively. The potential energy change of the dihedral also
contributes to the change in the energy barrier between the open and closed structures.

Dihedral Angle ® of N-methyl amino acids

One of the important differences between the open and closed forms of CsA is the dihedral angle @ of the peptide bond
between specific N-methyl amino acids, MLE2 and MLE3, which assumes the frans and cis state in the open and the
closed structure, respectively. Here, this @ angle is referred to as “®2” and other @ angle abbreviations are shown in Figures
S1-S4. In the conventional MD simulations of CsA in water using the CHARMM force field for CsA developed in this
study, the ©2 angle maintained the initial angle for 1 ps without cis—trans transition (Figures SSB and S6B). In contrast,
in gREST in water, ®2 assumed both the trans and cis form with or without the CMAP of N-methyl amino acids (Figures
S1B and S2B). In chloroform, the ®2 angles of gREST simulations with CMAP were cis (Figure S3B), whereas ©2 angles
without CMAP were ~5% trans (Figure S4B).

We compared these conformations with the w2 cis and #rans states on the free-energy landscapes from gREST with
CMAP of N-methyl amino acids (Figures S7 and S8). In both water and chloroform, conformations with @2 cis were only
found in the region of the closed structure (Figure S7A and S7B). In contrast, conformations with ©2 frans were observed
in both the open and closed structures (Figure S7C). This means that the closed conformations are adopted in both the 2
cis and trans states, whereas 2 frans is required to form the open structure. On the other hand, regardless of the water
and chloroform solvent, in the gREST without CMAP of N-methyl amino acids, this relationship disappears, and even if
®2 is in cis, the open structure appears (Figure S8). These results suggest that the CMAP terms of N-methyl amino acids
also affect ®2 cis—trans transitions. In all simulations, the ® angles of N-methyl amino acids, other than w2, were trans
and did not change to cis (Figures S1-S6). In accordance with the crystal closed structure of CsA, only the o angle between
MLE2 and MLE3 undergoes cis—trans transitions.

Intramolecular Hydrogen Bonds in CsA

In a hydrophobic environment, CsA is expected to form intramolecular hydrogen bonds. In gREST with CMAP in
chloroform, the average number of hydrogen bonds in CsA was 1.7 (1.6 for backbone hydrogen bonds) (Table SI).
Compared to the four hydrogen bonds observed in the crystal closed structure [CDC ID: DEKSAN], two hydrogen bonds
were broken, possibly owing to the dynamic behavior of CsA in solution (Figure S13A and S13B). In gREST without
CMAP in chloroform, open and intermediate structures appeared in addition to the closed structures. In open and
intermediate structures (clusters 1-4), the number of hydrogen bonds was 0.21-0.81, which was less than the average
number of hydrogen bonds. In the closed clusters 5 and 6, the numbers of hydrogen bonds were 2.9 and 1.7, respectively.
In water, regardless of whether CMAP of N-methyl amino acids was used, few intramolecular hydrogen bonds were
observed, suggesting that the polar atoms in CsA formed hydrogen bonds with water.

Expected Conformational Changes of CsA During Membrane Permeation

Based on the findings of this study, the possible mechanism of CsA membrane permeation is as follows. First, in the
aqueous phase, a wide range of structures from the open to the closed form appeared, accompanied by cis—trans exchanges
in the ® angle of MLE2-MLE3. When CsA passes across the membrane, CsA adopts a single closed structure with
intramolecular hydrogen bonds. In computer simulation studies on the membrane permeation of CsA conducted so far,
their findings are consistent with our results [13,14,24,27].

Witek et al. compared a variety of conformations obtained from MSM analysis of MD simulations of CsA in water and
chloroform and showed that many open conformations of CsA exist in chloroform [13]. This result is close to the findings
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of our study without CMAP (chcl3-wo-CMAP), consistent with the fact that cross terms, such as CMAP, were not used
in the MD simulations of MSM analysis. The single conformation of CsA in chloroform observed in our gREST with
CMAP of N-methyl amino acids suggests the importance of the cross terms of backbone angles (¢/y) for peptide
conformations.

Conclusion

In this study, we developed a CHARMM force field for CsA to which the cell membrane exhibits high membrane
permeability despite its high molecular weight. In particular, we developed the CMAP terms for N-methyl amino acids,
which are crucial for describing CsA backbone dynamics. It was shown that the energy surface E (¢, y) of N-methyl
amino acid is different from that of ordinary amino acids. In particular, the stable region of the C5 sheet region disappeared,
and a high-energy barrier was observed. This is due to the steric hindrance arising from the presence of the modified
methyl group in the amide group of the main chain.

To verify the developed force field, we performed conventional MD and gREST simulations in chloroform and water.
As aresult, the CMAP terms for N-methyl amino acids largely affected the conformation of CsA in both chloroform and
water. In particular, the results of gREST with CMAP for N-methyl amino acids were consistent with the solution NMR
experiments. In chloroform, the closed conformation of CsA was observed exclusively, whereas in water multiple
conformations ranging from the open to the closed conformation were observed. On the basis of these findings, the
possible mechanism of CsA membrane permeation was predicted. In the aqueous phase, a wide range of structures from
the open to the closed form appear, accompanied by cis—trans transitions in the » angle of MLE2-MLE3. When CsA
passes across the membrane, CsA adopts the closed structure with intramolecular hydrogen bonds. Our theory is consistent
with those suggested by other computer simulation studies on the membrane permeation of CsA.

From a methodological point of view, the gREST method was efficient for conformational sampling. In particular, the
time scales of cis—trans transitions in the  angles of peptide bonds are much longer than the time scales of the
conventional MD. In contrast, as shown in this study, the gREST simulations are capable of sampling cis—trans transitions
of the o angles, indicating that the gREST method is appropriate for simulations of CsA. In the future, we plan to simulate
the direct transitions of CsA across membranes using the developed force field.
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