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ABSTRACT: Drug design efforts are turning to a new
generation of therapeutic targets, such as protein—protein
interactions (PPIs), that had previously been considered
“undruggable” by typical small molecules. There is an
emerging view that accessing these targets will require
molecules that are larger and more complex than typical
small molecule drugs. Here, we present a methodology for the
discovery of geometrically diverse, membrane permeable cyclic
peptide scaffolds based on the synthesis and permeability
screening of a combinatorial library, followed by deconvolu-
tion of membrane-permeable scaffolds to identify cyclic
peptides with good to excellent passive cell permeabilities.
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We use a combination of experimental and computational approaches to investigate structure-permeability relationships in one of
these scaffolds, and uncover structural and conformational factors that govern passive membrane diffusion in a related set of
cyclic peptide diastereomers. Further, we investigate the dependency of permeability on side-chain identity of one of these
scaffolds through single-point diversifications to show the adaptability of these scaffolds toward development of permeability-
biased libraries suitable for bioactivity screens. Overall, our results demonstrate that many novel, cell permeable scaffolds exist
beyond those found in extant natural products, and that such scaffolds can be rapidly identified using a combination of synthesis
and deconvolution which can, in principle, be applied to any type of macrocyclic template.

B INTRODUCTION

Recent biomedical advances have produced a wave of candidate
therapeutic targets, many of which are intracellular protein—
DNA, protein—RNA, and protein—protein interactions (PPIs)
whose binding interfaces are larger and less pocket-like than
typical drug targets.”” While many large binding sites are
considered “undruggable” by small molecules, they can often be
inhibited by larger, more complex molecules such as intra-
cellularly expressed antibodies (intrabodies)®*™ as well as
natural and synthetic cyclic peptides.”'" Indeed, the
prevalence of potent, PPI-disrupting cyclic peptides highlights
the potential utility of these compounds as therapeutics."”~"*
However, this increased molecular weight (MW) and complex-
ity comes at a cost, as larger, more functionally rich molecules
often fail to meet the physicochemical requirements (captured
by rouégh bioavailability predictors such as Lipinski’s “Rule of
5”)'1° for cell permeability, thus limiting them in most cases
to parenteral delivery against extracellular targets.
Nonetheless, there is a class of compounds exemplified by
the cyclic peptide cyclosporine A (CSA; MW 1202 Da) that
exhibit drug-like cell permeability and, in some cases, oral
bioavailability, despite molecular weights that lie well outside
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the range of typical small molecule drugs (i.e., ~S00—700 Da).
While physical models of permeability for conventional drug-
like molecules are well established,'” the determinants of
passive membrane diffusion in molecules at the larger end of
the MW continuum are somewhat less well understood,'®
hindering the rational design of cell-permeable, “beyond-Rule-
of-5” (bRoS) molecules as therapeutic agents. As interest grows
in designing cyclic peptides and other macrocycles against
intracellular targets,'””° understanding the relationship be-
tween structure and permeability in these bRoS molecules will
be vital.

Previously we reported model cyclic peptides whose
passive permeabilities, like CSA, depend on conformation-
determining backbone elements such as stereochemistry and N-
methylation.”* Here, we describe the synthesis of an exhaustive
library of 1152 cyclic hexapeptide stereoisomers and N-methyl
variants—prepared and screened as 12 sub-libraries consisting
of 96 cyclic peptides—inspired by the diverse backbone
geometries found in cyclic peptide natural products (ie.,
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Figure 1. (a) Natural products similar to library members synthesized in this study. (b) Overall design of split-pool library of geometrically diverse

cyclic hexapeptides.
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Figure 2. (a) Schematic of PAMPA in vitro permeability assay system. (b) LCMS traces from PAMPA analysis of sub-library 6, showing extracted-
ion chromatograms from acceptor well at m/z values corresponding to compositional variants. Included in italicized parentheses are the theoretical
number of isomers contained in the corresponding donor wells for each mass. (c) Deconvolution of sub-library 6 by resynthesis of tier-2 sub-libraries
in which X? is known. The major permeable component of the X* = L-Leu is shown with an asterisk and was identified as 6.1, a sequence analogue of
the previously identified (ref 23), highly permeable compound 1. (d) Structures of 1 and 6.1. Permeabilities shown below the structures were

determined in Caco-2 cells.

guangomide A% baceridin,* Figure la), and investigations
into the relationship between conformation and permeability
across small sets of structures present in the library. Our results
confirm the importance of side-chain orientation and steric
factors in determining membrane permeability in cyclic
peptides, with implications for the design of synthetic, cell-
permeable macrocycles.

B RESULTS AND DISCUSSION

First, we designed a split-pool library’” based on a cyclic
hexapeptide template that would sample all possible stereo-
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isomers and N-methyl variants, translating into diverse
backbone geometries and conformational preferences. We
employed the generic sequence Pro-(Xaa), Tyr, incorporating
L- and D-Leu, and L- and D-MeLeu at the variable positions X*—
X® (Figure 1b), and included Gly and MeGly (Sar) at positions
X* and X* to investigate the impact of overall lipophilicity and
backbone flexibility on permeability. Following library syn-
thesis, LCMS showed that although expected impurities were
observed, all expected masses were present in appropriate ratios
predicted by the statistical representation of each isomeric
series (see Supporting Information (SI)). The library design
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allowed unambiguous assignment of the composition (ie.,
specifying the number of Leu vs Gly residues and the number
of N-methyls) of each set of stereo- and constitutional isomers
to an observed parent mass. Within each isomeric series there
was good chromatographic separation of the individual
compounds.

Passive membrane diffusion was quantified initially using the
parallel artificial membrane permeability assay (PAMPA), an
established cell-free membrane permeability system comprised
of a donor and acceptor well separated by a filter impregnated
with 1% lecithin in dodecane (Figure 2a).>%% After a period of
incubation, compound flux across the dodecane layer was
measured by LCMS analysis of the acceptor wells using
selected ion monitoring (SIM), which allowed for the
acquisition of mass-separated chromatogram traces (Figure
2b) corresponding to the different isomeric series. After
synthesis and resin cleavage, we identified an average of ~47
distinct peaks from each sub-library, or 567 peaks for the entire
library. After PAMPA, ~240 distinct peaks appeared in the
acceptor wells. Although differences in the amounts of each
species present in the donor wells precludes a quantitative
assessment of the individual permeabilities at this stage in the
analysis, nearly half of these peaks (~105) showed significant
intensity in their respective acceptor wells by rough MS
quantitation (SI, Figure S4a). A significant portion of these
peaks with high apparent permeability were concentrated in
sub-libraries 4 and 6. In general, sub-libraries with more N-
methyl groups showed a greater overall enrichment in
permeable compounds compared to sub-libraries with fewer
N-methyls (Figure S4b), and sub-libraries with Gly or Sar
residues were on average less permeable than the correspond-
ing all-Leu-containing sub-libraries, with no permeable
compounds detected containing two Gly/Sar residues (Figure
S4c). There were exceptions to these trends; for example, some
compounds with 4 N-Me groups showed very low permeability,
while some non-N-methylated compounds appeared to be
highly permeable (see below). Also, several Gly- and Sar-
containing compounds showed strong enrichment in the
PAMPA acceptor wells, suggesting that these scaffolds can
adopt particularly permeable conformations that compensate
for the decrease in lipophilicity resulting from the loss of a Leu
side chain.

Next we set out to identify specific, membrane permeable
scaffolds from the 12 sub-libraries, initially focusing on sub-
library 6 with the consensus sequence cyclo[p-Pro'—L-
MeLeu’—X*—X*—X*—1-Tyr] (Figure 2c, top chromatogram).
LCMS analysis of this sub-library showed a large number of
permeable scaffolds in the m/z = 755 trace corresponding to
cyclic peptides with three backbone N-methyl groups. Rather
than synthesizing and testing all 24 tri-N-methylated stereo-
chemical and N-methyl positional isomers in sub-library 6, we
used a recursive deconvolution strategy®® to identify selected
peaks. Thus, four new “tier-2” sub-libraries with X* defined (as
L-Leu, p-Leu, 1-MeLeu, or p-MeLeu) (Figure 2c) were
synthesized and submitted to PAMPA analysis. The resulting
mixtures (simplified as expected compared to the parent sub-
library) showed compounds with varying degrees of perme-
ability, and follow-up studies on individual compounds led to
scaffolds of known permeability, as well as novel scaffolds that
revealed interesting structure—permeability relationships.

In the tier-2 sub-library in which X* = L-Leu (Figure 2c, blue
chromatogram), the major permeable component was 6.1, an
analog that shares the same backbone scaffold as a compound

(1) which we had identified previously using independent
methods as a highly permeable and orally bioavailable scaffold
(F = 28% in rat) (Figure 2d).”> Compounds 6.1 and 1 share
the same stereochemistry and N-methylation pattern, differing
only in the side chains of the two amino acids on either side of
the Pro. Indeed the low-dielectric conformation of 6.1 was
predicted to be identical to the NMR solution conformation
determined for 1 (SI, Figure $5).*> The permeabilities of 6.1
and 1 were measured in the Caco-2 epithelial cell line and were
found to be nearly identical (Figure 2d).

Most cyclic peptide natural products that are known to be
cell permeable by passive diffusion contain at least one N-
methylated backbone amide,”* although synthetic cyclic
hexapeptide scaffolds have been reported with no N-methyl
groups that also show drug-like passive membrane perme-
ability*"** and even oral bioavailability.>' In the 1152-member
library reported here, excluding compounds with glycine, there
are 32 non-N-methylated cyclic peptides distributed exclusively
among sub-libraries 1—4. The combined extracted ion
chromatograms from these sub-libraries showed 31 distinct
peaks (at m/z = 713 corresponding to the non-N-methyl, non-
Gly-containing isomers) in the PAMPA donor wells. At least 6
of these compounds showed significant enrichment in the
PAMPA acceptor wells, with the most permeable species
concentrated in sub-libraries 1 and 4. In sub-library 4 (Figure
3a), 7 out of the 8 possible diastereomers were visible in the
acceptor well chromatogram, with strong enrichment observed
for two of the peaks (Figure 3b). All 8 isomers from sub-library
4 were synthesized individually and the identities of the peaks
from the original mixture were confirmed by separate
coinjections with each of the pure compounds.

Caco-2 permeability studies on the 8 non-N-methylated
stereoisomers from sub-library 4 confirmed that the two most
permeable isomers were 4.4 and 4.7 (Figure 3c, Table 1). The
predicted backbone conformations of both 4.4 and 4.7 are near
mirror images of the NMR-derived solution conformation of
compound 2, which we had previously identified as having
drug-like passive permeability by PAMPA.*> At the backbone
level, 4.7 and 2 are indeed enantiomers, and 4.4 differs from
4.7 by a single stereocenter (position X?). Moreover, among
the least permeable isomers in the series was 4.3 (Figure 3d,
Table 1) in which both the X* and X° stereocenters are inverted
with respect to compounds 4.4 and 4.7. The predicted
conformation for 4.3 was nearly identical to the NMR solution
structure in CDCl; of 3, revealing the highly exposed amide
NH that is most likely responsible for the poor permeability of
both compounds. Variable temperature '"H NMR (VT-NMR),
which has been used as a tool to provide evidence of hydrogen
bonding or solvent exclusion within proteins,>*>® supports
these interpretations (SI, Table S10). The small temperature
shift coefficients (<4 ppb/K) of all NH groups in 4.4 and 4.7
are consistent their relatively high cell permeabilities, and also
with the prediction, based on computational studies and their
structural similarity to compound 2, that all amides in these
compounds are protected from solvent (either through
intramolecular hydrogen bonding or, in the case of L-Leu?, by
steric occlusion).” On the other hand, two of the temperature
shift coefficients in 4.3 are greater than 4 ppb/K, consistent
with the two solvent-exposed amides found in the solution
NMR structure (in CDCl;) of its congener 3, and also
consistent with the relatively low cell permeabilities of both 3
and 4.3. Thus, this screening/deconvolution approach not only
independently identified the enantiomer of a scaffold known to
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Figure 3. (a) General structure of sub-library 4 at m/z = 713,
corresponding to non-N-methylated scaffolds. (b) HPLC traces of
chromatogram (extracted ion monitoring at m/z = 713) for donor
(blue) and acceptor (red) wells following PAMPA analysis of sub-
library 4. (c) Structures of compound 2 from an earlier study (ref 22)
and two pseudoenantiomers from this study, 4.4 and 4.7. (d)
Structures of compound 3 from the same previous study and analogue
4.3, highlighting their most solvent-exposed NH group.

Table 1. Sequence and Measured Permeation Rates for Non-
N-methylated Compounds from Sub-library 4

compd  t (min) x3 x4 x° P, (x107° cm/s)*

4.1 11.1 D-Leu L-Leu L-Leu 0.26

4.2 11.3 L-Leu L-Leu L-Leu 0.43

4.3 12.1 L-Leu Dp-Leu L-Leu 0.14

4.4 12.7 D-Leu L-Leu D-Leu 79

4.5 13.1 p-Leu p-Leu Dp-Leu 0.045

4.6 13.2 L-Leu D-Leu D-Leu 0.5

4.7 13.5 L-Leu L-Leu p-Leu 3.6

4.8 nd D-Leu D-Leu L-Leu 023

“As measured by Caco-2 assay.

have good membrane permeability, but it also suggests that the
stereocenter at Leu® can be inverted without changing the
backbone conformation or compromising permeability.

In both series of compounds discussed thus far, the tri-N-
methylated scaffold of 6.1 and the non-N-methylated scaffolds
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of 4.4 and 4.7, the major conformation-defining features are the
overlapping p-turns that enforce two strong, transannular
hydrogen bonds. In 6.1, the other three solvent-exposed amide
NH groups are N-methylated, whereas in 4.4, two of the
solvent-exposed amides are forced into extra-annular y-turns,
creating a bowl-shaped structure that orients the remaining free
NH into the center of the bowl and away from solvent. Upon
further deconvolution of the tri-N-methylated compounds from
sub-library 6, we were intrigued to find that among the most
permeable compounds in one of the tier-2 sub-libraries were
compounds corresponding to the consensus sequence cyclo[p-
Pro'—1-MeLeu?—p-MeLeu?—p/1-MeLeu*—p/L-Leu® —L—Tyré]
(Figure 2c, purple chromatogram), in which the two non-N-
methylated residues were contiguous (Figure 4a). Since this
arrangement of N-Me and NH groups would appear to
preclude the type of B-turn architecture found in 4.4, 4.7, and
6.1, we set out to investigate this scaffold further by
synthesizing and testing all eight permutations within the X?
= D-MeLeu tier-2 sub-library. The two most cell permeable
compounds in this series, 6.7 and 6.9, differed only in the
configuration at MeLeu*, while the most- and least-permeable
compounds, 6.7 and 6.6, also differed by a single stereocenter
at Leu’ despite a 60-fold difference in Caco-2 permeabilities
(Figure 4a).

We used a combination of computational and NMR
approaches to investigate the underlying structural/conforma-
tional basis for the large variation in permeability among the
closely related stereoisomeric series 6.6—6.9. First, 2D ROESY
NMR experiments (in the low dielectric solvent CDCl;) of 6.9,
one of the two most permeable compounds in the series,
revealed that the two contiguous, non-N-methylated residues
enforce two overlapping, somewhat distorted y-turns (Figure
4b). Because of this distortion, neither of the amide NH groups
in 6.9 are involved in a classic hydrogen bond.**** The
computationally predicted conformation of 6.9 was also
consistent with its NMR structure, with a backbone RMSD
of 0.27 A between the two structures (SI, Figure S3c). Indeed,
while the four stereoisomers 6.6—6.9 were predicted to adopt
very similar backbone conformations (average RMSD = 0.5 A),
intramolecular hydrogen bonds were observed in only two of
the compounds, 6.6 and 6.8 (as y-turns between MeLeu* and
Leu®). Paradoxically, 6.6 and 6.8 are the two least permeable
compounds in the series, while neither of the most permeable
compounds, 6.7 and 6.9, showed any intramolecular hydrogen
bonding. Nonetheless, in all four isomers, both NH groups
point well into the interior of the macrocycle, shielding all of
the amides from solvent, including those not involved in
hydrogen bonds.

The cell permeabilities in 6.6—6.9 are most influenced by the
configuration at Leu’: in 6.7 and 6.9, the p-Leu® side chains
project over the macrocycle center, while the 1-Leu® side chains
of 6.6 and 6.8 project away from the ring (Figure 4b). In
contrast, permeabilities are much less sensitive to the
configuration at MeLeu*, where the side chains orient away
from the macrocycle, irrespective of stereochemistry at that
position. The different side-chain orientations give rise to
different calculated 3D solvent accessible surface areas (SASA),
as the projection of the Leu® side chains in 6.7 and 6.9 over one
face of the macrocycle partially shield its polar interior from
solvent (Figure 4c). This variation in 3D SASA (101.6 and
104.5 A for 6.7 and 6.9, vs 140.5 and 125.7 A for 6.8 and 6.6,
respectively) in turn gives rise to corresponding differences in
calculated desolvation energies (AGeqy,), and indeed both 3D
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Figure 4. (a) General structure of compounds 6.6—6.9, their Caco-2 permeabilities, predicted desolvation energies and 3D polar solvent accessible
surface areas (SASA), and number of intramolecular hydrogen bonds. (b) Top and side views of compounds 6.6 (blue), 6.7 (green), 6.8 (orange),
and 6.9 (magenta) overlaid (for clarity, only the side chains of residues MeLeu* and Leu® are shown). (c) Electrostatic surfaces (red = §—, blue = 5+,
white = neutral) of predicted low-dielectric conformers of 6.6—6.9, with the orientation of the Leu® side chains highlighted in gray dashed ovals.
Outlined in yellow is the portion of the polar surface in 6.6 and 6.8 that is effectively masked by the p-Leu® side chains in 6.7 and 6.9. (d) Plot of
predicted desolvation energy (orange) and 3D polar SASA (green) vs Caco-2 permeabilities of the four compounds.

SASA and AGy.,, are highly correlated with Caco-2
permeabilities in this set (Figure 4d). These results highlight
the existence of “permeability cliffs” among closely related
cyclic peptide scaffolds that differ only by relative stereo-
chemistry, and also demonstrate that steric occlusion of polar
groups from solvent can outweigh intramolecular hydrogen
bonding in the relationship between structure and permeability
in cyclic peptides.

Having discovered several cyclic peptides with measurable
membrane permeability, we wanted to investigate whether one
of these scaffolds could be diversified at the side-chain level
while retaining favorable membrane permeability. Therefore,
we used our split-pool approach to generate side-chain variants
based on the permeable scaffold 4.7 and tested their
permeabilities by PAMPA, including the parent scaffold as an
internal control. Three new libraries were synthesized in which
positions 3, 4, and S were varied among amino acids with a
variety of side-chain functionalities, including a basic residue
(Orn), a hydrogen bond donor (Thr) and acceptor (4-Pal), and
various nonpolar residues of natural and non-natural origin
(Ala, Abu, Val, Phe, 2-Nal, and Cha) (SI, Figure S6). In general,
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substitutions that led to a decrease in lipophilicity were
detrimental to permeability, while those that retained or
increased lipophilicity showed similar or improved permeability
compared to the parent 4.7 (Figure S). For the highly lipophilic
substitution Nal, the variability in PAMPA values could be
attributable to the low recovery, most likely due to solubility or
aggregation issues. The permeability trends among the side-
chain variants were the same for each substituted position.
These results suggest that diverse libraries generated from side-
chain variants of permeable scaffolds such as 4.7 (e.g., for use as
input into biochemical screens) can maintain the permeability
of the parent scaffold at least within a reasonable lipophilicity
window.>”

B CONCLUSIONS

We have described a combinatorial library/deconvolution
approach to the discovery of cell permeable cyclic peptide
scaffolds. The methodology reported here, based on the
synthesis and direct permeability analysis of complex cyclic
peptide mixtures, was validated by the discovery of analogues of
two cyclic peptides known to be passively permeable and, in
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one case, orally bioavailable. We have also found, consistent
with studies in other systems,>"® that subtle factors such as
side-chain orientation can significantly impact permeability by
sterically masking polar backbone atoms. Indeed, in our earlier
studies on 2 and 3, we found that the steric occlusion of
backbone amides could be as effective as internal hydrogen
bonding in increasing permeability,”” which was corroborated
by later computational studies demonstrating that intra-
molecular hydrogen bond counts are not as predictive of
permeability as more quantitative descriptors such as 3D polar
SASA.?! Furthermore, while this manuscript was under review,
a paper published by Nielsen, et al, showed the same
phenomenon in synthetic analogs of the cyclic peptide natural
product sanguinamide A, in which steric occlusion of polar
groups by bulky side chains led to improved oral bioavail-
ability.’® These results, along with ours demonstrating the
shielding effect of stereochemistry on permeability, raise the
question as to whether steric factors related to side-chain
positioning are also at play in the extraordinary permeability of
other cyclic peptide natural products such as CSA.

This study also demonstrates the power of using a library/
deconvolution approach to identify permeable scaffolds from
complex mixtures, as validated by the independent scaled-up
resynthesis and characterization of several compounds
identified as hits in the initial screen. The power of this
approach lies in the ability to separate compounds of interest
from complex mixtures by selected ion monitoring-LCMS, and
to determine permeabilities by comparison between input and
output chromatogram traces. The observation that upon
deconvolution the simplified sub-libraries are enriched in
permeable species, adds further confidence in the utility of
the initial libraries despite their high complexity.

It may be useful to put the approach to scaffold discovery
reported here in the context of the large DNA-encoded libraries
and display technologies® that have emerged over the past few
decades. Very large and diverse cyclic peptide libraries have
been generated using these approaches; however, since these
library designs rarely take cell permeability into account, few of
the resulting lead compounds are germeable despite some
impressive biochemical potencies.*>*' The scaffolds reported
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herein (including many that have yet to be fully deconvoluted)
may provide a means to bias the design of DNA-encoded
libraries toward cell permeability from the outset, for example,
by varying side chains on scaffolds with high intrinsic
permeability. Such designs would also benefit from a deeper
understanding of the relationship between overall side-chain
lipophilicity and permeability, so that chemical properties can
be optimized for permeability while maintaining a high degree
of both chemical and geometric diversity.

Here we have shown that relatively complex and conforma-
tionally diverse cyclic peptides can be achieved with simple
building blocks and chemistries that are compatible (for the
most part) with DNA-encoded libraries and other diversity
approaches, suggesting a path toward larger libraries biased
toward cell permeability. Our finding that the cell permeability
of a particular scaffold can be maintained upon side-chain
substitution provides further optimism that such a bias can be
achieved, provided that side chains are selected to maintain an
appropriate level of lipophilicity. Variations on scaffold 4.7,
which is not N-methylated and has only a moderate Caco-2
permeability, suggest that any decrease in lipophilicity is
detrimental to permeability in this scaffold. We predict that the
same substitutions performed on more intrinsically permeable,
N-methylated scaffolds such as 6.7, will show a wider
“lipophilicity window” within which permeability can be
achieved. Work is now underway to further deconvolute the
permeable species in the library reported here, and to quantify
in more detail the impact of side-chain lipophilicity on
permeability in the context of other scaffolds.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on January 8, 2015 with errors in the
compound numbering in the third to last paragraph in the
Results and Discussion section. This has been corrected and the
paper was re-posted on January 12, 2015.
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