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Cyclic peptides that passively penetrate cell membranes are under active investigation in drug discovery
research. PAMPA (Parallel Artificial Membrane Permeability Assay) and Caco-2 assay are mainly used for
permeability measurements in these studies. However, permeability rates across the artificial membrane
and the cell monolayer used for these assays are intrinsically different from the ones across pure lipid
bilayers. There are also membrane permeability assays for peptides using reconstructed lipid bilayers, but
they require labeling for detection, and the absolute membrane permeability of the natural peptides

themselves could not be determined. Here, we constructed a lipid bilayer permeability assay and realized
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permeability values across lipid bilayers were determined for model cyclic hexapeptides and an

DOI: 10.1039/d25c05785a important natural product, cyclosporin A (CsA). The obtained quantitative permeability values will provide
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Introduction

The membrane permeability of cyclic peptides has been actively
investigated.'”* Although cyclic peptides are poorly membrane
permeable in general, some cyclic peptides from natural sour-
ces, such as cyclosporin A (CsA), exhibit high membrane
permeability. These cyclic peptides with high passive
membrane permeability are of significance in medicinal
chemistry because they can target intracellular protein-protein
interactions that are difficult to be targeted by other drug
modalities.

The passive membrane permeability of cyclic peptides is
ideally evaluated using lipid bilayers because they need to cross
the lipid bilayer membrane to penetrate into intracellular space
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new and advanced knowledge about the passive permeability of cyclic peptides.

passively. However, the permeability of cyclic peptides has been
investigated mostly based on the two permeability assays, which
use membranes that are not lipid bilayers. One of the assays is
PAMPA (Parallel Artificial Membrane Permeability Assay),* in
which artificial membranes approximately 10 000 times thicker
than cell membranes are used (Fig. 1, top). The other type of
assay is the cell monolayer assay, such as the Caco-2 assay.® This
assay evaluates permeability across cell monolayers, which is
different from the pure passive membrane permeability across
lipid bilayers because of many factors like degradation, efflux,
active transport, and passage through intercellular space
involved in the permeability across cell monolayers.

To obtain the quantitative passive permeability rates of cyclic
peptides across cell membranes, assays that can directly
measure permeability across lipid bilayers are required.

Recently, a few studies about measurements of membrane
permeability of peptides using lipid bilayers were reported
(Fig. 1, middle). A. Hennig group, W. M. Nau group, J. Hochman
group, and P. S. Dittrich group used liposomes to measure the
permeability of peptides.®® N. Rodriguez group, B. M. Paegel
group, and A. R. Thiam group utilized DIB (droplet interface
bilayer) for permeability evaluation of peptides.'**> However,
the methods used in these studies require labels, such as
aromatic groups, fluorescent groups, and azide/alkyne groups,
in the analyte structures for detection, which hampers
measuring the permeability of non-modified cyclic peptides. As
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Fig. 1 Schematic illustration of the membrane permeability assays
developed in previous studies (top) and this study (bottom).

a result, to date, the absolute passive permeability rates of
critically important natural peptides such as CsA have never
been quantitatively determined, presenting a major challenge
in peptide drug discovery research.

Here, we report the first label-free quantification of the
permeability of cyclic peptides, including CsA, across lipid
bilayers using a newly established permeability assay for
peptides (Fig. 1, bottom).

Results and discussion

First, we constructed a new lipid bilayer permeability assay,
“Horizon-LBA (horizontal lipid bilayer permeability assay),”
based on a method to build a black lipid membrane (BLM) in
a pore on the bottom of a chamber developed by Ide and
coworkers (Fig. 2a and b).**** The apparatus consists of two
chambers on a microscope. We used the lower chamber as
a donor chamber and the upper chamber as an acceptor
chamber in the permeability assay. After adding the compounds
to the donor chamber and incubation, the compounds that
crossed the lipid bilayers and reached the acceptor chamber are
quantified by LC/MS to determine the lipid bilayer permeability.
The LC/MS-based quantification method enables the measure-
ment of lipid bilayer permeability of label-free cyclic peptides.
As a setup for the permeability assay, the horizontal lipid bilayer
setup has an advantage over other BLM setups in that the
condition of the lipid bilayer can be monitored based on elec-
trochemical information and microscopic observations. They
are useful for confirming the area and integrity of the fragile
lipid bilayer during permeability experiments (Fig. 2c).

We measured the thickness of the lipid bilayers in Horizon-
LBA and the artificial membranes in PAMPA for comparison.
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Fig. 2 Horizontal lipid bilayer permeability assay (Horizon-LBA). (a)
Schematic illustration of the entire assay system. (b) A side view of the
system. (c) A picture of the lipid bilayer constructed in the pore at the
bottom of the acceptor chamber. The yellow circle indicates a lipid
bilayer on the pore.

The thickness of membranes was calculated from electrostatic
capacities by regarding the donor/acceptor chambers that
sandwich the membrane as a condenser (Table S1t). The
thickness of the lipid bilayers in Horizon-LBA was 8 +£ 1 nm. A
lipid bilayer was suggested to be formed in our system since this
value was similar to the thickness of a lipid bilayer of DOPC
reported by B. A. Lewis and D. M. Engelman (3.8 £+ 0.1 nm)."* On
the other hand, the thickness of the artificial membrane of
PAMPA was determined to be 43 + 7 um. It is about 10°-10*
times thicker than a lipid bilayer. This result experimentally
confirmed the difference in membrane thickness between
PAMPA and Horizon-LBA. According to the result, considering
membrane thickness, Horizon-LBA is more representative of
biological systems than PAMPA.

We conducted permeability measurements of small mole-
cules to confirm that our new system can quantify the perme-
ability of analytes. Permeability measurements were performed
using a mixture of 10 analytes as the donor solution. After
incubating the system for 20 minutes at room temperature, we
recovered the solution from the acceptor chamber and quanti-
fied the analytes in the solution by LC/MS. We calculated
permeability coefficients, P,pp,, for the analytes detected from
the acceptor chamber (Table S21). Caffeine was used to verify
our system. R. Strutt and coworkers measured the lipid bilayer
permeability using their permeability assay based on DIB of
DOPC and a UV detector." In this assay, a lipid bilayer is formed
at the droplet interface and the permeability of an analyte is
determined based on the UV absorbance of the analyte. In their
report, the permeability coefficient of caffeine was determined

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to be 2.81 + 0.0920 x 10 * cm s~ . In our system, the perme-
ability coefficient of caffeine was 3.0 & 0.6 x 10~* cm s~ . The
similarity of the permeability coefficients of these assays
suggests that our system, Horizon-LBA, properly works as a lipid
bilayer permeability assay.

Comparison of the permeabilities of the small molecules
measured by Horizon-LBA with the reported permeabilities by
PAMPA and Caco-2 assay (Table S21) demonstrate that the
permeability rates across lipid bilayers differ from those
measured by PAMPA and Caco-2 assay. This indicates the need
for a permeability assay system using lipid bilayers, such as
Horizon-LBA, to measure pure passive membrane permeability
across lipid bilayers.

Using the established permeability assay, we conducted
label-free quantification of the lipid bilayer permeability of
cyclic peptides.

First, we measured the membrane permeability of a model
cyclic hexapeptide (1) (Fig. 3a and Table S3t)."® The permeability
coefficient of 1 across lipid bilayers was determined to be 3 £ 1
x 107* ecm s~ '. The permeability coefficient of 1 was also
measured by PAMPA and determined to be 0.165 & 0.009 x
10~* ecm s~'. The significant difference in permeability coeffi-
cients between Horizon-LBA and PAMPA may be derived from
the difference in the thickness and composition of the artificial
membrane and lipid bilayers.
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Fig. 3 Lipophilicity and permeability of multiple cyclic peptides by
Horizon-LBA. (a) Chemical structure and A log P of cyclic peptides. A
log P was calculated by RDKit: open-source cheminformatics. https://
www.rdkit.org. (b) Relative permeability of cyclic peptides measured
by Horizon-LBA. The experiment was conducted in quintuplicate.
P.p Of 1 at each measurement was set to 1.0. (c) Relative
permeability of cyclic peptides measured by PAMPA. The experiment
was conducted in triplicate. P, of 1 at each measurement was set to
1.0. Data are presented as means =+ standard deviation. The
significance was assessed by t-tests: *p < 0.05, **p < 0.01.
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We next compared the permeability of 1 and its derivatives in
which the Val residue of 1 is replaced with a side chain of
different lipophilicity. Previous studies by PAMPA have shown
a correlation between membrane permeability and calculated
lipophilicity." We synthesized cyclic peptide 1 and its deriva-
tives in which Val in 1 was changed to Ile (2), Ala (3), Gly (4), or
Met (5) (Fig. 3a). The synthesized five peptides were mixed and
analyzed by Horizon-LBA and PAMPA. In Horizon-LBA, since
the standard deviations of permeability coefficients between
multiple experiments were relatively large, we normalized the
permeability of each compound with the P,,, of 1 in each
experiment as 1.0 (Fig. 3b and Table S3+t). The relative perme-
abilities were 0.90 £ 0.06 (2, R =Ile), 0.7 £ 0.1 (3, R = Ala), 0.51
+ 0.07 (4, R = Gly), and 0.14 + 0.01 (5, R = Met). There was
a statistically significant difference between the relative
permeability values of each cyclic peptide (p < 0.05). The
permeability coefficients of the cyclic hexapeptides were also
measured by PAMPA and the values were compared with those
obtained by Horizon-LBA. The rank order of the permeability
values between each cyclic peptide in PAMPA was different from
Horizon-LBA (Fig. 3¢ and Table S31). In PAMPA, the order of
permeability was R = Ala > Val > Met > Ile > Gly, which is
different from the order in Horizon-LBA (R = Val > Ile > Ala > Gly
> Met). In particular, the fact that 5 (R = Met), which had
notably lower permeability in Horizon-LBA than the other four
peptides, has the same level of permeability in PAMPA as 2 (R =
Ile) is a remarkable difference. This difference may be attrib-
uted to the different physicochemical properties of artificial and
lipid bilayer membranes. The artificial membrane is ~10* times
thicker than lipid bilayers, as discussed earlier. Besides, the
artificial membrane of PAMPA consists of ~1% phospholipid
and ~99% of decane, which is intrinsically different from lipid
bilayer membranes. Therefore, the peptide is expected to
interact with an artificial membrane differently with the lipid
bilayer.

Our results so far showed that the absolute permeability coef-
ficients of a cyclic peptide as well as relative permeability among
cyclic peptides are significantly different between lipid bilayer-
based assays and PAMPA. This demonstrates the importance of
determining the permeability coefficients using lipid bilayers to
understand the actual permeation speed across lipid bilayers.

Finally, we measured the permeability of an important
natural product, CsA, across lipid bilayers (Fig. 4). CsA is known
to have immunosuppressive effects and is used as a drug.>® CsA
penetrates into intracellular space and interacts with intracel-
lular proteins, cyclophilin and calcineurin. Previous studies
using PAMPA and Caco-2 assays indicate that CsA passively
permeates cell membranes. However, due to the lack of exper-
imental methods, the permeability across pure lipid bilayers
has not been directly observed, and the absolute passive
permeation rate across lipid bilayers are not known. Using
Horizon-LBA, we measured the permeability of CsA. The
permeability coefficient (P,pp) was determined to be 3 + 1 x
107° cm s~ (Fig. 4b). Although CsA permeates the lipid bila-
yers, the rate is approximately 100 times slower than that of
small molecules, e.g., caffeine (3.0 x 10~* cm s~ ). Interestingly,
the permeability coefficient of CsA across lipid bilayers is close
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Fig. 4 Permeability of cyclosporin A (CsA) and cyclosporin O (CsO)
measured in Horizon-LBA. (a) The chemical structure of CsA. (b) Side
chain structures and the permeability coefficients of CsA and CsO
across the lipid bilayers. The incubation was conducted for 4 h at room
temperature. The experiment was conducted in triplicate. Data are
presented as means + standard deviation. “The values are from ref. 21.

to the reported P, values in cell monolayer assays (e.g., apical
to basolateral: P,,, = 1.51 x 10 ° cm s™ ', basolateral to apical:
Papp =4.51 x 10" ° cm s~ in Caco-2 assay by J. Seo group, Py, =
1.4 x 10~° em s~' in MDCK-LE by R. S. Lokey group).'*** This
similarity suggests that passive permeation is the primary
pathway for CsA penetration into cells. This has been indirectly
declared by Caco-2 assay,” but our result is the first direct
evidence of passive permeation of CsA across lipid bilayers.

We also evaluated the permeability of CsO, a derivative of
CsA. CsA has been suggested to change its conformations in the
process of passive membrane permeation (Fig. 4a). The
chameleonic change between open and closed conformations
was hypothesized to be important for effective membrane
permeation. One of the experimental supports for the hypoth-
esis is the fact that CsO, which rigidly forms a closed confor-
mational state, shows a much lower permeability coefficient on
PAMPA.”* We revisited this using the lipid bilayer permeability
assay. As a result, the permeability coefficient of the CsO was
similar to CsA (Fig. 4b). This result of Horizon-LBA is not
consistent with the previously reported observation based on
PAMPA, which suggested that CsO is less permeable than CsA.
Although further investigations are needed to clarify the reason
for the difference in the trend of results in the artificial
membrane and the lipid bilayer, the result of Horizon-LBA may
suggest that CsA and CsO penetrate cell membranes passively at
a similar rate.

Conclusions

In conclusion, we here reported the first label-free quantitative
measurements of cyclic peptide permeability across lipid
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bilayers. The LC/MS-based quantification method, in combi-
nation with horizontal lipid bilayer fabrication technology,
enabled the measurement of the permeability of natural CsA
itself, which is not modified with any chromophores or fluo-
rescent groups. This is the first direct evidence that CsA
passively crosses cell membranes, and the quantitative value of
the permeation speed was determined at last. The coefficient of
variation (CV) in Horizon-LBA was often larger than 30%, but
similar large CVs are often observed in other planar lipid bilayer
permeability assays.'>** The large CV may reflect the variation of
the lipid bilayer condition in each experiment.

Unlike PAMPA, Horizon-LBA uses reconstructed lipid bilayers.
Permeability assays using lipid bilayers are useful to understand
the actual speed of passive permeation of compounds across cell
membranes. PAMPA membrane is about 10 000 times thicker
than lipid bilayers. Therefore, analytes must pass through the
long path of organic solvent (normally dodecane) in PAMPA, and
the main obstacle for the analytes may be this organic solvent
layer. PAMPA may be useful to compare the passive permeability
of compounds but does not provide information about the actual
permeation speed of the compounds across lipid bilayers. In cell
monolayer assays, analytes must pass through a lipid bilayer
twice, i.e., the apical and basolateral cell membranes, and also
pass through the cytosol. Besides, the permeability coefficients in
the cell monolayer assays are affected by various factors such as
degradation, efflux, active transport, and passage through inter-
cellular space. The permeation speed determined by Horizon-
LBA will provide insights into how peptides passively permeate
the cell membrane. The insights would eventually be useful for
predicting the passive membrane permeability of a given peptide
and designing highly permeable peptides in the future.

Previously, lipid composition has been reported to affect the
lipid bilayer permeability of small molecules.”** Therefore,
permeability measurements with various lipid compositions in
Horizon-LBA will greatly contribute to the elucidation of the
interaction of peptides with various membranes and their
permeability.

Currently, our setup cannot measure permeability in parallel
like PAMPA. However, the system that can form parallel BLMs
has been previously reported, and it will realize a parallel lipid
bilayer permeability assay and high-throughput measurements
of a larger set of compounds.*® The quantitative values of lipid
bilayer permeability obtained by Horizon-LBA are not only
important for studying the pharmacokinetics of cyclic peptides
for drug discovery but also improve our fundamental knowl-
edge of peptide membrane permeability.
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