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Cyclic peptides can interact with proteins specifically and
strongly using their broad surface area, making them attractive
drug candidates.' However, most cyclic peptides have low
passive permeability across biological membranes. Low
membrane permeability is an obstacle to accessing the targets
inside cells and oral absorption of cyclic peptides. Therefore,
design principles are required to produce highly permeable
cyclic peptides.

Cyclosporin A (CsA) is a prominent cyclic peptide and
a lodestar in the research field of cyclic peptide permeability
due to its high passive permeability despite its high molecular
weight.® Investigations into the structural determinants for the
high permeability of CsA would significantly contribute to the
establishment of the design principles of highly permeable
cyclic peptides. The previous studies using model cyclic
peptides other than CsA suggest that the differences in the
backbone, i.e., the pattern of amide N-methylation and stereo-
chemistry, can primarily change the conformations and passive
permeability of cyclic peptides.*” Therefore, the position of
seven amide N-methylations and the presence of a p-isomer in
the backbone of CsA probably have a predominant contribution
to the passive permeability. On the other hand, the importance
of each residue to the high passive permeability of CsA is not
clear. Each of the 11 residues of CsA is supposed to play a role in
the binding to the target proteins, cyclophilins and calcineurin,
and/or the high membrane permeability. There are a few
previous studies investigating structure-permeability relation-
ships of CsA, but they have not reached a definitive answer
(Fig. 1 top).*™* For example, the necessity of the 1st residue (4R)-
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We compared the passive permeability of cyclosporin A (CsA) derivatives with side chain deletions across
lipid bilayers. CsA maintained passive permeability after losing any one of the side chains, which suggests
that the propensity of the backbone of CsA is an important component for high passive permeability.

4-[(E)-2-butenyl]-4,N-dimethyl-.-threonine (MeBmt), a non-
proteinogenic amino acid characterizing the sequence of CsA,
for the high passive permeability is still controversial. J. Seo's
group conducted a comparison of CsA and cyclosporin O (CsO),
which has Leu at the 1st residue and norvaline (Nva) at 2nd
residue, and concluded that Bmt is essential for the passive
permeability due to the lower permeability of CsO than CsA in
PAMPA (parallel artificial membrane permeability assay) and
Caco-2 assay.'" On the other hand, in a report by R. S. Lokey's
group, Bmt to Leu substitution did not decrease the perme-
ability of CsA in MDCK-LE assay.*’

Previous study
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Fig. 1 Schematic illustration of studies of cyclosporin A derivatives
with modified side chains in previous studies (top) and this work
(bottom).
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An issue in the previous studies of the structure-perme-
ability relationship of CsA is that the passive permeability was
measured by PAMPA or cell monolayer-based permeability
assays like Caco-2 and MDCK assays, which cannot measure
pure passive permeability across lipid bilayers.'>** The artificial
membrane of PAMPA is about 10 000 times thicker than lipid
bilayers, and its main component is an organic solvent. In cell-
based assays, various factors, such as degradation and adsorp-
tion to proteins, prohibit a fair comparison of passive perme-
ability between different compounds. Permeability assays using
lipid bilayers are desirable to evaluate passive permeability.
Investigations into the correlation between passive permeability
across lipid bilayers and the structure of CsA derivatives would
provide explicit insights into the necessity of each residue for
the passive permeability of CsA. The knowledge about the
importance of each side chain is expected to be valuable for
designing permeable cyclic peptides based on the CsA
backbone.

To draw conclusions about the importance of each side
chain of CsA for passive permeability, we here report
a comparison of lipid bilayer permeability of the CsA derivatives
with a side-chain deletion scan (Fig. 1 bottom). We used a lipid
bilayer-based permeability assay developed by our group named
Horizon-LBA (horizontal lipid bilayer permeability assay), by
which we successfully evaluated the lipid bilayer permeability of
CsA and CsO in a previous report.*®

First, to define the necessity of MeBmt residue in CsA for its
passive permeability, for which different suggestions have been
presented,'>'* three CsA derivatives that have Ala, Leu, or Thr at
the 1st position of CsA were designed and synthesized (Fig. 2,
see Schemes S1 and S2+ for synthetic procedures). Ala, Leu, and
Thr are substructures of Bmt, and a comparison of their
permeability would provide insights about whether each part in
MeBmt, such as B-OH and the long hydrocarbon chain, is
required for passive permeability. The permeability of CsA
derivatives was evaluated by Horizon-LBA (Fig. 2). For a fair
comparison of the permeabilities, the relative permeabilities of
each peptide were measured using the mixture of peptides as
analytes, and the relative P,, of each peptide was determined
with the P, of peptide 1 in each experiment as 1.0. As a result,
1 showed higher permeability than CsA, and the significant
differences in the relative permeability of 2 and 3 from CsA were
not observed. Although the permeability coefficient of 3 was
slightly lower than CsA, the passive permeability was main-
tained. The reduction of lipophilicity by the substitution of Bmt
to Thr is considered to be a reason for the lower permeability of
3. On the other hand, the fact that 1 (R = Ala) maintained
permeability suggests that the Bmt residue, including the -OH
and long hydrocarbon chain, is not necessary at the 1st position
of CsA for the high passive permeability.

Subsequently, a side-chain deletion scan was conducted
based on 1, which had the highest permeability in the synthe-
sized CsA derivatives, to evaluate whether the CsA derivative can
maintain the passive permeability after the further loss of a side
chain. We synthesized CsA derivatives 4-10, in which each
residue of 1 was substituted to alanine/N-methylalanine residue
(see the ESIt for synthetic procedures). The relative
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Fig. 2 Relative lipid bilayer permeability of CsA derivatives after
substitutions of Bmt residue measured by Horizon-LBA. P, of 1 at
each experiment was set to 1.0. 5 uL of 10 mg mL~ DOPC (1,2-dio-
leoyl-sn-glycero-3-phosphocholine) in decane was used as the lipid
solution. The incubation was conducted for 2 h at room temperature.
The experiment was conducted in triplicate. Data are presented as
means + standard deviations. The p-values are from a two-sided
Welch's T-test. *p < 0.05, n. s.: not significant.

permeability of all the derivatives was measured by Horizon-
LBA (Fig. 3). As a result, none of the CsA derivatives showed
a substantial decrease in passive permeability than the parental
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Fig. 3 Relative lipid bilayer permeability of side-chain deletion scan-
ned CsA derivatives. Relative permeability of 1 and 4-10 across a lipid
bilayer measured by Horizon-LBA. P, of 1 at each experiment was set
to 1.0. 5 pL of 10 mg mL~* DOPC in decane was used as the lipid
solution. The incubation was conducted for 1.5 h at room temperature.
The experiment was conducted in triplicate. Data are presented as
means + standard deviations. The p-values are from a two-sided
Welch's T-test. **p < 0.01, *p < 0.05. No indication about the differ-
ence from 1 denotes not significant (p = 0.05).
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CsA derivative (1). Although 5 and 8 showed lower permeability
coefficients than 1, the degree of decrease was less than 50%,
and they maintained passive permeability. These results
suggest that the substituted side chains are not necessary for
the high passive permeability of CsA. The calculated log P values
(Alog P) of the CsA derivatives were determined to understand
the reasons for the permeability difference (Table S31); however,
no correlation between permeability and lipophilicity AlogP was
found.

Finally, we conducted a structure-based analysis to clarify
the reason for the maintained passive permeability of the CsA
derivatives 1-10. The number of solvent-exposed hydrogen
bond donors was measured by NMR. One of the hypotheses
about the efficient passive membrane permeation of CsA is that
the formation of a conformation called the “closed form” with
a low number of solvent-exposed hydrogen bond donors in lipid
membranes contributes to the passive permeability.>'” Since
the substitutions to alanine/N-methylalanine did not lead to the
fatal loss of passive permeability of CsA, we hypothesized that
the intramolecular hydrogen bonds of CsA could be maintained
without each of the side chains. Amide temperature coefficients
(ATC) of 1-10 were measured in chloroform-d (Fig. 4a). ATC is
useful for measuring the number of solvent-exposed hydrogen
bond donors.”® All the amide NHs of 1-10 had AJ/AT more
positive than —4.6 ppb K ', suggesting that these CsA deriva-
tives maintain the intramolecular hydrogen bonds in a non-
polar solvent when a residue is substituted to alanine/N-meth-
ylalanine residue. The results of permeability experiments and
ATC suggest that CsA can maintain the intramolecular
hydrogen bonds even when it loses a side chain, and the
maintenance of the “closed conformation” is an important
structural determinant for high membrane permeability
(Fig. 4b). In the future, in addition to ATC, more detailed
conformational studies, such as NOEs (nuclear Overhauser
effect) measurements and in silico simulations, will further

a AS/AT ppb K- b

NHT NH2 NH3 NH4
CsA -32 -39 -16 -0.9
1 -36 -29 -22 -09
2 38 -29 -16 -24
3 34 -26 -17 -12
4 -39 -33 -16 -04
5 35 -29 -25 -14
6 34 29 -25 -12
4 -29 -27 -15 -05
8 -37 -382 -23 -1.1
9 35 -19 -21 -09
10 -34 -28 -15 -1.1

Fig. 4 Amide temperature coefficients of the CsA derivatives. (a) Ad/
AT ppb K™ of 1-10, which was calculated from *H NMR and COSY in
chloroform-d. (b) Schematic illustration showing one example of the
“closed conformation” constructed by the dominant contribution of
the backbone of CsA. The backbone and side chains are shown in stick
model and line model, respectively. The source of the 3D-structure is
CCDC ID: DEKSAN.*
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clarify the relationships between the conformations and
permeability of the CsA derivatives.

In this study, we compared the permeability of CsA deriva-
tives directly using a lipid bilayer. The substitution of Bmt in
CsA and the following side-chain deletion scan showed that,
even when one of any side chains is replaced with (Me)Ala, CsA
maintains passive permeability across lipid bilayers. Especially
the necessity of Bmt for the permeability of CsA has been
controversial, but the fact that the substitution of Bmt to Ala did
not reduce the lipid bilayer permeability is evidence of the
nonessentiality of Bmt for passive permeation. These results
suggest that the specific side chains of CsA are not essential for
the permeability, and the backbone structure, e.g., stereo-
chemistries at a-carbons and the positions of amide N-methyl-
ations, dominantly contributes to the passive permeability.
Therefore, the backbone of CsA can be useful as a scaffold with
high permeability, and a library of CsA derivatives with various
side chains, as long as satisfying appropriate lipophilicity
requirements, would be useful for drug discovery for intracel-
lular target proteins. In the permeability experiments, we used
a single lipid composition (DOPC) and buffer (PBS). Consid-
ering the existence of effects of lipid compositions on the
passive permeability of compounds and the plausible interac-
tions of CsA with some ions,"?" lipid bilayer permeability
measurements of CsA and its derivatives using various lipids
and ions are important research subjects to understand the
structural determinants of the permeation of CsA in more
detail. In the future, investigations into the effects of the
substitution to various side chains other than Ala on physico-
chemical properties, such as lipophilicity and surface area, and
the permeability of CsA will provide further insights into the
permeation mechanism of CsA.
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