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ABSTRACT: The effect of peptide-to-peptoid substitutions
on the passive membrane permeability of an N-methylated
cyclic hexapeptide is examined. In general, substitutions
maintained permeability but increased conformational hetero-
geneity. Diversification with nonproteinogenic side chains
increased permeability up to 3-fold. Additionally, the
conformational impact of peptoid substitutions within a β-
turn are explored. Based on these results, the strategic
incorporation of peptoid residues into cyclic peptides can
maintain or improve cell permeability, while increasing access
to diverse side-chain functionality.

As drug discovery efforts increasingly focus on challenging
intracellular targets such as protein−protein interactions

(PPIs) and other types of relatively “flat” binding sites, finding
highly potent inhibitors among classically drug-like molecules
has become increasingly challenging.1,2 Macrocycles occupy a
middle ground in chemical space between biologics and typical
small molecule drugs, with the complexity (and potential for
binding flat surfaces) approaching that of the former, and the
potential for cell permeability and oral bioavailability of the
latter.3−7 Their modular synthesis, combined with the favorable
impact of macrocyclization on metabolic stability and cell
permeability, makes cyclic peptides ideal macrocyclic scaffolds
for exploring this chemical space. Furthermore, one-bead-one-
compound (OBOC), DNA-encoded and DNA-programmed
synthesis methodologies allow large (105) to very large (1012)
libraries of cyclic peptides to be generated and screened,8−10

while structural diversity and complexity can be achieved by
permuting backbone elements such as stereochemistry11 and
backbone N-methylation,12 variables that can be modulated at
the monomer level. Although solid phase peptide synthesis
(SPPS) has been thoroughly developed since its first
implementation over 50 years ago,13 achieving side chain
diversity in peptide libraries requires access to diverse amino

acid building blocks, of which relatively few are commercially
available.
Oligomers of N-substituted glycine units (“peptoids”) were

originally conceived as synthetic peptide derivatives that possess
the modularity and protein binding characteristics of peptides,
but avoid the pitfalls associated with the notoriously poor
metabolic stability of peptides. Since then, peptoids have found a
number of uses including metal chelation,14 in vitro gene
delivery,15 and antifouling coatings.16 Unlike peptides, which are
generated (both chemically and biosynthetically) by coupling
amino acids sequentially to a growing peptide chain, peptoids can
be generated by the “submonomer method” in which the
terminal amine is capped with a chloro- or bromoacetamide
followed by introduction of the peptoid side chain by SN2
substitution with an incoming primary amine.17 In contrast to the
relatively small pool of commercially available amino acids, the
pool of commercially available primary amines numbers in the
thousands.
Large peptoid libraries have yielded potent hits in phenotypic

screens18,19 and against a variety of protein targets, including
VEGF,20,21 the proteasome,22 p53-MDM2,23 and MMP14,24
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among others.25 Kodakek et al. recently reported that libraries of
cyclic peptoids generated more high affinity hits over their linear
counterparts26 while Ovadia et al. found peptide to peptoid
substitutions in a cyclic melanocortin agonist improved both
metabolic stability and paracellular permeability.27 A number of
studies have evaluated the effect of peptide to peptoid
substitution on the potency of bioactive cyclic peptides,28−31

and their conformational preferences have been extensively
investigated.32,33 There is evidence that peptoids are more
membrane permeable than peptides;27,34 however, most of the
peptoid ligands discovered to date have either been directed at
extracellular targets35,36 or have shown modest activity against
intracellular targets.22,37 To date there has been no direct
comparison between cyclic peptides and peptide-peptoid hybrids
with respect to passive transcelluar permeability.
Previously our laboratories investigated the influence of

backbone stereochemistry and N-methylation on the perme-
ability and metabolic stability of cyclic hexapeptides. One
permeable scaffold identified by our laboratory, cyclo[Leu1-
D(NMe)Leu2-(NMe)Leu3-Leu4-DPro5-(NMe)Tyr6]
(1NMe3)38 (Figure 1), has been studied as a model cyclic

peptide in recent publications from our group and others.39−43

This compound’s defining structural characteristics are a double
type II′ β-turn structure, engaging both non-N-methylated amide
protons in intramolecular H-bonds. β-Turn mimicry may
represent an accessible pharmacological niche for small cyclic
peptides, as a number of protein−protein interactions are
mediated by loops containing this structural motif.44 Because of
its favorable ADME/PK properties, double β-turn structure, and
multiple N-alkylated residues, 1NMe3 provided a model system

for the systematic investigation of the physiochemical properties
imparted by N-methyl amino acid-to-peptoid substitutions.
To this end, we systematically replaced every N-methylated

residue of 1NMe3 with the equivalent N-substituted glycine
(peptoid) residue (Figure 1). In addition, the Leu at position 1
was replaced with N-isobutyl glycine (L1N) and all residues but
Pro were replaced with peptoid residues (L1-4Y6N). Peptoid
residues were accessed through the introduction of bromoacetic
acid followed by nucleophilic displacement with the desired
amine.17 Interestingly, a number of these compounds, notably
L1N and L1-4Y6N, displayed mixtures on the NMR and even
chromatographic time scales (Supporting Information (SI) pp
9−21, 31−45; SI Table 8), highlighting the propensity for N-
substituted glycine residues to adopt the cis-amide conforma-
tion.45 To further explore the properties imparted by these
peptoid substitutions, this small series was subjected to the
MDCK-LE46 (Madin-Darby Canine Kidney epithelial cells −
Low Efflux) trans-well assay, an in vitro assessment of compound
permeation across a monolayer of epithelial cells selected for low
efflux pump expression with results reported as a one-
dimensional diffusion rate (× 10−6 cm/s) across the cell
monolayer (Figure 1).
Peptoid substitutions generally maintained the cell perme-

ability of the parent compound. The single peptoid substitutions
at Leu2 and Tyr6 (L2N andY6N, respectively) led to a nearly 50%
increase in cellular permeability. The bis-substitution Leu2, Tyr6
(L2Y6N) exhibited a similar increase in cell permeability. The
exception to this trend was the pentapeptoid substitution L1-
4Y6N, which showed drastically reduced permeability. Notably,
all compounds containing a Leu3-to-peptoid (L3N, L2L3N,
L3Y6N, L2L3Y6N, and L1-4Y6N) substitution exhibited lower
cell permeability than the parent, while all compounds in which
Leu3 remained an N-methyl amino acid (L1N, L2N, Y6N, and
L2Y6N) exhibited increased cell permeability. Since Leu2 and
Leu3 represent i + 1 and i + 2 positions of a β-turn, it was
hypothesized that positionally dependent modulation of this key
structural element was the source of the augmented cellular
permeability between the peptide−peptoid hybrids in this series.
In order to understand the relationship between peptoid

position and cell permeability we sought to investigate and
compare the low dielectric solution structures of L2N and L3N.
NMR experiments were conducted in CDCl3, which approx-
imates the internal dielectric of a phospholipid bilayer.47 Peak
assignments were made using COSY, TOCSY, HSQC, and
HMBC experiments, and ROESY-derived interproton distances
were calculated based on crosspeak volumes. 3JH−H couplings
were also used to provide dihedral information where available.
Conformers were generated using molecular dynamics (MD)
simulations, and ensembles were fit to the distance and dihedral
restraints using the program DISCON.48,49

Of particular interest is how the β-turn is affected by the
introduction of a peptoid residue in a cyclic system, a topic
explored previously in linear di- and-tetrapeptide model
systems.50,51 In the structure of 1NMe3, both the dLeu2-Leu3
and dPro5-Tyr6 β-turns adopt a type II′ β-turn, enforced by the
D-residue at the i + 1 position.38 Both L2N and L3N also adopt a
double β-turn structure (SI Tables 6 and 7). Interestingly, the β-
turn encompassing positions 2 and 3 in compound L2N has
inverted to a type II β-turn, likely due to the loss of D chirality at
the i + 1 position. L3Nmaintains the chirality at position 2 but, in
contrast to the parent 1NMe3, fails to achieve a tight β-turn
about positions 2 and 3 with H−O H-bond distances of 3.9 and
1.9 Å respectively. This is likely due to the steric constraints

Figure 1. Peptoid series and MDCK-LE apparent cell permeability
(average of 3 replicates, * denotes 2 replicates only).
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imposed by the increased size of the N-alkyl group leading to
increased solvent exposure of the carbonyl of Leu1 in the more
expanded structure of L3N (Figure 2e and f). Using the

aforementioned NMR structures the expanded conformation
of L3N has a higher computationally derived solvent exposed
polar surface area (101 Å2) than either L2N (78 Å2) or 1NMe3
(87.2 Å2) employing the method developed by Ertl et al.52 and
used extensively by Guimaraes et al.53 to analyze a large library of
permeable macrocycles. However, both L2N and L3N have minor
conformations that are stable on the NMR time scale (most likely
cis−trans rotamers about the peptoid and/or N-Me amide
bonds). Therefore, the observed difference in permeability
between these compounds cannot be attributed solely to
differences in solvent exposure between the major conformers
alone. Future NMR studies should provide insight into the
contribution of minor conformers to the permeability of the
ensemble.
Finally, since a benefit of peptoid residues is the potential for

facile diversification, we sought to test whether the favorable cell
permeability properties of Y6N tolerated the introduction of
more diverse chemical functionality. To this end, we synthesized
a small series of cyclic peptide peptoid hybrids encompassing
chemical space not easily obtainable in the pool of commercially
available, protected amino acids (non-natural heterocycles,
trifluoromethylation, and ether linkages) and subjected these
to the same MDCK-LE assay as compounds 1−9.
Compound 10 exhibited increased permeability over 1−9

while 12 and 13 showed a modest increase (Figure 3). The

increased permeability of 10, 12, and 13 over Y6Nmay be due to
the removal of the H-bond donating phenolic −OH. Despite the
mild basicity of 12 (pKa∼7.4), it shows comparable permeability
to the parent compound. The low permeability of compound 11
is likely due to low recovery (40.5%) in the MDCK-LE assay,
which is not surprising given its exceedingly high lipophilicity.
Compounds Y6N, 10, 12, and 13 have calculated (2D) ALogP54

values of <4.0 while 11 has an ALogP of 5.2. Additionally, the
replacement of the phenolic side chain (present in 1−9) with one
lacking a H-bond donor (10−13) greatly decreased the EPSA55

for those peptides: 76−82 vs 53−58 Å2 respectively (SI Table 9
and Figure 1). The EPSA value is determined through a
chromatographic technique designed to experimentally assess
the polar surface area of a molecule in a low dielectric
environment. This highlights the permeability penalty incurred
by the presence of unsatisfied H-bond donors in the side chains.
The series of compounds 1−13 demonstrate promise for

designing peptide−peptoid hybrid macrocyles with favorable
ADME properties. Interestingly L1N exhibits permeability in the
top 50% of those observed in the study, higher than that of
1NMe3. The replacement of the amide hydrogen of L1 with an
isobutyl would completely prevent any β-turn about this position
due to the removal of a H-bond donor and the increased steric
bulk. A complex mixture on the NMR time scale in chloroform
(SI p 40; SI Table 8) prevented a solution structure from being
obtained, but it has likely found another or multiple lipophilic
conformations other than the double β-turned structure.
In the cases of L2N and L3N the use of NMR and molecular

dynamics offers a potential explanation into the source of their
observed differences in permeability. These results suggest that
cyclic peptide peptoid hybrids combine the chemical diversity
achievable using amine-derived peptoids with the stereochemical
complexity and intramolecular H-bonding of peptides to allow
access to novel, versatile, and cell permeable macrocycles.
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Figure 2. (a,b)NMR restrained solution conformations ofL2N and L3N,
respectively. (c,d) 2D representation of the conformations of L2N and
L3N, respectively, with the amide between positions 2 and 3 highlighted
in yellow, peptoid residues highlighted in red. (e, f) Electrostatic surfaces
of the L2N and L3N, with the solvent exposed carbonyl of Leucine 1
highlighted with a dashed circle.

Figure 3. Peptoid series and MDCK-LE apparent cell permeability
(average of 3 replicates).
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