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ABSTRACT: A macrocyclic peptide scaffold with well-established
structure−property relationship is desirable for tackling undrug-
gable targets. Here, we adopted a natural macrocycle, cyclosporin
O (CsO) and its derivatives (CP1−3), and evaluated the impact of
conformation on membrane permeability, cyclophilin A (CypA)
binding, and the pharmacokinetic (PK) profile. In nonpolar media,
CsO showed a similar conformation to cyclosporin A (CsA), a
well-known chameleonic macrocycle, but less chameleonic
behavior in a polar environment. The weak chameleonicity of
CsO resulted in decreased membrane permeability; however, the
more rigid conformation of CsO was not detrimental to its PK
profile. CsO exhibited a higher plasma concentration than CsA,
which resulted from minimal CypA binding and lower accumu-
lation in red blood cells and moderate oral bioavailability (F = 12%). Our study aids understanding of CsO, a macrocyclic peptide
that is less explored than CsA but with greater potential for diversity generation and rational design.

■ INTRODUCTION

An intracellular protein−protein interaction (PPI) is a general
process that transmits cellular signaling. The desired epitope
binds to the surface of the target protein, and the subsequent
function is regulated. For decades, intracellular PPIs have been
considered to be intractable as drug targets for conventional
modalities such as small molecules.1−3 A large surface area is
often required to facilitate interactions between a compound
and the surface of a target protein and to inhibit PPIs.4,5

Although antibodies specifically recognize the large surface
areas of proteins, they are mostly limited to extracellular targets
due to their lack of membrane permeability. Between small
molecules and antibodies, macrocyclic peptides belong to an
intermediate chemical space, often called the beyond rule of 5
(bRo5) space.6,7 Macrocyclic peptides are considered a
promising molecular platform for regulating intracellular
PPIs. Interactions with high affinity and specificity are expected
because macrocyclic peptides can readily adopt the raw
sequences and conformations of peptide epitopes,8−10 which
are the core domains that inhibit PPIs. The preorganized
structure of macrocyclic peptides decreases the entropic cost of
binding.11 In addition, macrocyclic peptides often exhibit
resistance to proteolytic degradation12 and show improved
membrane permeability.13

In the bRo5 space, the structural features of highly
membrane-permeable natural products such as cyclosporin A

(CsA),14 griselimycin,15 sanguinamide A,16 and phepropep-
tins17 have been investigated. In these peptides, lipophilic
amino acids (e.g., Leu, Val, Pro, Ile, and Phe) are dominant,
and the polar amide backbone is masked by N-methylation,
intramolecular hydrogen bonds, or β-branched side chains to
reduce the polar surface area (PSA) or the solvent-accessible
surface area (SASA).18,19 Following natural design principles,
synthetic macrocyclic peptides have been investigated employ-
ing N-methylation/alkylation,20−23 stereoisomerization,17,24,25

side-chain variations,16,21,26,27 or the protection of functional
groups28,29 on diverse peptide scaffolds,14,16,18,30 and some of
these peptides showed remarkable membrane permeability and
oral bioavailability. Structure−permeability relationship (SPR)
studies have identified the relevant factors that influence
membrane permeability. Plots of permeability versus lip-
ophilicity (AlogP) for macrocyclic peptides show a binomial
distribution,21 which is observed irrespective of ring size up to
undecamer cyclosporine derivatives.31 Increased molecular
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weight has adverse effects, decreasing permeability by an order
of magnitude due to the increased PSA.32 Intramolecular
hydrogen bonds or N-methylation patterns had no consistent
effect on permeability,33 even though they are essential for
masking the polar amide backbone; thus, a general guideline
for the numbers or positions of N-methylation in the
macrocyclic peptide backbone is still difficult to establish.
However, it is now accepted that favorable conformational
features that permit membrane permeation are intramolecular
hydrogen bonds and a reduced SASA, which are obtained by
masking amide protons (e.g., β-turns and β-sheets) in a low
dielectric medium.13,19,22,23,27,33,34

Recently, some macrocyclic compounds with high mem-
brane permeability have been shown to exhibit conformational
changes depending on the environmental polarity.19,35,36 These
chameleonic macrocycles favor an “open” conformation in
aqueous environments by exposing polar groups toward the
exterior to interact with water molecules and increase aqueous
solubility, while a “closed” conformation is predominantly
adopted in hydrophobic environments to shield the polar
backbone with intramolecular hydrogen bonds or lipophilic
side chains, leading to improved membrane permeability.
Therefore, molecular chameleonicity helps a macrocycle reach
an optimal solubility and membrane permeability by balancing
open and closed conformations, respectively.37 Chameleonicity
has been observed in synthetic and natural membrane-
permeable cyclic peptides.16,38−41 This unique conformational
behavior has been experimentally monitored by NMR42 and
circular dichroism (CD)39 spectroscopic techniques in polar
and lipophilic media and computationally simulated in various
models.35,36 Among the chameleonic macrocycles, CsA is a
prime example and has been thoroughly studied for its
exceptional oral bioavailability compared with similarly sized
peptides. Cyclosporines are natural metabolites produced by
fungi, and 25 cyclosporines have been isolated thus far.43 Most
cyclosporines contain the unusual amino acid (4R)-4-[(E)-2-
butenyl]-4-methyl-L-threonine (MeBmt) at position 1 and
exhibit biological activities such as immunosuppression or
antifungal activity. The amino acid MeBmt is mostly
responsible for the unique structural and biological properties

of CsA; however, it is also a major reason for the difficulty that
has been encountered during the expansion of the cyclosporine
derivative library because of the long synthetic routes required
to obtain MeBmt44−48 and the low yields observed during
sequence elongation with the MeBmt residue.49,50 Instead,
semisynthetic routes have been used to prepare cyclosporine
derivatives avoiding the chemical synthesis of MeBmt.51−53

Cyclosporin O (CsO) is a unique member of the cyclosporine
family that does not contain the MeBmt residue and has
attracted relatively little interest due to its lack of noticeable
biological function compared to MeBmt-containing cyclo-
sporines; therefore, only a few synthetic methods54−58 and
biological functionalities43 (e.g., immunosuppressive activity
and antifungal activity) have been reported. However, the
absence of the MeBmt residue makes CsO an attractive
scaffold for the expansion of the cyclosporine library in the
intermediate chemical space.
Recently, a major effort has been focused on the establish-

ment of the structure−property relationship of macrocyclic
peptides in the bRo5 space. In particular, for macrocycles with
molecular weights above 1000 Da, a far better understanding
of the features that influence membrane permeability and drug-
likeness is essential, which will eventually lead to the
development of a general tool for the prediction of membrane
permeability in this underexplored chemical space. The main
purpose of this study was to establish the conformation-
permeability relationship of CsO and its derivatives compared
to that of CsA and to evaluate the potential utility of CsO
scaffolding for peptide drug design. First, we optimized the
synthesis of macrocyclic peptide scaffolds based on CsO and
its derivatives (CP1−3). Then, we investigated their structural
characteristics, membrane permeability, and cyclophilin A
(CypA) binding. Molecular modeling and NMR spectroscopy
showed a similar conformation in nonpolar environments for
CsA and CsO, but CsO had reduced chameleonic behavior in
polar environments compared to CsA. The membrane
permeability of the cyclic peptides was evaluated using a
parallel artificial membrane permeability assay (PAMPA) and a
Caco-2 assay, and correlations among conformation, intra-
molecular hydrogen bonds, chameleonicity, and membrane

Figure 1. (a) Structures of cyclosporin A (CsA) and cyclosporin O (CsO). (b) Derivatives of CsO (CP1−3) are shown. The substituted side
chains are highlighted in cyan.
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permeability were investigated. Moreover, a pharmacokinetic
(PK) study was carried out on mice to evaluate plasma
concentrations and oral bioavailability. Discrepancies between
the PK profiles of CsA and CsO were explained by the results
from the CypA binding assay and a blood-to-plasma partition
experiment. Our results provide a deeper understanding of
CsO, an attractive macrocyclic scaffold for the diversity
generation, as well as insights into the relationship between
conformational chameleonicity (or rigidity) and permeability
among cyclosporine macrocycles.

■ RESULTS

Design and Synthesis. In CsA, MeBmt1 and Abu2

residues are crucial for binding with cyclophilin and then
calcineurin, leading to well-known immunosuppressive activ-
ity.48 CsO is a unique cyclosporine that does not contain the
MeBmt1 residue (Figure 1a) and is potentially a suitable
scaffold to investigate biological activities without unwanted
immunomodulatory activity.43,47,59 Understanding the con-
formational effect of amino acid substitutions on the CsO
scaffold, in comparison to the unique structural characteristics
of CsA, is a prerequisite for the application of CsO. As shown
in Figure 1b, three derivatives of CsO were prepared. It was
reported that [MeLeu11] CsA possessed a practically identical
conformation to CsA, as determined by X-ray crystallogra-
phy.48 Moreover, the replacement of MeVal with MeLeu in a
cyclosporine sequence provided a much improved coupling
efficiency due to the lower steric hindrance (e.g., coupling of
MeLeu10 onto MeVal11). [MeLeu11] CsO or CP1 was

designed to generate a scaffold with less synthetic difficulty.
To carry out an on-resin cyclization, Ala7 was replaced with
glutamine, which can be used as an anchoring residue on a
solid resin (CP2 and CP3). In addition, CP2 and CP3 enabled
us to evaluate the effects of polar amino acid incorporation,
such as glutamine, on membrane permeability.29 We suggest
the macrocyclic scaffold CP3, which can be synthesized on-
resin and exhibits a good coupling efficiency between MeVal11

and MeLeu,10 can be suitable for the generation of a large
library of compounds.
Several synthetic methods have been reported for CsO: a

fragment-based synthesis,58 a solution-phase synthesis,55,56 and
an on-resin synthesis with long coupling times60 or with a
strong coupling reagent, bis(trichloromethyl) carbonate
(BTC).54,57 In this work, the linear sequences of CsO and
its derivatives were synthesized via a standard Fmoc/tBu solid-
phase peptide synthesis (SPPS) protocol under microwave
irradiation (Scheme 1). Due to severe steric hindrance by the
β-branched side chain, the peptide coupling of MeLeu10 onto
MeVal12 was performed twice using N,N′-diisopropylcarbodii-
mide (DIC)/HOAt. The desired linear undecapeptide was
cleaved from the solid support by a trifluoroacetic (TFA)
cocktail (TFA/TIS/CH2Cl2 95:2.5:2.5). Without purification,
macrocyclization was carried out in a solution phase under
microwave irradiation with the addition of N,N-diisopropyle-
thylamine (DIEA) followed by 1-[bis-(dimethylamino)-
methylene]-1H-1,2,3-triazole[4,5-b]pyridinium 3-oxide hexa-
fluorophosphate (HATU; CsO and CP1 in Scheme 1a). It
should be noted that the coupling reaction of MeLeu10 onto

Scheme 1. Synthesis of CsO Derivatives

*Reaction conditions: (i) Fmoc-Ala-OH, DIEA, CH2Cl2, rt, 5 h; (ii) 20% piperidine in dimethylformamide (DMF), rt, 5 min; (iii) Fmoc-AA-OH,
HATU, DIEA, DMF, microwave, 75 °C, 10 min; (iv) Fmoc-MeLeu-OH, HOAt, DIC, DIEA, DMF, microwave, 75 °C, 20 min (×2); (v) TFA/
TIS/CH2Cl2 95:2.5:2.5, rt, 10 min (×2); (vi) HATU, DIEA, DMF, microwave, 75 °C, 10 min; (vii) Fmoc-Glu-OAll, HATU, DIEA, DMF,
microwave, 75 °C, 10 min; (viii) Pd(PPh3)4, PhSiH3, CH2Cl2, rt, 3 h; (ix) PyBOP, HOAt, DIEA, CH2Cl2, rt, 2 h; (x) TFA/TIS/CH2Cl2 95:2.5:2.5,
rt, 2 h.
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MeVal11 was attempted under various conditions, such as
through the use of HATU, PyBOP, PyBrOP, PyClOP, TFFH,
COMU, DIC/HOBt, and Fmoc-MeLeu-Cl at both room
temperature and an elevated temperature (75 °C). None of the
above conditions resulted in satisfactory coupling efficiency,
demonstrating the superiority of DIC/HOAt conditions in this
type of sterically demanding coupling reaction (84%
conversion).
On-resin macrocyclization for CP2 and CP3 (Scheme 1b)

was attempted employing various coupling reagents, such as
uroniums, phosphoniums, carbodiimides, or acyl halides. In the
initial screening of the coupling reagents, HOAt appeared to be
crucial. In the presence of HOAt, macrocyclization conditions
were surveyed and optimized as PyBOP/HOAt/DIEA in
CH2Cl2 for 2 h (entry 8 in Table 1). Interestingly, CH2Cl2

worked better than DMF or other solvents, as shown in entries
3−6 (DIC/HOAt system) and in entries 7−9 (PyBOP/HOAt
system). Reaction times longer than 2 h did not increase
product yield under these conditions. The crude product was
purified by preparative reverse-phase high-performance liquid
chromatography (RP-HPLC), and the desired products were
obtained at a 2−7% overall yield depending on the sequence.
Although racemization in macrocyclization was observed by
HPLC and liquid chromatography−mass spectrometry (LC-
MS), the isomer was separated by preparative RP-HPLC.
Conformational Investigation Using Two-Dimension-

al (2D) NMR Spectroscopy. The conformations of CsO and
CP1−3 in a nonpolar environment were investigated by 2D
NMR spectroscopy. Nuclear Overhauser effect spectroscopy
(NOESY) spectra in chloroform demonstrated patterns of
transannular hydrogen bonds in cyclic peptides. CsO and CP1

showed the same NOE peaks of 9Hα−10Hα, 2NH−5NH, and
7NH−11NMe, as seen in CsA (Figures 2, S3, S5, and S7).61 In

CsA, these NOE peaks were well characterized: 9Hα−10Hα

indicates a 9−10 cis-amide bond; 2NH−5NH indicates a rigid
β-sheet with hydrogen bonds of 2NH−5CO and 5NH−2CO;
and 7NH−11NMe indicates a flexible loop including a
hydrogen bond of 7NH−11CO. The similar NOE cross-
peaks of CsA, CsO, and CP1 strongly support the conclusion
that the cyclic peptides exist as closed backbone conformations
in nonpolar media. In CsA, MeVal11 to MeLeu11 substitution
was reported to have a minimal effect on backbone
conformation,48 which was also the case in CsO, demonstrat-
ing identical transannular interactions between CsO and CP1.
Ala7 to Gln7 substitution resulted in different conformational

effects disrupting the intramolecular hydrogen-bond patterns
in CP2 and CP3. For CP2, only a 9−10 cis-amide bond was
identified without any NOE signal of transannular interaction
(Figure S9). The NOESY spectra of CP3 showed a 9−10 cis-
amide bond and one transannular hydrogen bond of 7NH−
11CO (Figure S11) indicating substitution of MeVal11 by
MeLeu11 resulted in the shielding of backbone amides from
solvent and more constrained backbone conformation in the
hydrophobic environment.16 Hydrogen-bond patterns related
to a rigid β-sheet (e.g., 2NH−5CO and 5NH−2CO) were all
lost in CP2 and CP3. Taken together, these results show that
CsA, CsO, and CP1 had similar transannular interactions and
similar backbone conformations, and much more heteroge-
neous conformations were suggested for CP2 and CP3 in a
nonpolar environment.

Conformational Investigation Using One-Dimension-
al (1D) NMR Spectroscopy. Further hydrogen-bonding and
shielding patterns were investigated with variable-temperature

Table 1. Conditions for the On-Resin Macrocyclization of
CP3a

entry
coupling
reagent base solvent time

conversion
(%)a

purity
(%)a

1 HATU/
HOAt

DIEA DMF 2 95b 9

2 HATU/
HOAt

DIEA/4-
DMAP

DMF/DCE
2:8

2 95b 8

3 DIC/
HOAt

DIEA DMF 2 49 ndc

4 DIC/
HOAt

DIEA DMF/
CH2Cl2
8:2

2 46 ndc

5 DIC/
HOAt

DIEA CH2Cl2 2 53 7

6 DIC/
HOAt

DIEA CH3CN 2 19 ndc

7 PyBOP/
HOAt

DIEA NMP 2 46 7

8 PyBOP/
HOAt

DIEA CH2Cl2 2 94b 15

9 PyBOP/
HOAt

DIEA CH3CN 2 15 ndc

10 PyBOP/
HOAt

collidine CH2Cl2 2 81b 3

11 PyAOP/
HOAt

DIEA CH2Cl2 2 95b 9

aOn-resin macrocyclization was performed by adding coupling
reagent (4.0 equiv) and base (10.0 equiv) in solvent (1 mL) into
the resin (2.5 μmol). aConversion and purity of a crude sample were
evaluated by HPLC monitored at 220 nm. bConversion was
determined by an integrated area on an extracted ion chromatogram
(EIC) by LC-MS. cnd, product not detected.

Figure 2. (a) Structural features of the backbone of CsO. Red arrows
indicate significant transannular interactions confirmed by NOESY.
(b) Cross-peaks on the NOESY spectra used to calculate the
conformation of CsO.
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(VT) and hydrogen-deuterium exchange (HDX) NMR
spectroscopy (Figures S12 and S13). VT NMR provides an
indirect measure of hydrogen-bond strength with temperature
coefficient values.62 All amide protons in CsA, CsO, and CP1
showed similar patterns of temperature coefficients, supporting
similar backbone conformations of the three peptides (Table
2). For CP2 and CP3, distinct and larger temperature

coefficient values were obtained than those for CsA, CsO,
and CP1. Generally, temperature coefficients larger than (or
more positive than) −4.6 ppb/K are indicators of hydrogen
bonds.62 However, amides in poorly defined regions often had
temperature coefficient values larger than −4.6 ppb/K.
Previously reported cyclic peptides with no intracellular
hydrogen bond,17,26,39 including Li-complexed CsA,63 belong
to this exception. Amide protons in CP2 and CP3 are in
heterogeneous conformation, as demonstrated by 2D NMR,
and temperature coefficient values provided additional
evidence that the conformations of CP2 and CP3 are distinct
from those of CsA, CsO, and CP1. Although the patterns of
the temperature coefficient are similar, hydrogen/deuterium
exchange (HDX) NMR spectroscopy data showed different
patterns of solvent accessibility and half-life of amide protons
in CsA, CsO, and CP1.26 The longest half-life was observed for
7NH in CsA (t1/2 = 2800 min) and for 5NH in CsO and CP1
(t1/2 = 2700 and 5200 min, respectively). The half-lives of
8NH in CsO and CP1 were relatively short compared to that
in CsA, indicating an exposure of 8NH to bulk solvent.
Although 2D NOESY and VT NMR data indicated similar
backbone conformations for CsA, CsO, and CP1, the latter
two exhibited different shielding patterns from those of CsA.
The large side chain of CsA, MeBmt, mainly shielded the
environment of 7NH,61 but the β-sheet conformation formed
by 2NH and 5NH could be well maintained and stabilized in
CsO and CP1. In contrast with CsA, CsO, and CP1, the lack
of conformational homogeneity in CP2 and CP3 was
demonstrated by broad 1D NMR amide proton peaks (Figure
S12). These Gln7-substituted cyclic peptides exhibited different
temperature coefficients and HDX patterns (Table 2), and the

backbone amide protons are more exposed on the exterior of
the molecule and accessible to solvent molecules.

Conformational Investigation via Molecular Simu-
lation. Prediction of the conformation of macrocyclic peptides
containing N-methylated backbone amides or noncanonical
amino acids has presented unique challenges. The absence of
amide protons limits the use of dihedral constraints, and the
intrinsic patterns of noncanonical amino acids in NMR spectra
are complicated. Recently, Lokey and co-workers reported a
refined workflow to predict the conformation of N-methylated
cyclic hexapeptides using molecular dynamics simulations and
quantum mechanical calculations, which was termed the
conformational analysis from NMR and density functional
prediction of low-energy ensembles (CANDLE) method.65

Applying the CANDLE method, we performed a conforma-
tional investigation of undecameric cyclic peptides, CsO and
their derivatives (CP1−3). Initially, the conformational
determination of CsA was carried out to examine whether
the CANDLE method was valid for the undecameric cyclic
peptides (a detailed workflow using the CANDLE method for
the prediction of CsA conformation is provided in the SI).
Then, the computationally generated CsA conformation was
compared to experimental structures determined by X-ray
crystallography (Figure 3a).64 Population-weighted average

values of dihedral angles and hydrogen-bond distances were
similar to those of the crystal structure and the solution
structure identified in CDCl3 (Tables S10−S12); therefore, we
moved on to carry out conformational predictions of CsO and
CP1−3.
CsO shares similar structural features with CsA, such as ring

size, N-methylation pattern, D-/L-configuration, and hydro-
phobic side chains. Based on the CANDLE protocol used for
CsA, conformational ensembles for CsO and CP1 were
obtained (Figure 3b). The transannular hydrogen-bonding
interactions were used as constraints to generate conforma-
tional ensembles of CsO and CP1: 2NH−5NH, 7NH−
11NMe, and 9Hα-10Hα. Similar to CsA, CsO showed a
backbone conformation composed of an antiparallel β-sheet
(MeLeu1−MeLeu6), a flexible loop (D-Ala8−MeLeu1), and an
inverse γ-turn (MeLeu6−D-Ala8).64 The additional hydrogen
bond of 8NH-6CO, which was not applied as a constraint
during calculations, was identified in the ensemble conforma-
tions. The dihedral angles of each amino acid and significant
intramolecular distances were compared between CsA and
CsO, and a similar backbone conformation was confirmed

Table 2. Temperature Coefficients and Half-Lives of CsO
Derivatives

temperature coefficient (Δδ/ΔT, ppb/K)a

amide proton CsA CsO CP1 CP2 CP3

2NH −3.04 (−3.6) −3.66 −4.22 −1.88 −3.86
5NH −1.58 (−1.8) −1.40 −1.54 −1.82 −1.42
7NH −3.78 (−3.6) −3.20 −3.10 −2.60 −1.06
8NH −1.02 (−1.1) −2.30 −1.66 −0.94 −0.26

Half-Life (t1/2, min)b

2NH 520 2100 3500 610 480
5NH 1200 2700 5200 720 730
7NH 2800 700 1000 200 80
8NH 930 320 390 50 60

aTemperature coefficients were calculated from NMR spectra
obtained in CDCl3 between 298 and 313 K. Values in parentheses
are previously reported values.63 bHalf-lives were determined by a
hydrogen-deuterium exchange (HDX) experiment, which was carried
out in CDCl3 with 10% (v/v) CD3OD. CD3OD was used as a
deuterium source. Peptides were lyophilized repeatedly, at least three
times, and each sample contained a minimal amount of TFA, in the
range of 0.0001−0.0005% by volume (Figure S14).

Figure 3. (a) Overlay of crystal structure (cyan, CSD: DEKSAN)64

and the lowest-energy conformer of CsA calculated by CANDLE
(yellow). (b) Calculated ensemble of the conformations of CsA, CsO,
and CP1 visualized via Discovery Studio v.17.1. The cyan dashed line
indicates hydrogen bonds. (c) Overlay of the lowest-energy
conformers of CsA (yellow), CsO (cyan), and CP1 (magenta).
Side chains are omitted for clarity.
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(Tables S10−S12). In CsA, the replacement of MeVal11 with
MeLeu11 had a minimal effect on backbone conformation.48

This was also the case in CsO, and CP1 showed a
conformation similar to CsO (Figure 3c). We confirmed that
the conformational ensembles of undecameric cyclic peptides,
CsA, CsO, and CP1, could be calculated with several
significant interactions derived from NMR spectra, and their
backbone conformations were predicted to be similar in the
nonpolar environment. In the cases of CP2 and CP3, the
calculation failed to generate converged ensemble conforma-
tions. NMR spectroscopic data of CP2 and CP3 indicated
intrinsic conformational heterogeneity and the absence of
intramolecular hydrogen bonds, suggesting that these are
crucial factors that limit the utility of molecular simulation of
macrocyclic peptide conformation.
Conformational Changes Depending on Environ-

mental Polarity. The conformational changes depending on
the environmental polarity, namely, molecular chameleonicity,
have been experimentally examined using NMR spectroscopy
(Figure 4).42 Although CsA, CsO, and CP1 showed similar
closed conformations in the nonpolar environment through 2D
NMR spectroscopy and molecular simulation, they showed
different patterns of conformational changes in the dimethyl
sulfoxide (DMSO) titration experiment (Figure 4). As the
polarity increased with the sequential additions of DMSO, the
1D 1H spectra of CsA showed multiple minor peaks, which
resulted from minor conformations. Unlike CsA, CsO and
CP1 appeared to maintain a single conformation in the range
of solvent polarity examined. As mentioned above in the VT
and HDX-NMR experiments (Figures S29 and S30), CP2 and
CP3 exhibited broad NMR peaks in CDCl3, and multiple
minor conformers appeared as the solvent polarity increased,
indicating less defined and more heterogeneous conformations.
Therefore, it is difficult to clearly interpret the conformational
changes in CP2 and CP3 with increasing polarity.
PAMPA Permeability Evaluation. Permeability under

passive diffusion was determined using PAMPA (Table 3).
CsO exhibited 7-fold lower permeability than CsA, and CP1
showed 5-fold lower permeability than CsO. Previously, some
cyclosporine derivatives showed decreased membrane perme-

ability compared to CsA.14 Additional hydrogen bonds, polar
functional groups, and acetyl modifications were detrimental to
the membrane permeability of cyclosporines. Similar to the
above cases, such differences may impact the membrane
permeability of CsO and CP1. CP2 and CP3 are non-
permeable cyclic peptides relative to their counterparts without
Gln7. Its flexible conformation in the hydrophobic environ-
ment and polar side chain of Gln7 have hampered permeation
through the artificial membrane.
In vitro membrane permeability was evaluated for CsO and

CP1−3 using Caco-2 cells (Table 4). The Caco-2 cell
monolayer is a cell line used to represent the intestinal
epithelium for the evaluation of the apparent permeability of
drugs.66 Drugs can permeate the Caco-2 cell monolayer by the
transcellular pathway, the paracellular pathway, or active
transporters. The Caco-2 membrane permeability of CsA,
CsO, and CP1 was consistent with their membrane
permeability as determined by PAMPA. Their similar
membrane permeability indicated that they permeate the cell
membrane with the same mechanism, namely, the transcellular
pathway under passive diffusion. However, they exhibited a
different efflux ratio, which is an indicator of whether a
molecule is a substrate or inhibitor of P-glycoprotein (P-gp).
Although CsA is a well-known substrate and inhibitor of P-gp,
CsO and CP1 showed efflux ratios (ER = 10 and 9,
respectively) close to that of loperamide, a representative P-

Figure 4. DMSO titration NMR spectra of CsO derivatives obtained by the sequential addition of DMSO-d6 up to 250 μL in 50 μL increments
into 500 μL of CDCl3.

Table 3. PAMPA Permeability and Lipophilicity of CsO
Derivatives

compound permeability (×10−6 cm/s)a R (%)b AlogPc

Cz 11 ± 1
CsA 1.97 ± 0.23 87 ± 1 4.333
CsO 0.29 ± 0.09 84 ± 9 4.765
CP1 0.06 ± 0.01 74 ± 4 5.154
CP2 <0.004 60 ± 1 3.840
CP3 <0.009 75 ± 1 4.228

aPermeability was determined by PAMPA. bR(%): mass retention.
cAlogP was calculated with Discovery Studio v.17.1. Cz, carbamaze-
pine.
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gp substrate. This indicates that CsO and CP1 are pumped out
of cells by efflux protein as P-gp substrates without inhibition.
CP2 and CP3 were evaluated in PAMPA as poorly membrane-
permeable cyclic peptides but exhibited comparable perme-
ability with CP1 and CsO, respectively, in Caco-2 permeability
assay. They showed a higher efflux ratio than CsA by 1 or 2
orders of magnitude (ER = 111 and 70, respectively). Different
permeation mechanisms (e.g., the paracellular route28 or by
active transporter24) other than passive diffusion may
contribute to the permeation of CP2 and CP3 through the
cell membrane along with being pumped out by efflux proteins.
In Vivo Pharmacokinetic Study. For the evaluation of in

vivo pharmacokinetic profiles, CsA and CsO were injected into
male ICR mice via intravenous (iv, 5 mg/kg) and oral (po, 20
mg/kg) administration routes (Figure 5). CsO showed a

higher plasma concentration than CsA after intravenous
injection. In addition, the plasma concentration of CsA went
below the lower limit of quantification after 15 min. It has been
acknowledged that analyses of the pharmacokinetic profile of
CsA, a well-known cyclophilin binder, are complicated by the
high expression of CypA in red blood cells (e.g.,
erythrocytes).52,67 In the blood-to-plasma partitioning experi-
ment, CsA showed a 5-fold higher blood-to-plasma partition-
ing ratio (BPR) than CsO at a 1 μM dose (BPR = 3.12 versus

0.62 for CsA and CsO, respectively) and a similar BPR to CsO
as the dose increased (Figure 6). The higher BPR of CsA

indicated a preferential accumulation in red blood cells, which
caused the lower plasma concentration, while the preferential
accumulation of CsO in plasma was explained by BPR < 1 at
all dosages, which led to higher plasma concentrations. After
oral administration, CsO and CsA were rapidly absorbed and
exhibited nearly the same Tmax, indicating absorption by the
same mechanism (Figure 5). CsO showed moderate oral
bioavailability (F = 12 ± 0.3%); however, the oral
bioavailability of CsA could not be obtained due to the low
plasma concentration after iv injection. The previously
reported PK data for CsA indicated an oral bioavailability in
the range of 20−30%.34,39,68,69 The discrepancy in the plasma
exposure and oral bioavailability could be explained by the
formulation conditions. The self-emulsifying drug delivery
system (SEDDS)70 optimized for CsA formulation (e.g.,
Neoral or Sandimmun) was used for the previous mouse or
rat PK studies,34,39,68,69 suggesting the impact of appropriate
vehicle to formulate lipophilic compounds. The PK data shown
in Figure 5 can be varied for CsA and CsO employing the
optimized SEDDS, and further follow-up studies are warranted.

Cyclophilin A inhibition. The inhibitory constant against
CypA was determined using an uncoupled peptidyl-prolyl

Table 4. Caco-2 Permeability and Percent Recovery of CsO Derivatives

Caco-2 permeability assay

AtoB BtoA AtoB with verapamil

compound
permeability
(×10−6 cm/s) % recovery

permeability
(×10−6 cm/s) % recovery efflux ratio (ER)

permeability
(×10−6 cm/s) % recovery

CsA 1.51 ± 0.30 58 ± 6 4.51 ± 1.14* 52 ± 1* 3 2.50 ± 0.30 68 ± 6
CsO 0.29 ± 0.05 82 ± 3 2.88 ± 0.97 82 ± 17 10 0.69 ± 0.19 123 ± 3
CP1 0.07 ± 0.004 66 ± 21 0.61 ± 0.16 65 ± 8 9 0.34 ± 0.09 107 ± 4
CP2 0.05 ± 0.02 76 ± 2 5.17 ± 0.19 88 ± 6 111 0.07 ± 0.02 112 ± 14
CP3 0.12 ± 0.05 89 ± 2 8.60 ± 1.20 87 ± 6 70 0.18 ± 0.04 110 ± 24
propranolol 20.0 ± 2.7 121 ± 8 20.4 ± 9.3* 157 ± 2* 1 25.7 ± 4.5 101 ± 7
atenolol
loperamide 2.9 ± 2.0 88 ± 6 27.5 ± 1.6 85 ± 1 10 5.1 ± 1.1 78 ± 1

Caco-2 permeability assay was carried out in triplicate. A 10 μM sample was dissolved in 1% (v/v) DMSO/HBSS solution, and 100 μM verapamil
in Hank’s balanced salt solution (HBSS) buffer solution was used as a P-glycoprotein inhibitor. Inserts with Caco-2 cells were preincubated at 37
°C with verapamil for 30 min and then incubated at 37 °C for 2 h without shaking. The efflux ratio was calculated as AtoB permeability/BtoA
permeability. Aliquots (20 μL) were collected at each time point (0.5, 1, 1.5, 2 h). *Experiment was carried out in duplicate. The efflux ratio was
determined as AtoB permeability/BtoA permeability.

Figure 5. Pharmacokinetic plasma concentration−time curves
following iv (5 mg/kg, ▲) and po (20 mg/kg, ■) administration of
CsA and CsO. CsA: po, Tmax = 1.0 h, AUC∞,po = 2900 ± 100 ng·h/
mL, Cmax = 540 ± 70 ng/mL, CL = 117 ± 6 mL/min/kg, Vz = 46.7 ±
0.6 L/kg, t1/2 = 4.6 ± 0.3 h, F = NA; CsO: iv, AUC∞,iv = 8500 ± 400
ng/h/mL, CL = 9.8 ± 0.5 mL/min/kg, Vss = 4.0 ± 0.4 L/kg, t1/2 = 4.8
± 0.6 h; po, Tmax = 0.8 ± 0.1 h, AUC∞,po = 4080 ± 50 ng·h/mL, Cmax
= 1600 ± 100 ng/mL, CL = 82 ± 1 mL/min/kg, Vz = 22.2 ± 0.7 L/
kg, t1/2 = 3.1 ± 0.1 h, F = 12 ± 0.3%. NA, not applicable.

Figure 6. Blood-to-plasma ratios versus injected concentrations of
CsA and CsO. Error bars represent standard deviations. Statistical
significance was determined using Student’s t test (*p < 0.05).
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isomerase functional assay (Table 5).71 CsO and CP1−3
showed weaker binding to CypA than CsA, and CP1 and CP3

had no inhibitory effect up to 20 μM (Figure S17). CsO
exhibited approximately 330-fold lower binding affinity to
CypA than CsA. It was demonstrated that the β-hydroxyl
group of the MeBmt residue is crucial to stabilize the binding
conformation of CsA to CypA through the formation of an
intramolecular hydrogen bond with 4CO, and the lower
binding affinity of CsO to CypA can be rationalized.60 A
comparable inhibitory constant to that of CsO was observed in
CP2, meaning Gln7 substitution was less relevant to binding
CypA. For MeLeu11-substituted cyclic peptides, CP1 and CP3,
no inhibitory action could be explained by the cocrystal
structure of the CsA-CypA-calcineurin complex (PDB no.:
1MF8). In the complex, buried MeVal11 was found in a
compact pocket on the surface of CypA, explaining that side-
chain variations at position 11 affected the binding to CypA.
Several cyclosporines derivatized at position 11 lost their
immunosuppressive activity as well.48 This strongly supported
that MeVal11 was a fine-tuned residue that bound to CypA
tightly, but Gln7 had no significant effect on CypA binding.

■ DISCUSSION
Aqueous solubility and cell permeability are two key
determinants for a compound to have pharmaceutical utility.
Both properties are primarily dependent on the balance
between polar and nonpolar structures within the compound.
In the small-molecule chemical space, Lipinski’s Rule of Five
provides a guideline to meeting the appropriate polar-nonpolar
balance using cLogP, number of hydrogen-bond donors and
acceptors, and molecular weight.72 PSA has also been
suggested as another important guideline for meeting the
drug-likeness criteria (e.g., <140 Å2).73 As the size of a
molecule increases, it becomes more difficult to achieve polar-
nonpolar balance, so compounds with molecular weights
greater than 1000 Da often suffer from poor aqueous solubility
(i.e., too nonpolar) or lack of membrane permeability through
passive diffusion (i.e., too polar). Some molecules in this bRo5
chemical space exhibit an interesting conformational feature to
get around this problem. They change their conformation
depending on environmental polarity, exposing polar groups in
aqueous media (open conformation), but masking them during
the passage through the lipid membrane (closed conforma-
tion).37,74 This type of conformational flexibility is called
molecular chameleonicity.
In macrocyclic scaffolds, chameleonicity has emerged as an

important contributor to achieving membrane permeability
and aqueous solubility.75 This unique property has been
observed in some natural products35 and synthetic mole-
cules,38 but we still lack an understanding of which structural
determinants or design principles should be used to exploit
chameleonicity in macrocycles, particularly for those macro-

cycles with molecular weights greater than 1000 Da. Hence,
various molecular scaffolds in this chemical space have been
systematically investigated to measure the degree of impact of
flexibility and rigidity on membrane permeability.23,37,39,76

CsA has attracted interest in biological applications for
decades and has recently been reinvestigated as a representa-
tive chameleonic macrocycle.35 In general, CsA derivatives
show high membrane permeability, but it is reduced when
polarity is increased or chameleonic behavior is lost.
Comparing CsA, CsC (Abu2 → Thr2), and CsE (MeVal11 →
Val11) (Figure S19) provides an example. CsC has one added
polar −OH substituent and shows somewhat reduced
permeability (log Pe,CsA = −5.01 versus log Pe,CsC = −5.56).14
CsE has the unmethylated −NH group at MeVal11 and is
known to be the least permeable among cyclosporines
(log Pe,CsE = −6.38).14 Along with the increased polarity of
the added hydrogen-bond donor, conformational features of
CsE can be changed as well. With an additional hydrogen bond
between 11NH and 8CO, CsE showed a similar closed
conformation in the hydrophobic environment but lower
chameleonic behavior than CsA.77 This more rigid con-
formation is less favorable to transitioning to the open
conformation, leading to membrane permeability that is one-
twentieth that of CsA.
CsO exhibited weaker chameleonicity than CsA during the

transition between hydrophobic and aqueous environments
despite the similarly closed conformation in the hydrophobic
environment. We suggest that the membrane permeability of
CsO is reduced by the lack of chameleonicity, considering that
its lipophilicity, pattern of intramolecular hydrogen bonds, and
lipophilic conformation are similar to those of CsA. In CsO,
the decrease in chameleonic behavior was due to side-chain
variation: MeLeu1 and Nva2 in CsO instead of MeBmt1 and
Abu2 in CsA. The replacement of Abu with Nva would have a
lower impact on the modulation of chameleonicity because the
relevant CsA derivatives in which one carbon is different in
position 2 (e.g., cyclosporin B and D; see Figure S19) show no
significant change in hydrogen-bonding patterns or in
membrane permeability.14 Thus, the side chain of the residue
at position 1 would substantially contribute to the modulation
of the extent of chameleonicity of cyclosporines. Macrocycles
with noticeable chameleonic behavior often contain long and
flexible side chains, which contribute to conformational
switching.38,76 The β-hydroxyl group of MeBmt1 in CsA
forms an intramolecular hydrogen bond with 1CO in nonpolar
environments,61 supporting the crucial role of the MeBmt1

residue in the chameleonicity of CsA and rationalizing the
reduced chameleonicity of CsO. These observations hint at the
structural requirements that induce chameleonicity. Although
Gln7, as a long side chain, can also induce the chameleonicity
of cyclosporines, the conformational transition was obscured
by the disruption of the closed conformation in the nonpolar
environment. Determining the nature of the closed con-
formation is a prerequisite to addressing the structural
requirements for chameleonicity.
A recent report by Lokey and co-workers indicated that both

rigid and chameleonic macrocyclic peptides (i.e., libraries A
and B, respectively) showed high membrane permeability.23

Other rigid macrocycles, such as rifampicin76 and cyclic
hexapeptides39 also demonstrated membrane permeability and
oral bioavailability. An in vivo PK evaluation of CsO, a
macrocycle that is more rigid than CsA, exhibited an
approximately 2- or 3-fold decrease in oral bioavailability (F

Table 5. Inhibitory Constants of CsO Derivatives against
CypA

compound Ki (μM)

CsA 0.007 ± 0.003
CsO 2.3 ± 0.9
CP1 >20
CP2 3.0 ± 1.4
CP3 >20
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= 12 ± 0.3%), while the PAMPA permeability decrease was 7-
fold compared to CsA. Our results and those of Lokey,
Kihlberg, and Fairlie suggest that, for macrocycles with a
molecular weight greater than 1000 Da, chameleonicity may
not be an absolute prerequisite for achieving acceptable oral
bioavailability. However, the flexible and nonchameleonic
scaffolds CP2 and CP3 exhibited poor membrane perme-
ability, and our separate study indicated a poor PK profile for
the CP3 derivative (data not shown). Their heterogeneous
conformations in the hydrophobic environment and the polar
side chain Gln7 entail high enthalpic and entropic costs for
transit into the membrane. CP2 and CP3 have to remove the
adjacent water molecules that mask the polar glutamine side
chain and experience unfavorable interactions with the lipid
membrane. In addition, their flexible conformations are
restricted to a well-organized lipid layer. These factors cause
decreased accumulation in the membrane, leading to limited
membrane permeation of CP2 and CP3. Taken together, a
rigid conformation in the hydrophobic environment and an
avoidance of polar side chains are required before pursuing
chameleonicity to achieve high membrane permeability. In
addition, a small variation in the side chain of a macrocycle
often results in a major impact: a substitution by polar side
chains can cause deleterious effect on membrane permeability
and oral bioavailability.34,78

Conformational rigidity (or flexibility) affects protein
binding and biological functions. The CsO scaffold showed a
more than 1000-fold reduced binding affinity to CypA
compared to CsA. CsA adopts an open conformation when
bound to CypA,79 meaning the conformation of CsA must
transform into an open conformation in aqueous media to bind
CypA. The weak chameleonicity of CsO, or the less favored
transition to an open conformation leads to its low binding
affinity. In addition, the binding affinity to CypA explains the
discrepancy in the plasma concentrations of CsA and CsO.
CypA is notably overexpressed in red blood cells compared to
other cells or tissues,80 and CsA can preferentially accumulate
in red blood cells when administered into whole blood. This
explanation is consistent with clinical pharmacokinetic
profiles;81 the plasma concentration of CsA achieved after
oral administration was higher than that achieved after
intravenous injection with the formulation conditions used in
our study. As a weak CypA binder, CsO exhibited higher
plasma exposure, a beneficial aspect in terms of pharmacoki-
netics, and can be expected to have fewer immune-related side
effects.
The major side effect of CsA in long-term clinical use is

nephrotoxicity.82 Although the reason for the adverse effect has
not been clearly explained in the molecular level, it is believed
that the intrinsic hydrophobicity of CsA or reactive oxygen
species (ROS) generation induced by CsA in the renal cells
could play a significant role. We compared the cytotoxicity of
CsA and CsO against renal cell lines (Table S14). No dramatic
difference in cytotoxicity was observed, likely due to the
hydrophobic nature of both peptides; however, we did observe
that CsO was slightly less toxic than CsA against kidney
epithelial cell lines (e.g., MDCK and BSC-1; Table S14).
Along with the lack of CypA binding, the cytotoxicity data
suggest the potential utility of CsO derivatives that can
overcome the suboptimal pharmacology and potential side
effects of CsA. Beyond the structural and pharmacokinetic
properties of CsO, understanding the biological characteristics
of CsO compared to CsA is crucial for the biomedical

application of CsO derivatives, which certainly calls for further
study.

■ CONCLUSIONS
Our study provides a deeper understanding of CsO, an
attractive macrocyclic scaffold for diversity generation, and
insights into the relationship between the conformation and
permeability of these cyclosporine macrocycles. In particular,
we propose the substitution of MeBmt1 in CsA to MeLeu1 in
CsO was a major contributor for the distinct behavior of the
two in terms of structure, solubility in aqueous and nonpolar
environment, and therefore permeability. Although CsA and
CsO exhibited similar patterns of intramolecular hydrogen
bonds and backbone conformations in the hydrophobic
environment, the nature of their intramolecular hydrogen
bonds differs. In CsO and CP1, a rigid β-sheet with the
hydrogen bonds of 2NH−5CO and 5NH−2CO is better
maintained and stabilized compared to CsA. The more rigid
and less chameleonic conformation of CsO resulted in reduced
membrane permeability relative to CsA. On the other hand,
the rigid conformation of CsO resulted in weaker binding to
CypA, leading to more plasma exposure in the PK profile and
less unwanted immunomodulatory activity involving calcineur-
in binding. In the CsO scaffold, polar Gln7 substitution
resulted in conformational heterogeneity with disrupted
transannular hydrogen bonds and detrimental effects on
membrane permeability. At this point, we cannot conclude
that the CsO scaffold is not tolerable to any polar side-chain
incorporation in terms of the maintenance of a closed
conformation and membrane permeability. A more systematic
study of polar amino acid incorporation at sites other than
seventh residue, where the intramolecular hydrogen bond of
8NH-6CO may be disrupted by a long side chain, and the
effects on conformation and membrane permeability is
warranted. Further modifications and studies of the SPR of
the CsO scaffold will indicate structural requirements or
insights on how to exploit chameleonicity in macrocycles. We
believe that a closed conformation in nonpolar environments
in the presence of polar side chains can be formed in this
chemical space. This may constitute a significant advancement
in the generation of design principles in these macrocycles for
orally bioavailable drugs targeting intracellular PPIs.

■ EXPERIMENTAL SECTION
Materials. Reagents and solvents were purchased from commer-

cial vendors and used without further purification. Rink amide MBHA
resin and 2-chlorotrityl resin were purchased from Novabiochem
(Darmstadt, Germany). Fmoc-MeVal-OH, Fmoc-Val-OH, and Fmoc-
Nva-OH were purchased from Advanced ChemTech (Louisville, KY).
HATU and HOAt were purchased from Chem-Impex International,
Inc. (Wood Dale, IL). TFA, DMF (>99.9%, for peptide synthesis
grade), and dithiothreitol (DTT) were purchased from Acros
Organics (Fair Lawn, NJ). Acetonitrile (HPLC grade) was purchased
from Fisher Scientific (Waltham, MA). CsA, Fmoc-Ala-OH, Fmoc-D-
Ala-OH, Fmoc-Leu-OH, (+)-10-camphorsulfonic acid, p-formalde-
hyde, DIC, DIEA, LiCl, and 1,2-dierucosyl-sn-glycero-3-phosphocho-
line were purchased from Tokyo Chemical Industry (Tokyo, Japan).
Deuterated solvents were purchased from Cambridge Isotopes
Laboratories (Tewksbury, MA). CypA was purchased from R&D
Systems (Minneapolis, MN). HBSS buffer was purchased from Gibco
(Carlsbad, CA). Dulbecco’s modified Eagle’s medium (DMEM)
buffer was purchased from Welgene (Gyeongsan, Korea). Suc-Ala-
Ala-Pro-Phe-p-nitroanilide, MultiScreen 96-well plates for PAMPA
assay (MAIPNTR10 and PATRNPS50), other reagents and solvents
were purchased from Sigma-Aldrich (St. Louis, MO). Empty
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cartridge, frit, and cap plugs were purchased from Applied Separations
(Allentown, PA). HTS Transwell 96-well plates (Product no.: 3381)
for Caco-2 permeability assay were purchased from Corning
(Corning, NY).
Reversed-Phase HPLC. Analytical HPLC was performed on a

Waters HPLC system (Waters 2489 UV−visible detector, Waters
1525 binary HPLC pump, Waters 2707 autosampler, and Water 5CH
column oven) with a C18 column (SunFire, C18, 4.6 × 250 mm2, 5
μm). The column oven temperature was set at 40 °C. The binary
mobile phase was used as follows: A, water with 0.1% CF3COOH; B,
CH3CN with 0.1% CF3COOH; flow rate, 1 mL/min; (1) 0−5 min at
50% B, 5−25 min with a linear gradient to 100% B, and 25−30 min at
100% B for CsO; (2) 0−5 min at 70% B, 5−25 min with a linear
gradient to 100% B, 25−30 min at 100% B for CP1; and (3) 0−5 min
at 10% B, 5−25 min with a linear gradient to 100% B, and 25−30 min
at 100% B for CP2 and CP3. Peptides were monitored at 220 and 254
nm. Preparative HPLC was performed on a Waters HPLC system
(Waters prepLC system, Waters 2545 quaternary HPLC pump,
Waters 2489 UV−visible detector, Waters fraction collector III) with
a C18 column (SunFire, C18, 19 × 150 mm2, 5 μm) at a flow rate of
14 mL/min. Preparative HPLC was performed under the same
mobile phase conditions as analytical HPLC, and sample elution was
monitored at 220 and 254 nm by absorbance. Fractions with >97%
purity were collected, lyophilized, and stored at −80 °C.
LC-MS. LC-MS analysis was performed on an Agilent Technology

Infinity 1260 system (quaternary pump, autosampler, temperature
controller, and Hewlett Packard series 1100 detector) and Agilent
6120 quadrupole MS with a C18 column (Poroshell, 120 EC-C18, 4.6
× 50 mm2, 2.7 μm). The column heating temperature was set at 50
°C. A binary mobile phase system was used as follows: A, water with
0.1% CF3COOH; B, CH3CN with 0.1% CF3COOH; flow rate, 0.8
mL/min; 0−2 min at 5% B, 2−7 min with a linear gradient to 100%
B, and 7−10 min at 100% B. Peptides were monitored at 220 and 254
nm.
Peptide Synthesis. Cyclic peptides were synthesized manually via

a standard Fmoc/tBu solid-phase peptide synthesis (SPPS) protocol.
Reactions were accelerated by microwave heating, and a CEM MARS
multimodal microwave reactor equipped with a fiber-optic temper-
ature probe and magnetic stirrer was used (CEM Corp., Matthews,
NC). For the synthesis of CsO and CP1, 2-chlorotritylchloride resin
(110 mg, 0.13 mmol, loading 1.14 mmol/g) was swelled in CH2Cl2 (3
mL) at room temperature for 20 min. Fmoc-Ala-OH (120 mg, 0.39
mmol, 3.0 equiv) in CH2Cl2 (2 mL) was added, followed by DIEA
(140 mg, 0.78 mmol, 6.0 equiv), and the resin was stirred at room
temperature for 5 h. The resin was washed with CH2Cl2 (×2), DMF
(×2), MeOH (×1), DMF (×2), and CH2Cl2 (×2). For Fmoc
deprotection, the resin was treated with 20% (v/v) piperidine/DMF
solution (2 mL) at room temperature for 5 min and then washed
using the above sequence. Amino acid coupling was performed by the
addition of Fmoc-amino acid (0.39 mmol, 3.0 equiv), HATU (150
mg, 0.39 mmol, 3.0 equiv), and DIEA (130 mg, 1.04 mmol, 8.0 equiv)
in DMF (2 mL). The mixture was stirred under microwave irradiation
(75 °C, 300 W max power, ramp 2.5 min, hold 8.0 min, stirring level
3) and washed using the above sequence. Coupling reactions were
employed twice for MeLeu10−D-Ala8 to improve the total yield. Fmoc
deprotection and amino acid coupling were repeated until the desired
linear peptide was obtained. The coupling reaction of MeLeu10 onto
MeVal11 for CsO was performed by the addition of Fmoc-MeLeu-OH
(140 mg, 0.39 mmol, 3.0 equiv), HOAt (53 mg, 0.39 mmol, 3.0
equiv), DIC (49 mg, 0.39 mmol, 3.0 equiv), and DIEA (100 mg, 0.39
mmol, 3.0 equiv) in DMF (2 mL) and was repeated twice. The linear
peptide was cleaved with TFA/TIS/CH2Cl2 95:2.5:2.5 (v/v/v) at
room temperature for 10 min. The volatiles were evaporated using a
stream of N2 gas, and the crude peptide was dissolved in 1:1 (v/v)
water/acetonitrile solution, filtered, lyophilized, and used for the
cyclization reaction without further purification. The linear peptide
(∼0.13 mmol) was dissolved in DMF (125 mL) containing DIEA
(340 mg, 2.6 mmol, 20 equiv), and the solution was stirred at room
temperature for 30 min to facilitate free amine formation at the N-
terminus. HATU (250 mg, 0.65 mmol, 5.0 equiv) in DMF (5 mL)

was added to the mixture, and the concentration of peptide was kept
at 1.0 mM. The mixture was stirred under microwave irradiation (75
°C, 300 W max power, ramp 2.5 min, hold 17.5 min, stirring level 3).
The mixture was then cooled to room temperature, and the reaction
was quenched by water. The solvent was evaporated under reduced
pressure (50 mbar) at 75 °C. The residue was dissolved in 1:1 (v/v)
water/acetonitrile, filtered by a 0.45 μm poly(tetrafluoroethylene)
(PTFE) syringe filter, and purified by preparative HPLC to obtain
CsO and CP1. Purity confirmed by analytical HPLC (220 nm) is
>98% for CsO and CP1. For the synthesis of CP2 and CP3, Fmoc-
Rink amide MBHA resin (250 mg, 0.13 mmol, loading 0.52 mmol/g)
was used. After Fmoc deprotection, the resin was treated with Fmoc-
Glu-OAll (160 mg, 0.39 mmol, 3.0 equiv), HATU (150 mg, 0.39
mmol, 3.0 equiv), and DIEA (130 mg, 1.04 mmol, 8.0 equiv) in DMF
(2 mL) and stirred under microwave irradiation (75 °C, 300 W max
power, ramp 2.5 min, hold 8.0 min, stirring level 3). After peptide
elongation, allyl deprotection was carried out by the addition of
Pd(PPh3)4 (15 mg, 0.013 mmol, 0.1 equiv) and PhSiH3 (340 mg, 3.1
mmol, 24 equiv) in CH2Cl2 (2 mL) at room temperature for 3 h. The
N-terminal Fmoc was removed after allyl deprotection by treatment
with 20% (v/v) piperidine/DMF solution (2 mL). The resin was
thoroughly washed between each reaction using the above conditions.
For the on-resin macrocyclization, the resin was swelled in CH2Cl2 (2
mL) for 20 min. PyBOP (270 mg, 0.52 mmol, 4.0 equiv), HOAt (70
mg, 0.52 mmol, 4.0 equiv), and DIEA (168 mg, 1.3 mmol, 10 equiv)
in CH2Cl2 (2 mL) were added to the resin, and the mixture was
stirred at room temperature for 2 h. The resin was washed, and the
cyclic peptide was cleaved from the resin using TFA/TIS/CH2Cl2
95:2.5:2.5 (v/v/v) at room temperature for 2 h. The cleavage solution
was concentrated using a stream of N2 gas. The residue was dissolved
in 1:1 (v/v) water/acetonitrile, filtered, and purified by preparative
HPLC to yield CP2 and CP3. Purities are confirmed by analytical
HPLC (220 nm) for CP2 and CP3 are 97 and 98%, respectively.
Electrospray ionization mass spectrometry (ESI-MS) m/z CsO: calcd
for C60H110N11O11 [M + H]+ 1160.8, found 1160.7; CP1: calcd for
C61H112N11O11 [M + H]+ 1174.9, found 1174.7; CP2: calcd for
C62H113N12O12 [M + H]+ 1217.9, found 1217.7; CP3: calcd for
C63H115N12O12 [M + H]+ 1231.9, found 1231.8.

NMR Spectroscopy. All NMR experiments were carried out using
a JEOL 400 MHz (GIST, Gwangju) or a Bruker 900 MHz NMR
spectrometer equipped with the cryoprobe (KBSI, Ochang). 1D 1H
spectra were collected at 298−318 K on a JEOL 400 MHz NMR
spectrometer, and 2D NMR spectra including heteronuclear single
quantum coherence (HSQC), heteronuclear multiple bond correla-
tion (HMBC), total correlated spectroscopy (TOCSY), and NOESY
were obtained at 298 K on a Bruker 900 MHz NMR spectrometer.
The samples for 2D NMR spectra were prepared at 2 mg/mL. 2D
NMR data processing and analysis were performed by Topspin
(Bruker) and SPARKY software, respectively.83 For variable-temper-
ature NMR spectroscopy, each cyclic peptide (3 mg) was dissolved in
CDCl3 (500 μL), and 1D 1H NMR spectra were measured at 5 K
intervals between 298 and 318 K. The chemical shift changes of amide
protons were recorded to calculate the temperature coefficients for
each amide proton.84 For hydrogen-deuterium exchange NMR
spectroscopy, each cyclic peptide (3 mg) was dissolved in 9:1 (v/v)
CDCl3/CD3OD (500 μL).26 CD3OD was used as a source of
exchangeable deuterium, and 1D 1H NMR spectra were measured at
298 K at eight time points (0, 30, 60, 120, 180, 360, 720, and 1440
min). The integration of peaks corresponding to amide protons was
carried out compared with a proton signal of tetramethylsilane as an
internal standard to calculate the H/D exchange rate of the amide
protons. For DMSO-titrated NMR spectroscopy, each cyclic peptide
(3 mg) was dissolved in CDCl3 (500 μL), and 1D 1H NMR spectra
were measured at 298 K with every 50 μL addition of DMSO-d6 up to
250 μL. The chemical shift changes of each amide proton were
recorded depending on the volume percentage of DMSO-d6.

Generation of Conformational Ensemble. The conformations
of cyclic peptides were predicted through a previously reported
method, Conformational Analysis from NMR and Density functional
prediction of Low-energy Ensembles (CANDLE),65 which employs
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molecular dynamics simulations and quantum mechanical calcu-
lations. For molecular dynamics simulations, the CHARMM force
field was applied to an initial geometry with MMFF94 for partial
charge estimation. High-temperature molecular dynamics (HTMD)
simulations were performed at 2000 K for 60 ns with a 1 fs time step
by Discovery Studio v17.1 (BIOVIA, CA) to cover as many diverse
backbone conformations as possible. The dielectric constant was set
to that of chloroform (ε = 4.8) under the Born implicit solvent model
to mimic the hydrophobic environment. A total of 12 000
conformations were generated with snapshots taken every 5 ps
(6000 conformations for CsA), and then rational conformations were
selected by NOE-based assignments for amide bonds (<|45°| for cis or
>|135°| for trans). In HTMD, a single determinant of the amide bond
was used because the conformation was too flexible to allow
consideration of the distance constraints at 2000 K. The selected
conformations were clustered by the dihedral angles (φ and ψ) of all
amino acids in a backbone with a cluster level of 20. The single-point
energy of each conformation was calculated with B3LYP/6-31G(d)
via Gaussian09. The lowest single-point energy conformation from 20
clusters was adopted for geometry optimization with M062X/6-
31G(d) in a gas phase. Among them, the lowest-energy conformation
was used as a seed conformation for room-temperature molecular
dynamics (RTMD) simulations.
RTMD simulations were conducted at 300 K for 60 ns with a 1 fs

time step by Discovery Studio v17.1. The snapshots that were taken
every 10 ps generated 6000 conformations. The conformations were
selected by significant interactions derived from NOE spectra
corresponding to the distance (distance ≤ 3.5 Å). The single-point
energy of selected conformations was calculated with B3LYP/6-
31G(d), and geometry optimization was performed with M062X/6-
31G(d) for 20 low-energy conformations. The lowest-energy
conformation in each RTMD simulation was used as a seed
conformation for the next RTMD simulation. RTMD simulations
and geometry optimization were repeated until no lower-energy
conformer was obtained. The population for each conformation was
calculated by the Boltzmann energy distribution (N = Ae−ΔE/RT), and
conformations representing at least 1% of the population were
collected and superimposed as a representative ensemble of
conformations.
Parallel Artificial Membrane Permeability Assay

(PAMPA).13,21 PAMPA was conducted with a 96-well donor plate
with 0.45 μm hydrophobic immobilon-P membrane supports and a
96-well polystyrene acceptor plate in triplicate. A 1% (w/v) solution
of lecithin in n-dodecane was prepared and sonicated for 5 min before
being used for PAMPA. Lecithin solution (5 μL) was carefully added
into each membrane support in the bottom of the donor plate without
the pipet tip touching the membrane. Each sample was prepared as a
10 μM solution in 5% (v/v) DMSO/phosphate-buffered saline (PBS)
buffer. The donor plates were prepared by the addition of a sample
solution (150 μL), and the acceptor plates were filled with 5%
DMSO/PBS buffer (300 μL). The donor plate was placed on top of
the acceptor plate without any bubbles between the donor and
acceptor plates. A lid was placed on the donor plate, and the whole
plates were covered with a wet paper towel to prevent evaporation.
Then, the plates were incubated for 18 h at room temperature. Next,
an aliquot (50 μL) from each donor or acceptor was mixed with 50
μM Fmoc-Tyr(OtBu)-OH dissolved in 1:1 (v/v) water/acetonitrile
(50 μL) as an internal standard. The mixture (30 μL) was injected
into the LC-MS instrument, and the analyte and internal standard
were monitored in selected ion monitoring (SIM) mode. The analyte-
to-standard peak area ratios were calculated and used to determine
the relative concentrations. These concentrations were used to
calculate the mass retention (R) and permeability (Pe)

= −
× + ×

×
i
k
jjjjj

y
{
zzzzzR

C V C V
C V

1 d d a a

0 d

=
×

× ×
× − =

× + ×
+

i

k
jjjjjj

y

{
zzzzzz
i
k
jjjjj

y
{
zzzzzP

V V
V A t

C
C

C
C V C V

V V
ln 1e

a d

0

a

eq
eq

d d a a

d a

wherer C0 is the initial concentration of donor plate (10 μM), Ca is
the concentration of acceptor plate (μM), Cd is the concentration of
donor plate (μM), Va is the volume of acceptor plate (300 μL), Vd is
the volume of donor plate (150 μL), A is the area of membrane (0.24
cm2), t is the time (s), and V0 = Va + Vd.

Caco-2 Permeability Assay. Caco-2 cells (passage 33−34) were
incubated in DMEM (pH 7.3) containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were
grown in 100-mm tissue culture Petri dishes (Eppendorf AG,
Hamburg, Germany) and maintained in an atmosphere of 5% CO2
and 90% relative humidity at 37 °C. For Caco-2 permeability assay,
2.5 × 105 Caco-2 cells/well were seeded into each insert in an HTS
Transwell 96-well plate. The cells were incubated on the inserts in
DMEM for 3 weeks, and the culture medium was replaced with fresh
medium every 3 days until the whole area of the membrane was
covered. After 21 days, the inserts and the plate were washed twice
with HBSS buffer (pH 7.4) and incubated in fresh HBSS buffer at 37
°C for 1 h (120 μL was dispensed into the inserts and 250 μL into the
receiver plate). For apical to basolateral (AtoB) permeability with
verapamil, the cells were preincubated in HBSS buffer containing
verapamil (200 μM, 60 μL) for 30 min before permeability assay.
After the HBSS buffer was drained, the sample solution (10 μM in 1%
DMSO/HBSS) was added to the inserts (120 μL) or the receiver
plate (250 μL). For AtoB permeability with verapamil, the sample
solution (20 μM in 2% DMSO/HBSS) was added to the inserts (60
μL). The opposite side was filled with HBSS buffer. AtoB
permeability, BtoA permeability, and AtoB permeability with
verapamil were measured to evaluate the apparent permeability,
permeation pathway, and efflux ratio, respectively. The well plate was
incubated at 37 °C without shaking for 2 h. Aliquots (20 μL) taken at
each time point (0.5, 1, 1.5, 2 h) were mixed with Fmoc-Tyr(OtBu)-
OH in acetonitrile solution (60 μL) as internal standards. The
mixture was centrifuged at 1000 rpm for 15 min and then analyzed by
LC-MS in selected ion monitoring (SIM) mode. Each experiment was
performed in triplicate. In addition, aliquots of the donor were taken
at 2 h to calculate the recovery (%). The analyte-to-standard peak area
ratio was calculated and used to determine permeability (Papp) and
recovery (%)
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where dQ/dt is the permeability rate (cm/s), A is the area of insert
(0.143 cm2), C0 is the initial concentration (10 μM), Cd is the
concentration of donor at 2 h (μM), C2h is the concentration of
acceptor at 2 h (μM).

Caco-2 monolayers and tight junctions were confirmed by a test
using Lucifer yellow, which could not pass through Caco-2 cells. After
permeability assay, Caco-2 cells were incubated in HBSS buffer at 37
°C for 1 h for the Lucifer yellow assay. The inserts were filled with
Lucifer yellow solution in HBSS buffer (60 μM, 75 μL), and a receiver
plate was prepared by HBSS buffer (235 μL). The plate was incubated
at 37 °C for 1 Hyposmocoma lucifer yellow passage (%) was
determined by monitoring fluorescence at 530 nm (excitation: 480
nm). Inserts that showed less than 3% Lucifer yellow passage were
valid for permeability assay.

Animals. Male ICR mice (9 weeks old, 33−37 g) were purchased
from Koatec (Pyeongtaek, South Korea) and used for the
pharmacokinetic and blood-to-plasma partitioning studies. Exper-
imental protocols involving the animals used in this study were
reviewed and approved by the Institutional Animal Care and Use
Committee of Korea Research Institute of Bioscience and
Biotechnology (KRIBB-AEC-19275, approved on January 3, 2020).

Mouse Plasma Pharmacokinetic Study. Pharmacokinetic
studies of CsA and CsO were conducted in male ICR mice. Dosing
solutions (dimethylacetamide/Tween 80/20% 2-hydropropyl-β-cyclo-
dextrin 1:1:8 (v/v/v)) containing either CsA or CsO were
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administered intravenously by injection via the tail vein (5 mg/kg, 5
mL/kg) or administered orally by gavage (20 mg/kg, 10 mL/kg).
Blood samples were collected at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h
(intravenous administration) or at 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, and 24
h (oral administration) via the saphenous vein. The plasma fraction
was separated from the blood samples by centrifugation (12000g for 5
min at 4 °C) and subjected to protein precipitation by the addition of
4 volumes of acetonitrile. After vigorous vortexing and centrifugation
(2000g for 10 min at 4 °C), an aliquot of the supernatant was
collected and injected into LC-MS/MS.
Blood-to-Plasma Partitioning Study. Mouse fresh whole blood

was taken from male ICR mice in heparin-containing tubes
immediately prior to the experiment. Following 10 min of
preincubation in a 37 °C water bath, whole blood was spiked with
stock solutions of CsA and CsO dissolved in acetonitrile (0.1, 0.5, 1
mg/mL) to reach final concentrations of 1, 5, and 10 μg/mL. In
parallel, fresh mouse plasma prepared from the same batch of fresh
whole blood was spiked with identical volumes of stock solutions. The
mixtures were then incubated at 37 °C for 60 min, and plasma
fractions from whole blood were collected by centrifugation (2000g
for 10 min at 4 °C) at the end of incubation. Subsequently, chilled
acetonitrile (180 μL) was added to the generated plasma and
reference plasma samples (60 μL) for protein precipitation. After
vigorous vortexing and centrifugation (2000g for 10 min at 4 °C), an
aliquot of the supernatant was collected and injected into the LC-MS/
MS.
The partition coefficients of CsA and CsO in red blood cells were

calculated as follows
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where KRBC/PL is the partition coefficient of a given drug in red blood
cells over that in equilibrating plasma, H is hematocrit, IPL

REF and IPL are
the peak areas of the reference plasma sample and equilibrating
plasma sample, respectively, and KB/P is the partition coefficient of
blood over plasma.
LC-MS/MS Analysis of Pharmacokinetic and Blood Cell

Partitioning Study Samples. The bioanalytical assays for
pharmacokinetic and red blood cell partitioning studies were carried
out using an API3200 mass spectrometer (Applied Biosystems,
Toronto, Canada) equipped with an API electrospray ionization
source. The elution was carried out using a linear gradient from 2 to
98% MeOH in water at a flow rate of 0.4 mL/min with a reversed-
phase liquid chromatography column (Xterra MS C18, 2.1 × 50 mm2,
5 μm; Waters, Milford, MA). The temperature of the column oven
was maintained at 40 °C during the analysis, and the multiple reaction
monitoring data were collected in positive ionization mode. The
analytes were monitored at the following Q1/Q3 transitions (m/z):
1203.1 → 425.5 for CsA and 1161.2 → 156.2 for CsO. Data
acquisition and quantitation were performed using Analysis software
v1.5.2 (Applied Biosystems, Toronto, Canada).
Peptidyl-prolyl Isomerase Functional Assay. The assay was

performed using a Jasco model 810 spectropolarimeter (Jasco, Inc.,
Easton, MD) as described in a previously reported protocol.71 N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) buffer (35
mM, pH 7.8) with 50 μM DTT and 8 nM cyclophilin A was cooled to
10 °C. An inhibitor in 100% DMSO stock solution (20 μL) was
added into the buffer (1960 μL), and the mixture was incubated at 10
°C for 15 min. The tetrapeptide substrate Suc-Ala-Ala-Pro-Phe-p-
nitroanilide dissolved in 0.5 M LiCl in trifluoroethanol (6 mM, 20
μL) was added to the mixture. The change in absorbance was
measured over 5 min at 330 nm with an optical path length of 10 mm.
A first-order rate equation was fitted to the absorbance data to
evaluate an observed rate constant. The catalytic rate constant was
calculated from the observed rate constant minus the background rate
constant. The catalytic rate constant was plotted against inhibitor

concentration, and it was fitted using the Morrison Ki equation to
obtain an inhibitory constant (Ki) for each inhibitor
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where Y0 is the rate constant in the absence of inhibitor, E is the
concentration of enzyme (8 nM), [I] is the concentration of inhibitor,
and Ki is the inhibitory constant.
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