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Abstract

Approximately 75% of all disease relevant human proteins including those involved in
intracellular protein-protein interactions (PPIs) are undruggable with the current drug modalities
(i.e., small molecules and biologics). Macrocyclic peptides provide a potential solution to these
undruggable targets, because their larger sizes (relative to conventional small molecules) endow
them the capability of binding to flat PPI interfaces with antibody-like affinity and specificity.
Powerful combinatorial library technologies have been developed to routinely identify cyclic
peptides as potent, specific inhibitors against proteins including PPI targets. However, with the
exception of a very small set of sequences, the vast majority of cyclic peptides are impermeable to
the cell membrane, preventing their application against intracellular targets. This review examines
the common structural features that render most cyclic peptides membrane impermeable as well as
the unique features that allow the minority of sequences to enter the cell interior by passive
diffusion, endocytosis/endosomal escape, or other mechanisms. We also present the current state
of knowledge about the molecular mechanisms of cell penetration, the various strategies for
designing cell-permeable, biologically active cyclic peptides against intracellular targets, and the
assay methods available to quantify their cell-permeability.
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1. INTRODUCTION

There has been a major surge in cyclic peptide research since the beginning of this
millennium. A SciFinder search using the term “cyclic peptide” (March 261, 2019)
produced 10,169 entries/publications, among which 7,222 entries were published since 2000
and 3,952 during the current decade alone (Figure 1). A major driving force behind this
surge is undoubtedly the success as well as “failure” of the drug industry. On the one hand,
the remarkable success of biologic drugs (e.g., monoclonal antibodies) has led to a paradigm
shift from the “small molecule-centric” to a “modality-agnostic” approach to drug discovery
in the pharmaceutical industry and, as a consequence, greater acceptance of peptides as a
drug modality. On the other hand, there is growing realization that current drug modalities,
including both small molecules and conventional biologics, are inadequate for the majority
of yet untapped therapeutic opportunities, which represent ~75% of all therapeutically
relevant proteins.I Among the undruggable targets, the most prominent class is the proteins
involved in intracellular protein-protein interactions (PPIs). This is because PPIs usually do
not involve well-defined hydrophobic pockets at the interface for small-molecule drugs to
bind, whereas biologics such as monoclonal antibodies cannot cross the cell membrane to
reach the target. Meanwhile, two major breakthroughs in peptide science and technology
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occurred during the past two decades - the first enables the discovery of potent macrocyclic
peptide ligands against essentially any protein target, while the second allows such ligands
to be effectively delivered into the interior of mammalian cells. The combination of these
factors makes macrocyclic peptides an exciting drug modality for the decades to come,
especially for targeting intracellular PPlIs.

1.1. Cyclic Peptides as an Emerging Drug Modality

Cyclic peptides (including cyclic depsipeptides and bicyclic peptides) possess a number of
favorable properties as therapeutic agents and research tools. First, cyclization of peptides
reduces the conformational freedom, greatly enhancing their metabolic stability and binding
affinity/specificity to target molecules. In general, cyclic peptides of smaller ring sizes (<10
aa) are relatively resistant to proteolytic degradation.? Second, medium-sized cyclic peptides
(6-15 aa; MW = 500-2000 Da), which are most commonly used, are typically 3- to 5-times
larger than conventional small-molecule drugs (MW<500) and engage larger surface areas
on target proteins. Consequently, cyclic peptides have the capacity to recapitulate the
exceptional affinity and specificity of proteins, even against targets that do not have any
binding pocket. Indeed, many of the naturally occurring as well as synthetic macrocyclic
peptides have demonstrated antibody-like affinity and specificity to their intended targets.3->
Third, cyclic peptides have enormous structural diversity. By using just the 20 proteinogenic
amino acids, one can generate ~208 or ~2.5 x 1010 different cyclooctapeptides. The
structural diversity (and protease resistance) can be further increased by incorporation of
non-proteinogenic amino acids (e.g., o- and A®-methylated amino acids) and/or varying the
ring size. In fact, cyclic peptide libraries of up to 1014 different compounds have been
experimentally generated.® This level of structural diversity greatly surpasses that of the
human antibody repertoire and therefore, in principle, it should be possible to generate
potent and specific cyclic peptide ligands against any protein target of interest. Fourth,
compared to proteins, cyclic peptides retain some of the attributes of small molecules such
as stability, lower risk of immune response, synthetic accessibility, and lower cost of
production. Finally, as will be described in detail below, cyclic peptides can be rendered cell-
permeable and therefore capable of targeting intracellular proteins including those involved
in PPIs.

It should come as no surprise that cyclic peptides, cyclic depsipeptides, and bicyclic peptides
are broadly distributed in nature and exhibit a wide range of biological activities, including
anticancer, antibacterial, antiviral, antifungal, anti-clotting, and anti-inflammatory
properties. To date, >1000 cyclic peptides have been discovered in nature,’”-2 some of the
cyclic peptides have become highly successful drugs, including vancomycin (antibacterial),
daptomycin (antibacterial), cyclosporine A (an immunosuppressant for transplantation), and
caspofungin (antifungal). Inspired by the natural products, chemists have developed
numerous methodologies to prepare cyclic peptides through N-to-C, sidechain-to-sidechain,
or main chain-to-sidechain cyclization.19 Some of the synthetic cyclic peptides, such as
integrilin (eptifibatide, for treating heart diseases), octreotide (a somatostatin mimetic used
to treat acromegaly and diarrhea), cyclic RGD peptides, disulfide cyclized linaclotide, and
hydrocarbon-stapled peptides against the MDM2-p53 interaction have also been approved
by FDA for clinical use or in late-stage clinical trials.11
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1.2. Enabling Technologies for Discovery of Cyclic Peptide Ligands

Despite their enormous potential, until recently cyclic peptides had been underexploited as a
drug modality, primarily because no technology was available to tap into this massive
“treasure trove”.12 Except for stapled peptides!3 and some special cases, rational design of
cyclic peptidyl ligands against protein targets is generally a challenging task, especially
when structural information is not available or if binding (e.g., PPI) is mediated by multiple,
noncontiguous epitopes. Methods that proved effective for small-molecule drug discovery,
e.g., fragment-based drug design, generally do not work well with macrocyclic peptides.
Very recently, there has been some success in designing cyclic peptide ligands by using
computational approaches,14 but its generality remains to be determined. In the absence of
rational design approaches, many investigators have been pursuing combinatorial library
approaches, i.e., a large number of cyclic peptides of different sequences are simultaneously
synthesized and then rapidly screened for binding to (or other biological activities against) a
target of interest. These efforts have finally led to the development of several powerful
combinatorial library technologies over the past two decades. This represents a major
breakthrough/milestone in peptide science and technology, as these technologies have now
made it possible to discover potent and selective cyclic peptidyl ligands against essentially
any protein target including those involved in PPIs. These methods are briefly introduced
below; for more details, the reader is referred to several recent reviews'>-17 or the original
publications cited in this review.

Based on their methods of generation, cyclic peptide libraries can be classified into
biologically vs chemically synthesized libraries. Among ribosomally synthesized libraries,
phage display was the first method developed.1® In the early designs, peptide cyclization was
usually mediated by disulfide formation between a pair of cysteine residues N- and C-
terminal to the peptide sequence of interest. A major limitation of this method was that the
cyclic peptide ligands obtained cannot be used against intracellular targets. Winter and co-
workers later extended the phage display technology to generate bicyclic peptide libraries.1?
In this case, each library member is designed to contain three invariant cysteine residues;
after being displayed on the phage surface, the peptide is treated with a trifunctional
alkylating agent [e.g., tris(oromomethyl)benzene], which converts the peptide into a bicyclic
structure through the formation of three thioether bonds. Bicyclic peptides of this type have
proven extremely potent inhibitors against enzymes [e.g., a 1.5 nM inhibitor against protease
kallikrein19] as well as specific ligands for cell-surface receptors.29:21 Benkovic and co-
workers generated N-to-C cyclized peptide libraries inside living cells by utilizing the
protein splicing properties of split inteins.22:23 The cyclic peptides produced in situ can
directly modulate a cellular event(s) inside the cell. Tavassoli and co-workers have used this
technology to discover small cyclic peptide inhibitors against several protein dimerization
events.24-26 Finally, mRNA display has been used to generate linear peptide libraries by 7
vitro translation and the peptides are then chemically cyclized by using a bifunctional
reagent.27:28 A drawback of the biological libraries is that they are generally limited to the
20 proteinogenic amino acids. To alleviate this drawback, Suga, Szostak, and co-workers
integrated the mRNA display technology with a codon reassignment strategy to incorporate
a variety of unnatural amino acids into displayed peptides, including an N-chloroacetyl-p-
tryptophan at the N-terminus, which spontaneously cyclizes with an internal cysteine residue
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to form cyclic peptides covalently attached to their coding mRNAs.#29:30 The latter
technology, called “RaPID (for Random nonstandard Peptide Integrated Discovery)” 6 is
capable of producing and screening 104 different cyclic peptides in solution, against a
protein target of interest. Because of the exceptionally high library diversity, cyclic peptide
ligands of very high affinity and specificity (Kp in the pM to low nM range) can often be
directly isolated from the libraries.

Cyclic peptide libraries can be readily synthesized (chemically) in the one bead-one
compound (OBOC) format by using Lam and Houghten’s split-and-pool synthesis.31:32 The
challenge lies in post-screening hit identification, because main-chain cyclized peptides
cannot be sequenced by Edman degradation or tandem mass spectrometry (or at least not
reliably).33:34 This problem was solved by employing two different encoding strategies,
much like the way biologically synthesized libraries are encoded by DNA or RNA. Pei and
co-workers designed one bead-two compound (OBTC) libraries, in which each library bead
displays a unique cyclic peptide on its surface and contains a linear peptide of the same
sequence in the interior as an encoding tag.3® Hit identification was readily achieved by
sequencing the linear encoding peptide inside the bead by Edman degradation and/or mass
spectrometric methods.3¢ They later extended the methodology to synthesize bicyclic
peptide libraries, in which each peptide contained three fixed, orthogonally protected amino
groups, one at the N-terminus, one on the side chain of a C-terminal 2,3-diaminopropionic
acid (Dap) residue, and the third on the side chain of an internal lysine, ornithine, or Dap
residue.37 Following selective deprotection of the three amines, the peptides were converted
into bicyclic structures by the formation of three amide bonds between the amines and a
small-molecule scaffold (e.g., trimesic acid). In an alternative encoding strategy, Liu and
colleagues carried out DNA-templated synthesis (DTS), where each building block is
covalently attached to a “transfer” DNA oligonucleotide, which brings the building block to
the vicinity of another building block attached to a template DNA through DNA
hybridization.38:3% Reaction between the two building blocks is greatly accelerated due to
the proximity effect. After coupling of all building blocks and cyclization, each macrocycle
is covalently linked to a unique DNA template that serves as the “blueprint” for its
construction. The macrocycle-DNA library is typically screened for binding to a target of
interest, and the most potent binders were identified by deep sequencing of the enriched
DNA library, assuming that tighter binding results in greater enrichment of the
corresponding macrocycle-DNA adduct. A distinct advantage of chemically synthesized
libraries is that almost any unnatural amino acid (or non-peptidic building block) can be
incorporated into the library, greatly enhancing the structural diversity and metabolic
stability of the library compounds. There is also a broader selection of cyclization methods
available for chemically synthesized libraries.

In sum, there is clearly a demand for alternative drug modalities for targeting challenging
proteins (e.g., PPIs). Cyclic peptides provide excellent candidates for meeting this demand,
because of their favorable physiochemical properties and the advent of powerful
technologies that enable the rapid discovery of potent, specific cyclic peptide ligands against
essentially any protein target. The remaining challenge is how to deliver cyclic peptides, the
vast majority of which are impermeable to the plasma membrane of the cell, into the cell
interior, where most PPIs take place. It is the latter, the cell-permeability of cyclic peptides,
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that will be the focus of this review. Other worthy topics, e.g., the oral bioavailability of
cyclic peptides, will not be covered here; interested readers are directed to several excellent
recent reviews on the topic.40-42

2. WHAT MAKES MOST CYCLIC PEPTIDES MEMBRANE-IMPERMEABLE?

The capacity to cross the cell membrane is essential for any compound if the intended target
is located inside the cytosol (or nucleus) of the cell. Owing to the wealth of intracellular
therapeutic targets, small molecule drugs are continuously designed and optimized with
cellular permeability in mind. Over the years, certain structural features and
physicochemical properties, e.g., low molecular weight (MW <500) and lipophilicity, have
been empirically observed to facilitate membrane penetration and oral bioavailability. These
features/properties, often called the “drug-likeness” of a compound, have become a guiding
principle in small-molecule drug discovery. Based on these empirical rules established for
small molecules, any cyclic peptide of 6 or more residues would not be expected to have
significant membrane permeability or oral bioavailability. While this is indeed true for the
vast majority of cyclic peptides of medium to large ring sizes (i.e., =6 aa), a very small
fraction of them, of both natural and synthetic origins, have demonstrated good cell-
permeability and even oral bioavailability. Therefore, understanding the mechanisms by
which cyclic peptides penetrate the cell membrane and the physiochemical determinants of
cell-permeability are of paramount importance. In this section, we will discuss the current
understanding of the physical mechanisms behind the membrane permeability of small
molecules, the physiochemical properties that influence permeability, and how most peptides
violate the traditional rules of drug-likeness. In Section 3, we will discuss how the small
fraction of cyclic peptides achieve membrane permeability and the structural features
conducive to high permeability.

2.1. How Do Small Molecules Cross the Cell Membrane?

Small molecules cross the cell membrane primarily by two different mechanisms: energy-
independent passive diffusion and energy-dependent active transport. The two mechanisms
are not mutually exclusive for a given compound.

2.1.1. Passive Diffusion.—Many small molecules are capable of crossing the plasma
membrane by passive diffusion, an energy-independent process. Passive diffusion can be
conceptualized as the partitioning of a molecule among the aqueous extracellular
environment, the hydrophobic cell membrane, and finally the aqueous cytosol. The process
of passive diffusion is driven by the net concentration gradient of a given compound, flowing
from regions of higher concentration (extracellular) to lower concentration (intracellular).
Derivation of Fick’s first law of diffusion for passive diffusion across a plasma membrane
gives:43

M _ kfox AC
- 1/2

dt dx MW

Chem Rev. Author manuscript; available in PMC 2020 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dougherty et al.

Page 7

where dM/dt is the amount of compound transferred across a membrane over a time £, 4 is
the membrane-water partition coefficient for a given compound, Sis the total membrane
surface area, AC is the difference in extra/intracellular concentration, d'is the thickness of
the membrane, and MW is the compound’s molecular weight. According to this equation,
the permeability of a compound is inversely related to its size (molecular weight), with
smaller molecules having greater membrane diffusion rates. Permeability is also directly
related to the compound’s membrane-water partition coefficient (), which is a measure of
lipophilicity. Dickson et al. further characterized the kinetic steps in membrane permeation,
identifying desolvation as a key step for initial membrane partitioning, whereas lipophilicity
dictates how readily the compound transitions out of the membrane into the cytosol.*4
Optimization of lipophilicity is thus a routine starting point for ensuring drug-likeness and
will be covered in detail in section 2.2 of this review. Mechanistically, the process of passive
diffusion is the same for all plasma membranes, but lipid composition has been
demonstrated to affect the absolute rate of passive diffusion, although compounds displaying
high diffusion rates are still able to effectively enter different cell types.4>46 Diffusion
across the blood-brain barrier (BBB) is also an outstanding question in the field and is
beyond the scope of this discussion, interested readers are directed to comprehensive
treatments of the subject in the literature.#7:48

2.1.2. Receptor-Mediated Uptake.—Small molecule uptake via active transport is an
area of intense research and is supported by the range of biologically necessary transporters
that are intended to shuttle key nutrients and metabolites into the cell. It is estimated that the
average mammalian cell membrane contains hundreds of these transporters, many of which
are poorly characterized or lack an identified endogenous ligand.#® Extensive surveys of the
literature have been carried out to evaluate small molecules which have been proposed to
have significant cellular uptake as a result of interaction with carrier proteins.>° Carrier-
mediated active transport has been suspected to play a significant role for the cellular uptake
of many compounds due to large discrepancies between permeability data derived from
artificial permeability assays (such as PAMPA) and values observed /7 vivo.> Exemplar
carrier proteins that have been implicated in facilitating small molecule cellular uptake
include the solute carrier (SLC) family, which encompasses a range of specialized carrier
protein subfamilies. For example, Hsiang and co-workers showed that statins such as
lovastatin and atorvastatin are transported by OATP2/SLCO2B1, a hepatic organic anion
transporting polypeptide, which is part of the solute carrier organic anion (SLCO) subfamily
naturally responsible for the transport of thyroid hormone and taurocholic acid.>2 Other SLC
family members have been implicated in the transport of therapeutics such as memantine,
propranolol, and cimetidine.>3-55 The SLC family function as facilitative transporters,
enabling transport of charged cargo with the electrochemical gradient, or in some situations
act as secondary active transporters with simultaneous transport with and against the
gradient for net favorable change in free energy. In these situations, small molecules
possessing net charges are able to “hijack” the receptors due to their physiochemical
similarity to natural substrates and be transported. Carrier proteins are ubiquitously
expressed across all tissue families, implicating them in uptake across virtually all cell types.
56 For further reading of carrier protein-mediated cellular uptake, readers are referred to
several excellent recent reviews.5’~59
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2.2. Physiochemical Properties that Impact Permeability

Understanding the mechanistic basis for passive diffusion facilitates the evaluation of
properties whose optimization is likely to predispose a given compound to membrane
permeability. Lipinski et al. laid forth a set of empirical guidelines for predicting oral
bioavailability.6? Termed the “Rule of Five” (Ro5), they predicted that compounds with
molecular weights below 500 g/mol, CLogP below 5, fewer than 5 hydrogen bond donors
(HBD), and fewer than 10 hydrogen bond acceptors (HBA) are more likely to be orally
bioavailable. Given that transcellular transport is likely the primary mechanism by which
most small-molecule drugs traverse the gut epithelium, the oral bioavailability of a
compound should be positively correlated with its cell membrane permeability (i.e., its
capacity to cross the plasma membrane of a cell). We shall also point out that, while the
expectation is that an orally bioavailable drug should be cell-permeable, this is not always
the case. Paracellular transport through tight junctions in gut epithelium or transcytosis can
introduce compounds into circulation without intracellular localization. Conversely, cell-
permeable compounds may not be able to survive the gut’s harsh environment and therefore
may lack oral bioavailability. The necessity of these parameters can be rationalized through
the impact of molecular weight on the rate of diffusion, as evidenced in the previous
equation, as well as the direct relationship between the membrane-water partition coefficient
and CLogP. In addition to molecular weight, early work by Xiang and Anderson
demonstrated clear size dependence on partitioning into ordered bilayers, with larger solutes
having reduced membrane permeability.1 These findings were rationalized in the context of
solute and bilayer entropy loss incurred upon membrane insertion. Diffusion through the
hydrophobic plasma membrane interior necessitates desolvation of water molecules
coordinated to the solute through hydrogen bonds. Compounds with significant numbers of
HBD and HBAs also tend to be more polar, affecting their membrane-water partition
coefficient. Further extrapolation of the Ro5 to other physiochemical parameters has
provided investigators with additional predictive tools for membrane permeability and oral
bioavailability. Palm et al. suggested that polar surface area (PSA) is a highly effective
predictor for oral bioavailability.52 PSA is determined by evaluating the 3D conformation
and molecular surface of a given molecule, followed by calculating how much of the
molecular surface is composed of polar atoms. PSAs greater than 130 A are strongly
correlated with poor oral bioavailability, even for compounds that adhere to other Ro5
properties. Further refinement of PSA include exposed polar surface area (EPSA), based on
exposed polarity and intended for the design of passively permeable cyclic peptides by
considering conformational changes occurring in solution.6® Kihlberg and colleagues
evaluated the predictive power of multiple molecular descriptors for passive diffusion and
identified that a novel descriptor, solvent accessible 3D PSA, had the highest correlation
with experimentally observed permeability for macrocycles.54 Large-scale analysis of
physiochemical properties related to passive permeability carried out by Jacobson and co-
workers found that desolvation energy had the highest correlation across a diverse
compound data set.%5 Interestingly, they also found that entropic loss on membrane insertion
was correlated with permeability, supporting the value of cyclization and conformational
preorganization on passive uptake. Veber and co-workers also noted that molecular
flexibility, as extrapolated from the total number of rotatable bonds, contributes to oral
bioavailability, with more rigid compounds (rotatable bonds <10) being more permeable.56
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Further predictors have been proposed, such as number of aromatic rings, molar refractivity,
and others.67.68

2.3. What Makes Peptides Generally Impermeable to the Cell?

Applying the conventional membrane permeability/oral bioavailability predictors to peptides
reveals how peptides are intrinsically incompatible with the concept of “drug-likeness”. The
physiochemical obstacles to membrane permeability are intrinsic to the peptide structure -
with each peptide bond contributing a HBD and two HBAS, a cyclic pentapeptide consisting
of only nonpolar side chains already reaches the boundary of the Ro5. Indeed, Burton et al.
evaluated a series of linear peptides and found that the primary obstacle to membrane
permeability is the energy required for amide desolvation.59 Given that the average length of
therapeutic peptides in clinical use is about 20 residues,’? they violate essentially all Ro5
guidelines for molecular weight, HBA, HBD, PSA, rotatable bonds, and CLogP.
Additionally, amino acid side-chains tend to be flexible and only three possess desirable
aromatic rings to enhance permeability. Combined, these factors present clear obstacles to
peptide membrane permeability. Accordingly, unmodified peptides (including cyclic
peptides) of =5 aa are generally impermeable to the cell membrane (at least with respect to
passive diffusion). To overcome these obstacles, nature and investigators have employed a
number of strategies to enhance the membrane permeability of peptides, as discussed in the
following section.

3. HOW DO SOME CYCLIC PEPTIDES ACHIEVE CELL-PERMEABILITY?

Despite violating some or all of the Ro5 parameters, some naturally occurring as well as
synthetic peptides (especially cyclic peptides) have demonstrated good cell-permeability.
The mechanisms by which cyclic peptides enter the cell have been the subject of intense
research over the past two decades. The results of these studies suggest that cyclic peptides
can enter cells through a number of different mechanisms, with some perhaps utilizing
multiple pathways to achieve cell penetration. Some cyclic peptides, particularly those
consisting of predominantly hydrophobic residues, are capable of directly crossing the
plasma membrane by passive diffusion, while others (usually positively charged) enter
mammalian cells by endocytic uptake followed by endosomal escape. Some cyclic peptides
have been shown to bind to cell surface protein transporters and are actively transported into
cells. Still other cyclic peptides have demonstrated cell-permeability, apparently by directly
traversing the plasma membrane (direct translocation), but their precise mechanism of
cellular entry remains poorly defined. The following sections provide examples of cyclic
peptides that attain cell-permeability through distinct, unique pathways and the mechanisms
underlying them.

3.1. Cell-Permeability by Passive Diffusion

Nature is an excellent source of biologically active cyclic peptides, some of which are
capable of crossing the cell membrane by passive diffusion. Romidepsin (1, Figure 2) is a
bicyclic depsipeptide of five residues and is largely Ro5 compliant. It is thus not surprising
that romidepsin is membrane permeable and acts against an intracellular target (histone
deacetylase).”! Cyclosporine A (CsA, 2), on the other hand, is far beyond the conventional
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Ro5 in molecular weight, HBD and HBA, and yet is membrane permeable by passive
diffusion and has respectable oral bioavailability.”2 The unusual capacity of CsA to cross the
cell membrane by passive diffusion has inspired extensive mechanistic studies in recent
decades, with the hope of gaining mechanistic insights to guide the design of cell-permeable
cyclic peptides with novel biological activities. Researchers also systematically modified the
structures of several simpler model cyclic peptides of 5-7 residues (and other macrocycles)
to determine the relationship between structure and cell-permeability/oral bioavailability.
Several key structural features have emerged from these studies and are discussed below,
although a complete understanding of cyclic peptide permeability (by passive diffusion) will
require additional studies.

3.1.1. Role of N2-Methylation.—As discussed earlier, a common feature of cyclic
peptides (and peptides in general) that impedes membrane permeability is the large number
of HBDs and HBASs associated with the peptide backbone. Reduction of the number of
HBDs and HBA:s is therefore expected to increase the passive permeability of cyclic
peptides. Indeed, membrane-permeable macrocyclic natural products often contain extensive
N2-methylation and/or substitution of ester functionality for peptide bonds (as in
depsipeptides). For example, seven out of the eleven backbone amides of CsA are A®-
methylated (Figure 2). These observations led investigators to explore A*-methylation as a
general strategy to enhance membrane permeability of cyclic peptides. Biron et al. optimized
the membrane permeability and oral bioavailability of cyclohexapeptidyl somatostatin
analogs through extensive A®-methylation.”3 Starting from the previously identified Veber-
Hirschmann peptide, cyc/o(Pro-Phe-p-Trp-Lys-Thr-Phe),’# they synthesized and evaluated
30 of the 31 possible A*-methylated derivatives, whereas the penta- AV*-methylated
derivative could not be obtained. Of the 30 derivatives, only 8 retained substantial binding
affinity toward the cognate SRIF receptor subtypes 2 and 5, revealing one of the drawbacks
of A2-methylation. Caco-2 permeability assay showed that A*-methylation of b-Trp, Lys,
and Phe resulted in a relatively permeable compound with a Pp, value of 1.8 x 1078 cm/s
(compound 3, Figure 3), underscoring the validity of A®-methylation in optimizing passive
permeability. A-Methylation was also integral to optimizing the permeability of
cyclohexapeptide Cilengitide derivatives.”> A combinatorial approach was employed to
access all possible A®*-methylated derivatives of a cyclic poly-Ala peptide. The study
identified key methylation motifs that conferred enhanced Caco-2 permeability (Papp > 1 %
1075 cm/s), but no obvious correlation between the number of A2-methylated positions and
permeability was observed.”® Grafting an RGD motif onto this template while maintaining
the stereochemistry and A/®-methylation pattern resulted in a biologically active cyclic
peptide (compound 4, Figure 3) possessing reasonable passive permeability.”’

It should be noted that A*-methylation can result in dramatic conformational consequences.
N2-Methylation decreases the potential energy difference between cis- and trans- peptide
bonds and greatly increases the probability of cis- peptide bonds in cyclic peptides. In fact,
the conformational constraints exerted by an A®-methylated residue are similar to those
induced by proline.”8 On the positive side, A2-methylation may allow conformations
inaccessible to an unmodified cyclic peptide. However, multiple A®-methylation of a cyclic
peptide may also result in a mixture of many conformers under physiological conditions,
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only one of which possesses the desired cell-permeability and/or target binding. Practically,
these inseparable mixtures of unique conformers can render a compound unsuitable for
translation into a clinical setting as the desired species cannot be isolated and could
introduce unforeseen issues with off-target binding. Chatterjee et al. prepared a library of
N*-methylated cyclopentaalanine peptides as innately permeable scaffolds and observed
multiple distinct backbone conformations.”® The scaffolds followed the general formula
cyclo(p-Ala-Ala,) containing 1-4 A®*-methylated residues. Only 7 out of the 30 compounds
tested had a clear conformational preference by NMR and often had A®-methylation at the
p-Ala residue. Interestingly, 4 of the compounds with preferred conformations contained c/s
peptide bonds, with the tetra- A*-methylated compound containing two. This was caused by
unfavorable steric interactions between the A®-methyl group with adjacent residue 8
protons. In another example, Yudin and co-workers employed combinations of A®-
methylation, b-amino acids, and polar sidechains to develop cyclic peptides where
sidechain-to-backbone hydrogen bonds effectively reduced the total number of HBAs and
HBDs, thus improving permeability with the most permeable compound (5, Figure 3)
demonstrating a -logP, of 5.4.8% Doedens et al. employed A®-methylation to optimize the
melanocortin receptor subtype selectivity of cyclic peptide MT-I1, Ac-Nle-cyclo(5p—10¢)
(Asp-His-p-Phe-Arg-Trp-Lys) (compound 6, Figure 3).81 The resulting tetra- A*-methylated
cyclic peptide retained tight binding to h(MC1R (ECsq = 13 nM) while displaying virtually
no activity towards other receptors. Hewitt et al. employed a combinatorial approach to
rapidly access a diverse library of stereochemically diverse cyclic hexapeptides to explore
the relationship between the extent of A®-methylation on conformation and passive
permeability.82 Screening for permeability using PAMPA followed by structural
deconvolution revealed that a macrocycle (compound 6.7, Caco-2 Pypp, = 23.3 % 1076 cmis)
containing three contiguous A*-methylated residues resulted in a conformation that
minimized SASA and correspondingly reduced AGgesoly- These results support the notion
that, in general, A®-methylation is beneficial to passive permeability over their non-
methylated counterparts as long as it does not prevent access to conformations containing
transannular hydrogen bonds or sterically occluded amide groups (from solvent).83

Replacement of peptide bonds with peptoids (A*-substituted glycine) can also dramatically
enhance cellular uptake.8485 This can be rationalized within the framework of current
mechanistic understanding for passive membrane permeability, as this accomplishes the
same effect as removal of an amide HBD through A*-methylation with the added benefit of
a functional handle for derivatization or target binding affinity. A*-Methylation and
substitution of peptoid moieties have been used in combination to improve the membrane
permeability and/or target-binding potency of cyclic peptides, as observed with macrocycles
targeting B-catenin and CXCR7.86.87

The above studies indicate that A®-methylation of the peptide backbone (and substitution of
esters or peptoids) can be an effective approach to reducing the number of HBDs and HBAs
and increasing the passive diffusion of cyclic peptides across membranes. However, random
N*-methylation of one or more positions or simply per-methylating all peptide amides is
unlikely to be effective. Rather, judicious placement of A®*-methylation at certain “strategic”
position(s) to promote intramolecular hydrogen bonds (while permitting conformational
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switches) will likely be more productive (vide infra). A*-Methylation should improve the
proteolytic stability of cyclic peptides, but may cause solubility problems and mixtures of
multiple conformations.

3.1.2. Intramolecular Hydrogen Bonding and Conformational Transition.—
The incongruence between CsA’s primary structure and the conventional wisdom for
ensuring passive membrane permeability led to significant investments in understanding and
replicating CsA’s mechanisms for overcoming physicochemical constraints for cell-
permeability. In addition to A®-methylation, CsA exploits solvent dielectric-dependent
conformational heterogeneity to eliminate additional HBDs and HBAs that would incur
substantial desolvation energy penalties during passive diffusion across a lipid bilayer.88
Specifically, CsA exists in an “open” conformation in aqueous media, in which the backbone
amides are free to interact with the bulk solvent to maintain solubility or make specific
contacts with a target protein (cyclophilin) via hydrogen bonds (Figure 4). Upon entry into a
lower dielectric media (such as a lipid bilayer), CsA transitions into a “closed” conformation
that involves extensive intramolecular hydrogen bonding among the backbone amides,
lowering its effective polar surface area.8? In essence, these conformational changes enable
CsA to effectively diffuse into and out of the plasma membrane, achieving reasonable cell-
permeability without overly sacrificing aqueous solubility. Facile interconversion between
these two conformations is essential for effective membrane permeability. Witek et al.
evaluated the rates of conformational conversion in CsA and a close analogue, cyclosporine
E (CsE), which differs from CsA by missing a single A®-methylation at Val'l, but has
markedly reduced membrane permeability. 2 Relative to CsA, the rate of interconversion
between the open and closed states in CsE is slowed by almost an order of magnitude, and it
has been proposed as the most significant contributor to CsE’s reduced membrane
permeability. Intramolecular hydrogen bonding facilitated by conformational transitions is
also thought to contribute to the membrane permeability of PF1171, a family of naturally
occurring cyclohexapeptides.®? Multiple intramolecular backbone hydrogen bonds have
been observed by spectroscopic methods while in low dielectric solvents, and a strong
correlation between the 3D topology and biological activity underscores the importance of
membrane permeability for efficacy. Examination of macrocyclic natural products by Lokey
and co-workers revealed that A*-methylation and/or intramolecular hydrogen bonding are
present in virtually all compounds of significant passive membrane permeability.92

Price et al. generated a synthetic CsA analog by replacing a key unnatural amino acid
required for biological activity [(2S,3R,4R,6E)-3-hydroxy-4-methyl-2-methylamino-6-
octenoic acid] with valine and evaluated its impact on cell-permeability and pharmacokinetic
properties.?3 Interestingly, this structural change resulted in significant alterations in the
compound’s low-dielectric conformation as revealed by NMR and /n sifico modeling, as
well as a loss of most of the intramolecular hydrogen bonds and membrane permeability.
Bockus et al. incorporated -y-amino acids (e.g. statines), another moiety commonly found in
membrane-permeable macrocyclic peptide natural products, into cyclic peptides to evaluate
its impact on permeability.%* In general, cyclic peptides containing y-amino acids
demonstrated improved permeability as determined by PAMPA and in MDCK-LE cells.
NMR studies revealed that the statine p-hydroxyls were virtually all involved in hydrogen
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bonds with solvent-exposed amides and a positive correlation of membrane permeability
with the degree of transannular hydrogen bonding within the compound series.

To further test the validity of the conformational transition hypothesis, Lokey and co-
workers systemically evaluated the impact of conformation on a series of cyclohexapeptide
diastereomers based on the sequence cyc/ofLeu-Leu-Leu-Leu-Pro-Tyr].%® They identified
two compounds whose membrane diffusion rates differed by two orders of magnitude, thus
providing a robust system for testing the effect of conformational transition on cell-
permeability. Similar to the observations described above, they found that the capacity to
form intramolecular hydrogen bonds is the key factor for ensuring membrane permeability,
even for cyclic peptides consisting of primarily hydrophobic amino acids. Solution NMR
studies in CDCl3 and hydrogen/deuterium exchange studies showed that 4 out of the 5
backbone amides are involved in intramolecular hydrogen bonding in the more permeable
compound, whereas only two backbone amides in the less permeable peptide were involved
in intramolecular hydrogen bonds and the remaining three were solvent accessible.
Furukawa et al. further demonstrated that intramolecular hydrogen bonding, not
lipophilicity, is key for ensuring cyclic peptide membrane permeability.?® Analogous to what
has been observed with CsA, the rate of interconversion in cyclic decapeptides to access the
transannular hydrogen-bonded “closed” conformation is a key determinant for passive
permeability.%” Cyclic peptides with conformational constraints (e.g. through incorporation
of Pro or A®-methylation) increasing the population of the “closed” conformer resulted in
strong positive correlation with PAMPA permeability (r2 = 0.784). Moreover, scaffolds with
demonstrated membrane permeability and extensive intramolecular hydrogen bonding
tolerated the incorporation of more polar sidechains, provided that 2 < ALogP <4.
Incorporation of polar amino acids can be accomplished without significant losses in
membrane permeability through the formation of exocyclic hydrogen bonds, which are
bonds formed between sidechain HBDs and backbone carbonyl groups. /n silico simulations
by extensive conformational sampling in high- and low-dielectric conditions also predicted
that passive permeability may be achieved by lowering the desolvation free energy.98 A
strong correlation was observed between PAMPA permeability and the computational results
(R% = 0.96), although a direct correlation between permeability and SASA or the number of
intramolecular hydrogen bonds was less conclusive.

In addition to the contribution of conformational transition to membrane permeability, Pye et
al. noted a non-classical relationship between molecular size and passive permeability. 9
Their initial work with a series of cycloocta- to cyclodecapeptides of varying MW (797-
1237) and lipophilicity (0 < AlogP <8) demonstrated that increasing ring size led to
decreased permeability at the same Alog/A. Partition coefficient measurements (log Khcjw)
between 1,9-decadiene and water were in excellent agreement with AlogA, suggesting that
lipophilicity is the key driver for partitioning under these conditions. Note that octanol is a
poor model for an exclusively hydrophobic environment (such as the interior of a lipid
bilayer) due to its capacity for hydrogen bonding. Correlation between log Ky and
solubility-adjusted permeability logA, displayed a linear relationship with a slope
significantly below 1, suggesting that an additional conformational component may be
associated with the decreasing permeability with ring size. Application to other beyond the
Ro5 compounds revealed the same size-permeability dependence when controlling for
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lipophilicity. Further work is necessary to understand the mechanistic basis of these
observations, but it was hypothesized that this may be a result of membrane diffusion
sharing similarities with restrictive diffusion through polymeric systems or an additional
energetic cost for partitioning out of the membrane and into the cytosol.100.101

Conformational flexibility may affect membrane permeability and/or biological activity
through additional mechanisms. Interestingly, enantiomeric pairs of cyclic poly-Ala peptides
showed different Caco-2 permeability while having identical lipophilicity (as determined
from logD) and PAMPA permeability.192 This finding indicates the potential for transporter-
mediated cellular uptake and/or efflux pumps for even these hydrophobic proof-of-concept
scaffolds and underscores the need for additional investigation. It is conceivable that
conformational flexibility allows a cyclic peptide access to a conformation(s) that is
recognized by a transporter protein(s).

3.1.3. Steric Occlusion of Backbone Amides.—Another strategy for reducing
desolvation energy penalties and facilitating passive diffusion through cell membranes
involves steric occlusion of backbone amides. The permeability enhancement conferred by
an occluded backbone amide has been found to be even greater than that of an
intramolecular hydrogen bond, reflecting the importance of TPSA for efficient diffusion.
82,103 Fajrlie and co-workers modified sanguinamide A (7, Figure 5), a cycloheptapeptide
natural product, to optimize its physiochemical properties.1%4 Similar to other cyclic
peptides, sanguinamide A has molecular descriptors that are beyond the ranges typically
associated with passive permeability, namely high MW (721 g/mol), number of HBASs (13),
and TPSA (169 A2). To complement the two strong transannular hydrogen bonds identified
by NMR, the researchers A*-methylated a solvent-exposed amide was to remove an HBD
and replaced the Ala (which contains the last accessible amide) with the bulkier fert-butyl
glycine. It was anticipated that the ferf-butyl group would sterically occlude the backbone
amide of Ala from donating a hydrogen bond, thereby reducing solvent-accessibility/ TPSA
and enhancing membrane permeability. Combination of these changes led to a new
derivative, danamide D (8, Figure 5), whose structure (as determined by NMR) showed
considerable reduction in solvent-accessibility.104 Pharmacokinetic studies in mice
demonstrated improved parameters including serum half-life (4,), clearance (CL), maximum
serum concentration (Cnax), time to maximum concentration ( 7max), and impressive oral
bioavailability (F = 51%). Hill et al. further showed that steric occlusion alone (in the
absence of any A®-methylation) is sufficient to render cyclopenta- and cyclohexaleucine
peptides membrane permeable.195 Conformational studies by X-ray crystallography and
NMR revealed that the most permeable compound (Ppp ~7 % 1076 cm/s in Caco-2 assay)
had two leucine sidechains projecting over the peptide backbone, reducing solvent
accessibility of the backbone amides and preventing intermolecular hydrogen bonding.
Indeed, work using diastereomeric compounds indicated that projection of a single Leu side-
chain over the core of a macrocycle to shield backbone amides from solvent conferred
improved passive permeability.82 Steric occlusion and modulation of amide solvent
accessibility has been postulated to be responsible for these observed effects on
permeability, but it should be noted that the increased hydrophobicity of these compounds
and a resulting propensity for aggregation may confound these observations.
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3.2. Cell-Permeability by Endocytic Uptake and Endosomal Release

3.2.1. Cyclic Cell-Penetrating Peptides.—It was discovered in the early 1990s that
short, highly basic peptides from the transactivator of transcription protein of human
immunodeficiency virus (Tat, GRKKRRQRRRPQ)19 and the Antennapedia homeodomain
of Drosophila (penetratin, RQIKIWFQNRRMKWKK)107 were capable of entering the
cytosol of mammalian cells. These findings immediately gave birth to a new research field
that focuses on the discovery of additional peptides with cell-penetrating capabilities, their
applications for cargo delivery, and their mechanism of action. During the ensuing three
decades, nearly 2000 peptides, derived from both natural proteins and synthetic efforts, have
been reported to have cell-penetrating activities.198 These peptides, typically 5-30 amino
acids in length, are collectively called “cell-penetrating peptides (CPPs)”. Although their
mechanism(s) of action remains a subject of debate, CPPs have been applied to deliver a
wide array of cargoes (including peptides, proteins, nucleic acids, and nanoparticles) into
mammalian cells in vitroand in vivo. However, for the vast majority of CPPs, the cytosolic
delivery efficiency (which is defined as the ratio of cytosolic over extracellular
concentration) is very poor (<5%).109 Additionally, linear CPPs consisting of primarily
proteinogenic amino acids are highly susceptible to proteolytic degradation /in vivo, resulting
in poor pharmacokinetic properties. These and other limitations have rendered their clinical
development problematic.110

The limitations of linear CPPs prompted researchers to explore cyclic peptides as CPPs,
since the latter should at least have improved proteolytic stability. In 2010, Pei and co-
workers observed that cyclic peptides containing an aromatic hydrophobic residue (2-
naphthylalanine or Nal/®) and as few as three arginine residues are cell-permeable (e.g.,
compound 9, Figure 6).111 The cyclic peptides are relatively potent inhibitors of peptidyl-
prolyl cis-trans isomerase Pinl /n vitro (Kp = 30 nM) but exhibited only modest anti-
proliferative activity in cell culture, indicative of moderate cell-permeability of the peptides.
This was a surprising finding, because earlier studies had established that for linear CPPs,
six or more arginine residues are required to have significant cellular entry activity.112
Subsequent SAR analysis and sequence optimization by the Pei group led to a family of
exceptionally active cyclic CPPs, including CPP1 (10, Figure 6) [cyclo(Phe-Nal-Arg-Arg-
Arg-Arg-Gln)], CPP9 (11, Figure 6) [cyclo(phe-Nal-Arg-arg-Arg-arg-Gln)], and CPP12 (12,
Figure 6) [cyclo(Phe-phe-Nal-Arg-arg-Arg-arg-Gln)], which had cytosolic delivery
efficiencies of 20%, 62%, and 120%, respectively (compared to 2.0% for Tat).113-115 |t was
found that peptide cyclization, the presence of both arginine and hydrophobic residues, and
small ring sizes (<9 aa) are critical features for high cellular entry efficiency.11°

Other investigators also reported that cyclization of CPPs improves their cellular entry
efficiency. Cardoso and colleagues found that cyclization of Tat (13, Figure 6) and
nonaarginine (Rg) significantly increased their cell-penetrating activities.116-117 parang and
co-workers reported that cyclooctapeptides containing alternating arginine and tryptophan
residues [e.g., cyclo(Trp-Arg-Trp-Arg-Trp-Arg-Trp-Arg) (14, Figure 6)] are active CPPs.118
Marsault and colleagues showed that a series of macrocyclic and bicyclic arginine-rich
peptides of varying ring size, site of cyclization, and stereochemistry effectively entered
mammalian cells.}1® Horn et al. reported that cyclization of an amphipathic cationic CPP
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(sC18) via a triazole bridge (click chemistry) greatly improved its cellular entry.120
Meanwhile, the Craik group reported that some cyclotides (which are cyclic peptides
containing multiple intramolecular disulfide bonds), e.g., MCoTI-11 (15, Figure 6) are active
CPPs.121 Interestingly, the Schepartz group discovered that proper spatial display of five
arginine residues on a stabilized a-helix produced highly cell-permeable miniature proteins
[e.g., ZF5.3 (16), Figure 6].122 Although the miniature proteins are not cyclic in nature, the
a-helical structure apparently provides similar conformational constraints as does peptide
cyclization (vide infra). Collectively, these observations demonstrated that structural
constraints improve the activity of CPPs presumably by decreasing the entropy loss during a
binding event and therefore increasing the CPPs’ binding affinity to a cell surface
component(s), which in turn reduces the number of arginine residues necessary for effective
binding to that component(s).

As expected, cyclic CPPs have much greater resistance to proteolytic degradation. Treatment
of cyclic CPP1 (10), CPP9 (11), or CPP12 (12) in human serum for 24 h at 37 °C resulted in
minimal degradation, whereas most of the linear CPPs are completely digested within the
first hour.113 In fact, cyclic CPP1 and CPP9 are sufficiently stable to be orally bioavailable
following PO dosing (oral gavage; without formulation).114 The cyclic CPPs have been
employed to efficiently deliver a variety of cargoes (including peptides, proteins, and nucleic
acids) /n vitroand in vivo and it is clear they represent an exciting strategy for the effective
delivery of next-generation therapeutic modalities (vide infra).

Although the focus of this review is on cyclic peptides, most of the mechanistic studies of
CPPs have historically been conducted on linear peptides. Mechanistically, there is no
fundamental structural difference between linear and cyclic CPPs to suggest that they might
enter cells by different mechanisms. As discussed in Section 3.2.5, we believe that the
difference between cyclic and linear CPPs are quantitative rather than qualitative, i.e., cyclic
CPPs are more structurally constrained than their linear counterparts and when properly
designed, cyclic CPPs are capable of binding to cell membranes with higher affinity and
consequently achieving much greater cell-permeability. It should be pointed out that the
efforts by numerous research groups over the past three decades have resulted in a vast
literature on CPPs. Many of the studies and their conclusions are contradictory to each other
and as a result, no consensus has been reached with regard to their molecular mechanism(s)
of cell entry. It is neither our intention nor practical to cover the enormous literature on
linear CPPs in its entirety. Instead, we will focus our discussion on studies performed on
cyclic CPPs and mention along the way some of the most relevant studies on linear CPPs.
For a comprehensive coverage of CPPs, readers are referred to several recent reviews,123: 124

There is now a general agreement that CPPs enter cells by at least two different mechanisms.
125 At low concentrations, CPPs are thought to enter cells primarily by endocytosis,
resulting in their initial localization inside the endosomes and lysosomes. To reach the
cytosol, which is the desired destination for most of the drug delivery purposes, the CPP (or
the CPP-cargo conjugate) must escape from the endosomal/lysosomal pathway by crossing
the endosomal/lysosomal membrane. At high concentrations, some CPPs have been shown
to cross the plasma membrane in an energy-independent fashion and enter the cytosol
directly (direct translocation), thus bypassing the endosomal/lysosomal pathway altogether.
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For some arginine-rich CPPs (e.g., Tat and Rg), the concentration threshold for direct
translocation has been reported to be ~10 uM, but the threshold is likely to differ depending
on the structure of the CPP, the cargo attached to the CPP, and other factors such as the cell
line and extracellular media. In this section, we will discuss the mechanisms of endocytic
uptake and endosomal escape as well as the experimental evidence supporting them. Section
3.3 will cover the other mechanisms of cellular entry including direct translocation.

3.2.2. Evidence for Endocytic Uptake.—Endocytosis is a natural process occurring
in essentially all mammalian cells. CPPs may bind to a cell-surface component(s) and be
internalized along with a physiological endocytic event (i.e., as a “bystander”). Alternatively,
CPPs can bind to cell-surface components and actively trigger endocytosis. Early studies by
Kaplan et al. observed that cationic CPPs enhanced the internalization of endosomal markers
such as dextran,126 while Brock and colleagues reported increased TNFa and EGF receptor
internalization with cationic CPP treatment.127 All known types of endocytic mechanisms
have been described for the entry of the different CPPs and CPP—cargo conjugates/
complexes.128 Macropinocytosis was demonstrated to be involved in the internalization of
Tat126 and polyarginines.129 It was proposed that following internalization via a pore-
formation mechanism, Tat interacts with the actin cytoskeleton and triggers its further uptake
by macropinocytosis.12% There were also reports that after binding and clustering of
proteoglycans, cationic CPPs induce activation of a small GTPase, Racl, which in turn
results in actin remodeling and induces macropinocytosis.130

The role of clathrin-mediated and caveolin-mediated endocytosis of cationic CPPs have been
more controversial. While multiple studies demonstrated the role of clathrin-dependent
endocytosis for the uptake of Tat peptide, 131 132 others suggested that the uptake of Tat was
not affected by loss-of-function mutations in dynamin-1 which would hinder clathrin-
mediated endocytosis,132 or by clathrin knockdown.134 Caveolin-mediated endocytosis has
been demonstrated as an internalization pathway for Tat-protein conjugates, including Tat-
GFP visualized by Ferrari et al.13> On the other hand, it was also reported that treatment of
HelLa and Chinese hamster ovary (CHO) cells with nystatin and filipin I11, inhibitors of
caveolae-dependent endocytosis, did not affect the internalization of Tat peptide, 36 and that
caveolin knock-out did not affect the uptake of Tat peptide in baby hamster kidney cells.137
Finally, lipid raft-dependent endocytosis (caveolae-dependent or not) was shown to also play
arole in the internalization of penetratin, Tat peptide and others.138

Pei and co-workers conducted mechanistic studies with cyclic CPPs and obtained multiple
lines of evidence demonstrating endocytosis as the predominant mechanism for the uptake
of cyclic CPPs under low CPP concentrations (<10 pM).113.114 Time-lapse live-cell confocal
microscopy of HelL a cells treated with fluorescein isothiocyanate (FITC)-labeled CPP9
(CPP9FITC: 3 uM) for 30 min showed predominantly punctate fluorescence in the
cytoplasmic region, consistent with their initial vesicular localization (Figure 7A, B).114
Upon further incubation (60-120 min), diffuse fluorescence emerged throughout the entire
cell volume (in addition to remaining punctate fluorescence), indicating that a fraction of the
CPP escaped from the endosomal/lysosomal pathway into the cytosol and nucleus (Figure
7C, D). For less active cyclic CPPs (e.g., CPP1 and CPP7), their fluorescence signals
remained primarily punctate even after long periods of incubation.114 Second, energy
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depletion by treatment of HeLa cells with sodium azide and 2-deoxyglucose reduced the
amount of cyclic CPP uptake by ~80%, whereas reducing the temperature to 4 °C (which
blocks endocytosis) decreased cyclic CPP uptake by 95%.113 Finally, treatment of HeLa
cells with endocytosis inhibitors such as 5-(N-ethyl-N-isopropyl)amiloride (EIPA) or
methyl-p-cyclodextrin (MBCD) significantly reduced the cytosolic concentration of cyclic
CPP1, whereas bafilomycin A1 (a specific inhibitor of vacuolar-type H*-ATPase) or
wortmannin (a potent inhibitor of phosphoinositide 3-kinase that blocks endosomal
maturation) had only minor effects.113 These observations again suggest that cyclic CPPs
enter cells by endocytosis and escape from the early endosome into the cytosol.

Our view is that, since CPPs can bind to various cell-surface components including the
plasma membrane phospholipids, proteoglycans, and protein receptors (vide infra), any
mechanism involving plasma membrane invagination may contribute to their uptake,
including pinocytosis, clathrin-mediated and caveolin/lipid raft-mediated endocytosis. The
relative contribution of each mechanism may differ depending on the CPP, cell type, and
assay conditions. The conflicting reports in the literature may have been caused by an over-
reliance on the use of chemical inhibitors and the detection of colocalization of CPPs with
protein makers, neither of which are highly specific. It is also likely that inhibition of one
uptake route may be compensated for by the activation of an alternative route(s), a well-
known phenomenon in other fields such as cell signaling.

3.2.3. Cell Surface Receptors for CPPs.—Efficient endocytic uptake or induction of
endocytosis requires association of CPP with the plasma membrane. For linear, cationic
CPPs such as Tat and Ry, it is well-established that charge-charge interactions are essential
for establishing initial membrane-peptide contact. Guanidinium head groups effectively
form bidentate hydrogen bonds with the phosphate groups of membrane phospholipids
and/or the sulfate and carboxyl groups in glycosaminoglycans (GAG) such as heparan
sulfate (HS) and chondroitin sulfate.13%-145 HS has been well-established as an initiator for
the endocytosis of macromolecular cargo.146 Both Tat and Rg bind to HS with high affinity
in vitro (ECsg = 304 and 144 nM, respectively).113 Wallbrecher and colleagues evaluated the
relationship between HS binding affinity and cellular uptake for disulfide-cyclized CPPs
derived from human lactoferrin (hLF).147 Incorporation of four Arg residues (hLF +4R)
resulted in ~50% improvement in cellular uptake and ~5-fold improvement in HS affinity
(0.64 UM vs. 0.12 pM). Interestingly, guanidinium display on one face of an B-helix
demonstrated optimal uptake when they were spaced ~9 A apart, approximately
corresponding to the average spacing of cell-surface proteoglycans.148 Additional support
for the importance of HS in energy-independent internalization is provided by the use of HS-
deficient CHO cells which demonstrate markedly reduced uptake of cationic CPPs. GAG
cluster formation is also promoted by ceramide-induced lipid reorganization, supporting
previous findings on the importance of ceramide formation by CPP’s on cellular uptake.14°

Linear, cationic CPPs are also capable of binding directly to membrane phospholipids,
although the binding affinity is dependent upon the membrane composition.120-152 |n
general, CPPs bind to the neutral plasma outer membrane with lower affinity than negatively
charged membranes. For example, Rg bound to small unilamellar vesicles (SUVs) of plasma
outer membrane composition with an ECsq value of >5 mM, while Tat showed minimal
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binding.114 Nevertheless, direct binding to the plasma membrane phospholipids likely
contributes to the endocytic uptake of these CPPs. Several studies reported positive
correlation between membrane binding affinity and the cellular uptake efficiency.114.153.154
Photocrosslinking studies using penetratin in DMPC/PCIIS membranes showed preferential
association with short, unsaturated lipids that are typically found in higher disorder
membrane regions.15® Furthermore, induction of membrane curvature was observed, in
agreement with well-established methods for promoting endocytosis. CPP-induced
membrane curvature in actin-encapsulated GUVs leads to deformations analogous to those
preceding macropinocytosis, suggesting a mechanism by which direct CPP-cytoskeletal
interactions lead to endocytic uptake.1%6

In addition to charge-charge interactions, CPPs containing hydrophobic groups may engage
in hydrophobic interactions with the phospholipid membrane. For example, RW9
(RRWWRRWRR) inserted some of the hydrophobic groups into the phospholipid bilayer as
suggested by molecular dynamics, with corresponding effects observed on lipid
organization.157:158 By measuring the intrinsic Trp fluorescence, Jobin et al. determined that
the aromatic rings of Trp residues in RW9 were inserted into the lipid bilayer to a depth of
~10 A.159 Interestingly, incorporation of Trp into oligoarginine sequences also improves
their affinity for GAG.180 Binding and crosslinking GAG by CPPs was thought to be
essential for inducing endocytosis and required relatively high stoichiometry for effective
internalization.

Finally, binding of cationic CPPs to cell-surface protein receptors, e.g., scavenger receptors,
has been noted.161 Photocrosslinking studies with cationic linear CPPs functionalized with
diazirine-containing residues identified chemokine receptor CXCR4 as a potential mediator
of cellular uptake.162:163 Knockdown of CXCR4 expression reduced Rq, uptake and
confocal imaging revealed extensive CXCR4-R1, co-localization. However, uptake of Tat
and Rg was not affected by CXCR4 knockdown, suggesting that receptor-mediated uptake is
sequence-selective. Since then, additional CPP receptors have been identified, including
peripheral membrane protein lanthionine synthetase component C-like protein 1 (LanCL1),
164 \whose overexpression increased Rg internalization.16% Syndecan-4, a ubiquitously
expressed member of the syndecan family of transmembrane proteoglycans, has also been
reported as a potential receptor responsible for the uptake of cationic CPPs such as Tat,
penetratin and Rg.16%.166 Juks et al. reported that scavenger receptors (SR), a family of
multifunctional receptors, are recruited to the membrane upon treatment with negatively
charged CPPs.187 Two members of the class A SR family, SR-A3 and SR-AS5, facilitated
internalization of negatively charged CPP-nucleic acid complexes. Given the observation
that a large number of cell surface receptors have been implicated in the uptake of Tat and
polyarginines, it is likely that cationic CPPs bind nonspecifically to these cell surface
receptors (e.g., through charge-charge interactions) and are brought into the endosomal/
lysosomal pathway as a result of receptor internalization.

Compared to linear CPPs, cyclic CPPs exhibit greater binding affinity for phospholipid
membranes, including the plasma outer membrane. Pei and co-workers measured the
binding affinity for a panel of seven cyclic CPPs to SUVs of plasma outer membrane
composition and obtained ECsq values of 0.17-2.2 mM, as compared to ECsg values of >5
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mM for Tat and Rq.11* Moreover, the endocytic uptake efficiency of the seven cyclic CPPs
(as measured by flow cytometry) correlated well with their binding affinity for the plasma
membrane. On the other hand, while Tat and Rg bound to heparin sulfate with apparent ECsg
values of 304 and 144 nM, respectively, the cyclic CPPs showed minimal binding to HS
under the same conditions.114 These observations suggest that the plasma membrane
phospholipids may be the primary “receptors” for cyclic CPPs, although contribution from
binding to other cell surface component(s) cannot be ruled out. The greater membrane-
binding affinity of cyclic CPPs is likely the result of two factors: 1) the cyclic CPPs each
contain two highly hydrophobic aromatic residues (Phe and Nal), which may insert into the
lipid bilayer and make hydrophobic interactions with the lipids; and 2) cyclic peptides are
more conformationally constrained and likely incur less entropic penalty during the binding
event. Their lack of significant binding to HS is presumably because of insufficient number
of positive charges (+4 for cyclic CPPs vs +9 for Rg) and/or their cyclic structures not
conducive to binding to the linear HS molecules.

3.2.4. Mechanism of Endosomal Escape.—Endosomal entrapment has been
recognized as the key challenge for all non-viral drug delivery systems, including CPPs.168
For most of the non-viral delivery methods, the endosomal escape efficiency has been very
poor, estimated to be 0.1% to a few percent.169 Lack of an efficient endosomal release
system has undoubtedly contributed to the difficulty in understanding the mechanism of
endosomal escape. Indeed, while there have been numerous studies on the mechanism(s) of
action of CPPs over the past three decades, few dealt with endosomal escape. Further, until
recently there had been no methodology available to directly measure the endosomal escape
efficiency. As a result, the past attempts to improve the endosomal escape efficiency were
either empirical or based on unsubstantiated mechanistic models. Fortunately, the past few
years have witnessed several major advancements in the CPP field, including CPPs of vastly
improved endosomal escape efficiencies as well as novel methods for directly assessing the
efficiency of endosomal escape. These advancements have led to a novel mechanism for
endosomal escape, as described below. The methods for evaluating CPP cytosolic delivery
efficiency are described in detail under Section 5.

Several different mechanistic hypotheses have been put forward for the endosomal escape of
non-viral delivery systems.170 A “proton sponge” hypothesis (Figure 8A)171-173 has often
been invoked to explain the endosomal release of cationic polymer-nucleic acids complexes
and is based on the buffering capacity of polyamines at the endosomal/lysosomal pH (4.5-
6.5). A membrane fusion mechanism has been proposed for intracellular delivery of nucleic
acids and proteins encapsulated inside lipid vesicles (Figure 8B).174175 These two
mechanisms are not applicable to CPPs, because the arginine sidechain (pKa~12) does not
have buffering capacity at pH<7.4 and CPPs are not encapsulated within lipid vesicles. In a
third mechanism, which has been invoked for CPPs,176 peptides are proposed to generate
barrel-stave pores, toroidal pores, or transient pores on the plasma or endosomal membrane
and the CPPs and CPP-cargo conjugates/complexes passively diffuse through the pores
(Figure 8C, D). This mechanism, however, cannot explain how macromolecular cargos such
as large proteins covalently attached to or noncovalently associated with a CPP are delivered
across the endosomal membrane. Furthermore, CPPs such as dfTat are capable of inducing

Chem Rev. Author manuscript; available in PMC 2020 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dougherty et al.

Page 21

the endosomal release of cargos (including proteins) that are not physically associated with
the CPP in any manner.2’7 A fourth mechanism, which has gained increasing popularity in
recent years, proposes that the delivery vector alone (e.g., CPPs) or the vector-cargo
conjugate/complex interacts with and disrupts the endosomal membrane locally, thus
allowing the cargo or vector/cargo complex to exit the endosome without complete
destruction of the endosome (Figure 8E). A variation of this mechanism, termed “leaky
endosomal membrane fusion”, has also been proposed.178-180 |t states that CPPs induce
membrane fusion between intraluminal vesicles or between intraluminal vesicles and the
endosomal limiting membrane, generating membrane defects at the fusion junction. CPPs
then pass through these membrane defects either directly into the cytosol or into the
intraluminal vesicles first, followed by back fusion with the limiting membrane and cargo
release into the cytosol. Unfortunately, the nature of disrupted membranes or membrane
defects has not been defined, and it remains unclear how macromolecular cargos (e.g., those
that are much larger in dimensions than that of the lipid bilayer) pass through the defects.
Nor do they reconcile the observation that the endosomal release of nucleic acids formulated
as lipoplexes or polyplexes occurs as multiple instantaneous “bursts”.181.182

Finally, a vesicle budding and collapse mechanism (Figure 8F) was recently proposed by Pei
and colleagues, based on experimental evidence generated with highly active cyclic CPPs
and giant unilamellar vesicles (GUVs) of late endosomal membrane composition.114 In this
mechanism, CPPs bind to the intraluminal membrane of endosomes and gradually cluster
into CPP-enriched lipid rafts, which subsequently bud off as small vesicles. For reasons that
are not yet clear, the budded vesicle then disintegrates into an amorphous lipid/CPP
aggregate shortly after budding off, or more frequently, as the vesicle buds off the endosomal
membrane. Dissolution of the aggregate by the cytosolic milieu results in complete release
of the vesicular contents into the cytosol. The budding and collapse hypothesis appears to
provide a unifying mechanism for different endosomal escape events, of either natural (e.g.,
bacterial toxins and nonenveloped viruses) or unnatural origin (e.g., CPPs and various other
non-viral delivery systems).1’0 Most importantly, the mechanism immediately clarifies many
of the previously confusing and/or conflicting observations. For example, it readily resolves
the dilemma of how large cargos such as proteins, plasmid DNA, and intact viral particles
are transported across the endosomal membrane. It predicts that a small volume of the
endosomal contents (i.e., volume inside the budded vesicle) would be released into the
cytosol, whereas the bulk of the endosome would remain intact during and after each
budding and collapse event. This is in agreement with previous observations that endosomal
release does not cause the destruction of the endosome,81:182 while providing a simple
explanation for how CPPs facilitate the endosomal release of cargos that are neither
covalently attached to nor physically associated with the CPP.183.184 Muyltiple budding and
collapse events may occur on the same endosome, either simultaneously or sequentially,
until the endosome is depleted of the CPP.114 This is consistent with the reported endosomal
release as multiple instantaneous bursts.181:182 |t also explains how some molecules are
nearly quantitatively released from the endosome without compromising the integrity of the
endosome (vide infra).
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3.2.5. What Causes the Superior Cell-Permeability of Cyclic CPPs?—As
discussed in Section 3.2.3, cyclic CPPs have cytosolic entry efficiencies that are almost two
orders of magnitude higher than that of linear CPPs. Schepartz and colleagues discovered
that proper spatial arrangement of five arginine residues across the surface of an a-helix
generated miniature proteins (5.3 and ZF5.3 (16)) of exceptional cytosolic delivery
efficiency.122 Pellois et al. found that dimerization of a TMR-labeled Tat resulted in a linear
CPP, dfTat (17, Figure 9) with greatly improved cell-permeability.18% Recently, Appiah Kubi
et al. reported a family of non-peptidic cell-penetrating motifs (CPMs; e.g., compound 18,
Figure 9) with ~5-fold higher cytosolic entry efficiency than cyclic CPP9 (11), making them
the most efficacious CPPs/CPMs reported to date.186 Moreover, upon cytosolic entry, the
CPMs and CPM-cargo conjugates are almost exclusively localized inside the mitochondrial
matrix, suggesting nearly quantitative endosomal escape by the CPMs. These observations
indicate that neither the peptidic structure nor cyclization is necessary for high cytosolic
delivery efficiency.

For systems that enter cells by endocytosis, their cytosolic entry efficiency is governed by
both the initial endocytic uptake and the efficiency of endosomal escape. Conventional linear
CPPs such as Tat and Rg are limited by poor endosomal escape efficiency.199.114 The highly
active cyclic CPPs (e.g., CPP9 (11) and CPP12 (12)), on the other hand, have moderately
more efficient endocytic uptake than Tat (by ~3-fold), but greatly improved endosomal
escape efficiency (by 9- and 18-fold, respectively, relative to Tat).114 Similarly, miniature
protein 5.3, dfTat, and CPMs all have efficient endosomal escape.114.122.185.186 \we conclude
that efficient endosomal release is a critical parameter for successful cytosolic delivery, as it
both improves the overall cytosolic delivery efficiency and minimizes any potential toxicity
associated with endosomal entrapment.

What structural features, then, dictate the efficiency of endosomal release? During a vesicle
budding event, the budding neck has the highest potential energy, akin to the transition state
of a chemical reaction, because the saddle-shaped neck region involves drastic membrane
distortion, away from the preferred lamellar structure (Figure 10A,B). The membrane
curvatures at the neck have been described as the negative Gaussian curvature, which
features simultaneous positive and negative curvatures in orthogonal directions. To
“catalyze” the budding event (and endosomal release), a CPP (or other delivery vectors)
must bind selectively to the budding neck and stabilize its structure (the “transition state”)
relative to the lamellar structure (the “ground state™) (Figure 10B). To do so, the CPP needs
to induce both positive and negative membrane curvatures at the same time, but in
orthogonal directions. It is well established that insertion of hydrophobic group in between
phospholipids, near the bilayer surface, generates positive membrane curvature (Figure
10C).187 The guanidinium group of arginine has been proposed to form bidentate hydrogen
bonds with the phosphate groups of adjacent phospholipids, thereby bringing the head
groups together and generating negative membrane curvature.188-190 Cyclic CPPs and
CPMs are amphipathic and their guanidinium and hydrophobic groups are both required for
high CPP activity.115186 Cyclization in the case of cyclic CPPs and the rigid scaffold in
CPMs (benzene) both create structural constraints that increase their binding affinity to the
endosomal membrane. It is also possible that the guanidinium and hydrophobic groups in
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cyclic CPPs and CPMs are spatially presented in such a way that facilitates the formation of
simultaneous positive and negative curvatures in orthogonal directions. When tested on
GUVs that mimic the late endosome, CPP12 was indeed found to be concentrated at the
budding neck (Figure 10B).114 Presumably, insertion of the aromatic side chain(s) of CPP12
into the luminal leaflet generates positive curvature in one direction (vertical direction in
Figure 10A), while positioning the arginine side chains for simultaneous interactions with
lipid head groups in the orthogonal direction (horizontal direction in Figure 10A). A linear
correlation between endosomal escape efficiency and endosomal membrane binding affinity
was also observed for a panel of 10 different CPPs (including cyclic CPPs, Tat, Rg, and
miniature protein 5.3).114

3.3. Cell-Permeability by Direct Translocation

In addition to passive diffusion and endocytosis-mediated processes, a third well-
documented route for the internalization of cyclic peptides is direct translocation. Most of
the mechanistic studies have been carried out with linear CPPs and two terms, “direct
translocation” and “direct transduction” have been coined by different researchers to
describe the events occurring at low and high CPP concentrations, respectively.19 Since in
neither case has the molecular mechanism been well defined, we will use the term “direct
translocation” to describe both processes. Key features of direct translocation include: 1) it
occurs on the plasma membrane (instead of endosomal membrane), resulting in the
immediate availability of a CPP (or a CPP-cargo conjugate) inside the cytosol; 2) the CPPs
are usually polycationic and highly hydrophilic (e.g., Tat and Rg) and are not expected to
passively diffuse through the lipid bilayer; 3) the process is energy-independent and can
occur at 4° C (when endocytosis is largely shut down); and 4) it takes place much faster than
endocytosis, usually occurring within a few minutes upon exposure of cells to the CPP.
Below we summarize some of the experimental evidence for their presence and how they
contribute to the internalization of cyclic CPPs.

Direct translocation becomes dominant when the CPP concentration exceeds certain
thresholds, typically 10 uM. Duchardt et al. observed that treatment of HeLa cells with high
concentrations of FAM-labeled Rg (20 pM) in the presence of chlorpromazine (CPZ), an
endocytosis inhibitor, resulted in direct translocation.192 Time-lapse confocal imaging
revealed that Rg formed regions of high fluorescent intensity at the plasma membrane,
termed nucleation zones (NZ), from which fluorescent signal rapidly spread across the cell
(Figure 11A). Internalization preceded by NZ’s had significant cell-to-cell variations with
respect to the time necessary for intracellular signal to plateau. Membrane blebbing was
observed, followed by the pinching-off of a highly fluorescent vesicle containing transiently
confined CPP concomitant with rapid increases in cellular fluorescence. Electron
microscopy uncovered that the NZ was not vesicle-associated, pointing to a non-endocytic
pathway. By using Alexa 488-labeled Rq, and confocal microscopy, Futaki and co-workers
observed similar structures on the plasma membrane immediately before cytosolic
fluorescence was visible.1%0 Co-staining with annexin-V revealed the presence of
phosphatidylserine exclusively at the NZ sites, which has been interpreted as the result of
highly localized membrane inversion events before internalization.

Chem Rev. Author manuscript; available in PMC 2020 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dougherty et al.

Page 24

Brock and colleagues showed that direct translocation of cationic CPPs required the
activation of acid sphingomyelinase, which converts sphingomyelin into ceramide.193
Further work by Wallbrecher et al. confirmed that high membrane concentrations of
sphingomyelin must be converted into ceramide before direct translocation could occur,
whereas in sphingomyelin-deficient cell lines translocation readily occurred at CPP
concentrations lower than expected.1%4 Ceramides generate negative curvature when present
in the outer membrane, in agreement with the observed formation of membrane buds in the
presence of cationic CPPs.1%0 SEM imaging of these budding regions, which are enriched in
CPPs, revealed the presence of particles consisting of many multilamellar vesicles. Wong
and colleagues also observed formation of membrane curvature as a pre-requisite for
translocation and pointed out the unique capability of guanidinium groups to simultaneously
form bidentate hydrogen bonds with multiple phospholipids and cause membrane
deformation.189 Other investigators had observed a dynamin-dependence for translocation,
192 \which can be rationalized as direct translocation requiring considerable membrane
restructuring. Further support of this concept was provided by the formation of extensive
membrane heterogeneity upon CPP treatment, through restructuring of shorter-chain lipids.
195 Takechi-Haraya et al. employed real-time in-cell NMR spectroscopy and Rg N-
terminally modified with 1°F-4-trifluoromethyl-L-phenylalanine (1°F-Rg) as a probe to
monitor direct translocation into HL60 myeloid leukemia cells at 4 °C.196 Rapid non-
endocytic internalization was observed at 80-100 UM concentrations, which proceeded
through initial association with cell-surface GAGs, followed by permeation through the
membrane into the cytosol. Time-dependent measurements indicated that extracellular Rg
rapidly reached an equilibrium concentration in ~5 min, with a transient increase in GAG-
bound peptide that then rapidly diminished and gradual increases in membrane- and
cytosolic peptide until an equilibrium was reach in ~10 min. A prerequisite of GAG-
clustering for direct translocation was also implicated in another study using WRg at
concentrations above 5 uM.197 Taken together, these results strongly support a unique, direct
translocation mechanism that is inherent to cationic CPPs, requires high local membrane
concentrations, and proceeds through membrane inversion/remodeling events prior to
internalization.

Researchers have also explored the use of hydrophobic counter-ions to promote direct
translocation of cationic CPPs at concentrations below the typical threshold. Pyrenebutyrate,
a hydrophobic anion, was first used by Takeuchi et al. to promote direct translocation of
polyarginine CPPs.198 Application to multiple CPPs by Guterstam et al. showed that anion
pairing is a potentially general strategy for improving translocation efficiency, with the
caveat that uptake is still cargo-dependent, as pyrenebutyrate/CPP/siRNA complexes did not
demonstrate significant improvements.199

Interestingly, other researchers have also reported direct translocation processes at low CPP
concentrations. For example, 1 uM fluorescently labeled Tat was reported to cause diffuse
cytosolic fluorescence on time scales that suggest direct translocation.2% Initial reports
demonstrated that Tat could induce biological responses at nanomolar concentrations,
though in the presence of chloroquine which enhances endosomal escape.2%1 Sagan and co-
workers observed differential rates of translocation and endocytosis using a MS-based
quantification method, where translocation (presumed from 4 °C and proteoglycan-deficient
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cells) predominated at low concentration, converting to endocytosis as higher
concentrations.292 This translocation process was insensitive to temperature and
glycosaminoglycan identity,29% and appeared to occur within narrow time constraints,
suggestive of interaction with a depletable membrane component. Further support for
energy-independent direct translocation was provided by Pooga’s study with giant plasma
membrane vesicles (GPMV).204 Cell-derived GPMVs have native-like membrane
compositions but lack energy-dependent internalization mechanisms, making them an
excellent platform for exploring direct translocation.29% Incubation of GPMVs with 1 uM
fluorophore-labeled Tat showed intravesicular accumulation of Tat within minutes,
suggestive of direct translocation. Greater accumulation was observed in GPMVs with
reduced cholesterol content, suggesting that direct translocation relies mechanistically on
dynamic, disordered membrane regions. Trypsin digestion of membrane-associated proteins
suppressed accumulation, indicating involvement of cellular proteins. siRNA knockdown
studies suggest nucleolin as a likely candidate for enhancing direct translocation. Other
studies have reported reduced direct translocation at lower temperature as a function of
declining membrane fluidity, but deconvolution from uptake by endocytosis is challenging.
Tunnemann et al. showed that Tat conjugates accumulated in nucleoli on minute timescales
and accumulation was inhibited by excess K™, indicating a role of membrane potential for
energy-independent uptake.2%0 Wender and co-workers proposed that direct translocation
occurred as cationic CPPs migrated across the membrane at a rate related to the overall
membrane potential 208 Hyperpolarization with valinomycin and incubation with isotonic
buffers raised and lowered uptake, respectively, commensurate with changes in membrane
potential, although further model membrane studies have called the importance of
membrane potential into question.297 Alternative mechanisms, discussed in later sections
(e.g. pores, inverted micelles) are also candidates for rationalizing observed direct
translocation events.

There have been relatively few studies on the direct translocation of cyclic CPPs. Parang and
colleagues reported that cyclo(Trp-Arg), enters cells by direct translocation, based on the
observation that reduction of temperature to 4 °C or treatment with sodium azide did not
eliminate uptake.118 Cardoso and co-workers also reported direct translocation by cyclic Tat
and Ry peptides.116:117 They observed several-fold improvement in cellular uptake over
linear Tat and Ry and rationalized the improvement as a result of greater distances between
arginine side chains leading to faster and denser membrane association. The investigators
later reported that attachment of cyclic Tat to GFP resulted in direct translocation of the
CPP-protein conjugate into HelL a cells, although high concentrations (150 uM) were
required.117 Pei and co-workers also observed that treatment of HeLa cells with 25 pM
FITC-labeled cyclic CPP12 resulted in rapid appearance of diffuse fluorescence throughout
the cell volume within minutes (Z. Qian and D.P., unpublished results). Nucleation zones
were visible on the plasma membrane shortly after the addition of CPP12 and became
numerous at 5 min (Figure 11B). At 10 min, intense, diffuse fluorescence was observed
throughout the cell interior, without the intermediacy of punctate fluorescence observed at 3
UM concentration (Figure 7). These observations suggest that CPP12 too can enter cells
through direct translocation.
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Taken together, the above observations clearly demonstrate direct translocation as a third
cellular entry mechanism for peptides, in addition to passive diffusion and endocytosis/
endosomal escape. Direct translocation apparently occurs at both low and high CPP
concentrations as well as different temperatures. We hypothesize that at low CPP
concentrations, direct translocation is less robust and can only be observed when endocytic
uptake is largely inhibited (e.g., at 4 °C); at high CPP concentrations (>10 pM), direct
translocation overtakes endocytosis and is readily observable. Future studies should focus on
elucidating the molecular details of the nucleation zone and the membrane translocation
process.

3.4. Cell-Permeability by Active Transport

A number of naturally occurring bicyclic peptides exert their biological activities by acting
against intracellular targets (Figure 12). Analogous to their small-molecule counterparts,
uptake of cyclic peptides may be facilitated by cell-surface protein transporters. Phalloidin
(19, Figure 12), the first of seven bicyclic heptapeptidyl phallotoxins isolated from the death
cap mushroom (Amanita phalloides), inhibits cytokinesis and cytotaxis by preventing the
depolarization of actin filaments.2%8 Phalloidin has been demonstrated to enter hepatocytes
through interaction with transporters from the organic anion transporter polypeptide (OATP)
family and this is a potential mechanism for their cellular uptake.2%° Similarly, the
amatoxins, a family of bicyclic octapeptides which exert their cytotoxicity by selectively
inhibiting mammalian RNA polymerase Il [LDgg = 0.1 mg/kg in rats for a-amanitin (20,
Figure 12)], have also been shown to undergo internalization in hepatocytes through the
OATP family.210.211 Several other naturally occurring bicyclic peptides also exert their
biologically activities by acting against intracellular targets, suggesting that they must be at
least marginally cell-permeable, although their mechanisms of cellular entry have not been
established. Moroidin (21, Figure 12) is a bicyclic octapeptide isolated from the seeds of
Celosia argentea, which prevents eukaryatic cell division by inhibiting tubulin
polymerization (ICsq = 3 uM).212 Celogentins A-K are a related class of bicyclic
octapeptides, which are also derived from C. argentea and possess anti-mitotic activity.213
Among these compounds, Celogentin C (22, Figure 12) is most potent and inhibits tubulin
polymerization with an 1Csq value of 0.8 uM.214 Theonellamide F (23, Figure 12) induces
damage to cellular membranes and stimulates Rhol mediated 1,3-B-p-glucan synthesis.?15
These examples demonstrate the potential for a diversity of cellular uptake mechanisms for
naturally-occuring cyclic peptides.

3.5. Cell-Permeability by Other Mechanisms

In addition to passive diffusion, direct translocation, active transport, and endocytosis-
mediated processes, several alternative mechanisms have been proposed for the
internalization of peptides. These processes have conventionally been examined using linear
CPPs, but their mechanistic principles may be generalizable to other peptides including
cyclic peptides. Experimental support for these pathways is largely confined to in vitro
studies using giant unilamellar vesicles (GUVS) or in silico techniques. They may occur
concomitantly with the four mechanisms described above or simply represent the underlying
mechanism(s) for the observed direct translocation. In the sections below, a survey of other
mechanisms that have been proposed in the literature is presented.
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3.5.1. Membrane Thinning and Pore Formation.—Formation of transient pores on
the plasma membrane has been proposed as an alternative, energy-independent pathway for
membrane permeability. Since arginine-rich, cationic peptides have been well documented
to form pores in bacterial and artificial membranes,216-218 it is not unreasonable to assume
similar activity with mammalian cell membranes.219220 Two types of membrane pores have
been proposed: the barrel-stave model and the toroidal model. In barrel-stave pores, CPPs
oligomerize to form a cylindrical barrel that inserts into the bilayer and forms a
transmembrane channel (Figure 8C).22! In toroidal pores, the CPP-lipid head group
interactions cause the outer and inner membrane leaflets to bend toward each other and
become connected at the pore surface (Figure 8D).222:223 Molecular dynamics simulations
employing model membranes combined with enhanced, non-physiological sampling
techniques predicted pore formation for both Tat and penetratin.224225 |n these examples,
pores arise due to high local CPP concentrations on the membrane leading to multiple co-
localized insertion events that nucleate the formation of small toroidal-style pores. The
experimental observation that cationic CPPs (e.g. Tat and Rg) induce saddle-splay membrane
curvatures has been used as evidence for pore formation,189 although alternative
interpretations exist (e.g., vesicle budding and collapsel4). Subsequent molecular dynamics
simulations and /n vitro studies showed that incubation with 7 pM Rg a concentration at
which direct translocation is known to occur, led to permeabilization of model membranes.
176 Sharmin et al. also reported rapid pore formation in GUVs on the order of a few minutes,
which was promoted by high Rg concentrations.226

Concentration dependency observed for pore formation has been rationalized by the concept
of CPP-induced membrane thinning. Sun et al. observed that a hydrocarbon stapled HIV
capsid assembly inhibitor penetrated GUVs most effectively at a peptide : lipid ratio of 1:12
to 1:15.227 Further support of pore formation was provided by the observation that the
inhibitor caused dye leakage from GUVs without apparent perturbation of the membrane
integrity. Interestingly, other CPPs such as transportan 10 can translocate across the bilayer
of a GUV without causing dye leakage from the GUV. To reconcile the latter observation,
‘Yamazaki and colleagues also proposed the concept of transient pre-pores, a type of toroidal
pores where hydrophilic lipid surfaces are in direct contact with water, in membranes under
mechanical tension.228-230 |t was proposed that CPPs act as stabilizers of these pre-pores,
induce their formation, and then translocate through them. Further /n vitro studies with
GUVs provided support for peptide-induced pore formation,231-233 including estimation of
the pore size,234235 the kinetics of pore formation,236-238 and the concentration dependence.
239 A mechanistic variant of pore formation, the sinking raft model, has also been proposed.
240-242 | this model, internalization occurs as increasing local CPP concentration results in
the formation of a peptide “raft”, which then sinks through the membrane, during which
hydrophobic residues engage in lipid acyl chain-peptide interactions and hydrophilic
residues coat the exterior of the raft. Sinking raft translocation has not seen significant
experimental support and is likely a minor, if extant, contributor to energy-independent
membrane translocation.

3.5.2. Inverted Micelles.—The formation of inverted micelles has been proposed as a
potential mechanism for energy-independent membrane translocation of CPPs.243.244
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Internalization proceeds through initial electrostatic membrane association leading to
membrane lipid segregation and membrane thickening.245:246 Fyrther increase in local
peptide concentration in the segregated regions results in negative curvature and the
formation of inverted micelles. Peptides entrapped inside the micelles travel through the
membrane, fuse with the inner membrane leaflet and are subsequently released into the
cytosol. Lamaziére and colleagues observed that penetratin resulted in the formation of
highly-curved membrane structures analogous to inverted micelles in model vesicles using
NMR, X-ray diffraction and cryo-EM.247 Cationic CPPs (e.g. Tat, Rg) were also
demonstrated to form rod-like structures resembling inverted micelles in DMPC membranes
by 31P NMR and TEM.248 Maniti et al. reported that penetratin interacts with varied lipid
types resulting in membrane structures in which the peptide is completely engulfed by
lipids.249 Coarse-grained molecular dynamics studies by Kawamoto et al. suggested the
formation of multiple membrane deformation structures, including inverted micelles.250.251
Other supporting evidence include the observations that CPPs enhance lipid flipping
between the inner and outer leaflets of membrane vesicles and CPP-dependent localization
of anionic lipids on the inner leaflet.252

4. APPLICATION OF MECHANISTIC UNDERSTANDING TO DESIGN CELL-
PERMEABLE CYCLIC PEPTIDES

Despite our incomplete understanding of the molecular mechanisms by which cyclic
peptides enter the cell, rational design of cell-permeable cyclic peptides has been a
flourishing area of research over the past decade. One objective is obviously to generate
biologically active cyclic peptides against intracellular targets as therapeutic agents and
chemical probes. An equally important goal has also been to gain further mechanistic
understanding of cellular entry through the design of functional cyclic peptides. The
reported cell-permeable cyclic peptides are classified according to their mechanisms of cell
entry: passive diffusion vs endocytic uptake. Other macrocyclic peptides whose mechanisms
of cellular entry are currently unknown, e.g., stapled peptides and cyclotides, are listed as a
third category, although their actual mechanism may well be passive diffusion and/or
endocytosis.

4.1. Designing Cell-Permeable Cyclic Peptides by Passive Diffusion

4.1.1. Natural Product Analogs.—Modification of natural products is a promising
strategy for generating cell-permeable macrocycles with improved or new biological
activities. The repurposing of cell-permeable natural product FR235222 (24, Figure 13) by
Hilario et al. generated a cyclotetrapeptide scaffold (compound 25, Figure 13) that
effectively internalized an aminocoumarin dye and had antiproliferative effects (ICgg = 0.27
UM against HEK293 cells), presumably by inhibiting the HDAC activity (ICsq = 35.8 nM).
253 Another family of cell-permeable macrocycles, the orbitides, comprise a diverse family
of ribosomally synthesized and post-translationally modified (RiPP) cyclic peptides.254.255
They tend to be rich in Leu and aromatic residues and highly hydrophobic, lacking A®-
methylation but occasionally containing backbone constraining motifs in the form of proline.
Orbitides have demonstrated pro-apoptotic [e.g. (1-9-NaC)-crourorb A1259],
immunosuppressive [e.g. labaditin?>7], antimalarial activities [e.g. ribifolin228]. Kaneda et
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al. prepared a series of analogs of odoamide (26, Figure 13), to evaluate the impact of
changes in the peptidyl ring on passive permeability and potency and concluded that
PAMPA permeability was robust even with varied structural changes (e.g., IC5g = 1.9 nM
against A549 cells for compound 27, Figure 13).25% Through strategic incorporation of
moieties to enhance the pharmacokinetic profile of anthelmintic natural product,
cyclooctadepsipeptide PF1022A (28, Figure 13), Ohyama et al. obtained emodepside (29,
Figure 13), which has been approved for veterinary applications.260

4.1.2. Cyclic Peptide Scaffolds.—Improved mechanistic understanding of the
processes underlying passively diffusible cyclic peptides has enabled the development of
scaffold moieties with innate passive membrane permeability. Key strategies include
elimination of solvent-accessible amide protons (e.g., through A®*-methylation) to reduce
desolvation penalties on membrane partitioning and formation of transannular hydrogen
bonding. Extensive libraries of scaffolds have been generated to better understand the impact
of A®-methylation patterns. For example, White et al. employed an on-resin strategy to
synthesize large numbers of A®*-methylated cyclic peptides in a combinatorial fashion and
systematically evaluated their passive permeability.261 Beck et al. reported specific patterns
of A*-methylation that conferred intestinal permeability, providing key insights on the SAR
between AV®-methylation/conformation and permeability (e.g., compound 30, Figure 14).262
Recognizing the importance of intramolecular hydrogen bonding for membrane
permeability, Yudin and co-workers cyclized peptides with a oxadiazole moiety to form
conformationally rigid macrocycles with extensive intramolecular hydrogen bonding and
correspondingly high passive permeability (e.g., compound 31, Figure 14).103 Similarly,
Matsui et al. introduced conformation-restricting cyclopropane tethers (CPT) into cyclic
peptides, resulting in large gains in permeability regardless of the peptide sequence, with
some of the cyclic peptides demonstrating permeability superior to that of CsA (e.g., LLC-
PK1 PE of 12.5 x 1076 cm/s for compound 32, Figure 14).263

To avoid the synthetic challenges associated with A®*-methylated residues, Kodadek and
colleagues employed cycloalanine residues to eliminate backbone amides as well as
introduce conformational rigidity, producing passively diffusible cyclic peptides with
promising proof-of-concept biological activity.254 As reported by Rezai et al., varying the
side-chain stereochemistry provides another avenue to optimize backbone geometry of a
model cyclic peptide, with one scaffold demonstrating permeability rivaling that of CsA.%
Fouché et al. recently reported larger passively diffusible macrocycles of similar size to CsA,
as opposed to prototypic macrocyclic scaffolds of ~5-7 residues.26° Extensive in vitroand in
vivo characterization and derivatization of cyclic decapeptides of the general sequence AA-
(NMe)AA-AA-(NMe)-p-AA-AA-(NMe)-AA yielded compounds that possessed extensive
low-dielectric intramolecular hydrogen bonding as determined by NMR and
correspondingly low polar surface areas. Further incorporation of proline to promote a -
hairpin conformation for backbone rigidification and transannular hydrogen bonding
resulted in a macrocycle (compound 33, Figure 14) with 48% oral bioavailability. Although
these sequences lacked target-binding activity, further development showed robust PK
profiles even with the incorporation of hydrophilic residues (e.g. Thr, Tyr, [3-pyridinyl]Ala),
suggesting that it might be possible to engineer target-binding activities into these scaffolds.
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266 |n sum, while the aforementioned scaffolds generally lacked biological activity, they
have served as valuable platforms for pushing the limits of side-chain diversity, backbone
composition, and molecular size to facilitate understanding and design of a new generation
of passively diffusible macrocycles.

4.1.3. Cyclic Peptidomimetics.—The passive permeability of cyclic peptides has also
been enhanced by replacing the peptide bonds with the corresponding peptoids (A*-
substituted glycines), which has the same effect as A®-methylation for reducing the number
of backbone HBDs. Cyclization strategies for peptoids can influence cellular uptake, as
demonstrated by Shin et al. with a series of amphipathic, neutral peptoids prepared to
evaluate the differences in cellular uptake between linear and 1,3,5-triazine cyclized
congeners.287 Lokey and colleagues generated a peptide-peptoid hybrid based on a
previously identified membrane permeable cyclic peptide scaffold, termed a “peptomer”,
which displayed 3-fold improvement in permeability.268 Peptoid substitutions including N-
morpholines, A/phenols, and N-pyridines are well tolerated without compromising passive
diffusion through MDCK cells. A follow-up study by Furukawa et al. further expanded the
set of potential peptoid building blocks by preparing a library of ~400 distinct peptomer
variants.269 Of the 400 compounds evaluated, 197 displayed good PAMPA permeability
(Papp = 1 % 1076 cm/s), with the majority of them (154 total) having an ALogPin the range
of 2-4, whereas less correlation was observed between permeability and molecular weight.
These results, together with the observations described in Section 2.2, help establish
hydrophobicity (as determined by Log/A) as a new criterion for designing passively
permeable macrocyclic peptides.

Cyclic peptide-peptoid hybrids consisting of predominantly peptoid units have been
prepared. Schneider et al. reported a family of peptide-peptoid macrocycles that target the -
catenin-TCF interaction.8” Peptoid substituents consisted of predominately hydrophobic
aromatic residues containing an ether (e.g. NV-(isopropoxy-propyl)-glycine and A-(3,5-
dimethoxy-phenyl)-glycine) at 5 peptoid positions and an A~terminal p-Ala for cyclization.
The resulting compounds displayed robust biological activity against multiple cell lines for
inhibition of B-catenin mediated signaling. One compound (34, Figure 15) demonstrated
anti-proliferative effects against LNCaP-abl cells (ICgq = 0.195 uM) and reduced the volume
of a model prostate tumor spheroid. Cai and co-workers synthesized and screened a OBTC
library of macrocyclic peptidomimetics -y-AApeptides against the receptor tyrosine kinase
EphA2 and discovered a lead compound (35, Figure 15), which bound to EphA2 with a Kp
value of 81 nM.270 Remarkably, the macrocyclic peptidomimetic is cell-permeable and
potently antagonized EphA2-mediated signaling, although its mechanism of cellular entry
was not investigated.

4.1.4. Cyclic Lipopeptides.—Lipidation is another common strategy for optimization
of peptidyl leads into potential therapeutics. Incorporation of aliphatic groups increases the
compound lipophilicity and can dramatically improve passive membrane permeability
depending on the chain length and anchor position.2’ Incorporation of lipophilic
substituents can sometimes adversely affect the target binding affinity, and therefore
alternative strategies that mitigate potential impact while retaining permeability
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enhancement is desirable. Schumacher-Klinger et al. employed a lipophilic prodrug charge
masking (LPCM) strategy to convert Cilengitide, an integrin-targeting cyclic RGD
pentapeptide [cyclo(RGDf(AMMe)V] containing multiple charged residues, into an
aliphatically protected prodrug.272 Esterification of both guanidinium and carboxylate
sidechains with hexyloxycarbonyl yielded protected groups that are readily removed by
cytosolic esterases to yield the active compound. The protected prodrug demonstrated a >10-
fold improvement in Caco-2 permeability (P,pp from 0.07 to 0.82 x 107% cm/s) and an
improved mouse PK profile. Mechanistic studies using these model peptides confirmed
bioavailability through a transcellular process, demonstrating the effectiveness of this
strategy for conferring improved membrane permeability.

4.1.5. Combinatorial Synthesis and Screening.—Hewitt et al. employed a
combinatorial approach to rapidly generate structurally diverse natural product-inspired
cyclic peptides by solid-phase peptide synthesis (SPPS), followed by screening to identify
scaffolds that possess significant passive membrane permeability.82 Starting from a generic
sequence Pro-Xo,_s-Tyr, they incorporated both L- and p-Leu and MeLeu at all four random
positions, as well as Gly and MeGly at the X5 and Xg positions, to evaluate the effect of
backbone flexibility on permeability. Passive permeability was assayed by PAMPA and
contents of the acceptor well were structurally characterized and resynthesized. They
observed a strong correlation between the 3D polar solvent accessible surface area,
AGgesolv.» and Caco-2 permeability, in agreement with the commonly accepted predictors of
passive membrane permeability. NMR studies revealed effective intramolecular hydrogen
bonding in most of the compounds. Interestingly, one of the compound series lacked any
intramolecular hydrogen bond; rather, their backbone amides were occluded by the uniquely
positions sidechains resulting in improved permeability.

Due to the reduced nucleophilicity of secondary amines, incorporation of multiple A-
methylated amino acids into a cyclic peptide by SPPS using can be challenging. To combat
this issue, investigators have developed multiple strategies for on-resin A*-methylation.
White et al. deprotonated the peptide backbone amides by treatment with LiOBu followed
by treatment with methyl iodide.261 Regioselectivity was observed as a function of backbone
stereochemistry, offering a potential route to differentially A®*-methylated cyclic peptide
isomers.

4.2. Designing Cell-Permeable Cyclic Peptides by Endocytic Uptake

Compared to passively diffusible cyclic peptides, a more general method for designing cell-
permeable and biologically active cyclic peptides is through the integration of CPP motifs
into macrocyclic peptides and by leveraging the endocytic mechanisms of the cell. Cyclic
CPPs have provided a flexible platform that can be conjugated with cargo molecules in at
least five different ways: exocyclic delivery, endocyclic delivery, bicyclic delivery, reversible
cyclization, and noncovalent complexation (Figure 16). All of the resulting compounds (or
complexes) can be considered as “cyclic peptides”, because they all contain a cyclic CPP.
These cyclic peptides are expected to enter cells primarily by endocytosis and endosomal
escape, as described above, but may also undergo direct translocation, especially at high
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concentrations. An added benefit of this method is that the resulting cyclic peptides are
usually positively charged and have good aqueous solubility.

4.2.1. Exocyclic Delivery.—Exocyclic delivery involves covalent attachment of a cargo
molecule to one of the side chains of a cyclic CPP. Typically, the cargo is attached to the side
chain of the glutamic acid, which is not required for cellular entry, either directly or through
a flexible linker (e.g., miniPEG, Figure 16A). This is the most versatile and cargo-tolerant
conjugation method that has been applied to deliver a wide range of cargo molecules into the
cytosol of mammalian cells. The cargo can potentially affect the cell-penetrating activity of
the CPP but usually does not prevent cytosolic delivery. For example, a cargo (e.g., a highly
negatively charged one) may reduce the CPP activity by physically interacting with the CPP
in an intramolecular fashion and rendering the CPP less available for binding to the cell
membranes. Other cargos (e.g., hydrophobic ones) may enhance the delivery efficiency by
binding to the plasma and/or endosomal membrane. In such cases, experimentation with
different linkers can minimize the cargo influence.2’4 Karpurapu et al. conjugated cyclic
CPP9 to the N-terminus of a calcineurin-binding peptide, GPHPZIZITGPHEE (ZIZIT,
where Z is fert-leucine) to generate a highly effective immunosuppressant, CPP9-ZIZIT (36,
Figure 17), which binds to the NFAT-docking site on calcineurin and selectively blocks the
dephosphorylation of NFAT and a small number of other substrates.2’> Unlike cyclosporine
A and FK506, CPP9-ZIZIT does not engage any other protein; as such, CPP9-ZIZIT is
expected to be less toxic than cyclosporine A and FK506. In a mouse model of acute lung
injury/acute respiratory distress syndrome induced by lipopolysaccharide (LPS), intranasal
administration of CPP9-ZIZIT at 1 mg/kg effectively blocked the production of
inflammatory cytokines (TNFa and IL6) and protected the animals against lethal doses of
LPS.275

In addition to peptidyl cargos, cyclic CPPs have been employed to deliver small-molecule
drugs and macromolecules (e.g., proteins) into the cytosol of mammalian cells. For example,
Parang and co-workers attached the anticancer drug doxorubicin (Dox) to Cys-cyc/lo(WR)4-
Lys through a disulfide bond and found that the conjugate, Dox-SS-[C(WR)4K] (37, Figure
17), was significantly less toxic in mouse myoblast cells compared to Dox at the same
concentration while demonstrating enhanced cytotoxicity in a panel of cancer cell lines
evaluated.2® Fluorescence microscopy exhibited that Dox-SS-[C(WR)4K] efficiently
entered four different cancer cell lines and were localized in the nucleus. Further
mechanistic study demonstrated that the level of intracellular reactive oxygen species in
myoblast cells exposed to Dox-SS-[C(WR)4K] was reduced in comparison to Dox when co-
treated with FeCl,, suggesting that Dox-SS-[C(WR)4K] has the potential to be used as Dox
alternatives for anticancer treatment.

An exciting application of cyclic CPPs is intracellular delivery of proteins. Qian et al. used
cyclic CPP1 to deliver green fluorescent protein (GFP) and protein tyrosine phosphatase 1B
(PTP1B) into cultured mammalian cells.113 The internalized GFP was localized
predominantly inside the nucleus, indicating efficient endosomal escape. Cytosolic delivery
of PTP1B was also highly effective, as addition of low nanomolar concentrations of CPP1-
PTP1B (but not PTP1B alone) dose-dependently reduced the phosphotyrosine levels of
intracellular proteins. Nischan et al. conjugated cyclic Tat to GFP through site-specific
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copper-catalyzed azide-alkyne reaction.}17” At high concentrations (50 — 150 pM), the cyclo-
Tat-GFP conjugate demonstrated significant internalization in comparison to the linear
counterpart, likely through direct translocation. Application to biologically active cargo was
also demonstrated by Herce and Hackenberger who conjugated cyclic CPPs to nanobodies,
which are camelid-derived single-chain VHH antibody fragments.2’7 Cyclic variants of Tat
and R10 were prepared through side-chain macrolactamization before conjugation to GFP-
binding nanobodies though expressed protein ligation. Incubation of 3T3 cells stably
expressing GFP in the presence of 20 uM cyclic CPP-nanobody conjugates resulted in
nucleolar redistribution of GFP. Interestingly, the cyclic CPP-nanobodies were able to bind
extracellular antigens and efficiently internalize them into the cell. Further, conjugation of
cyclic CPP to nanobodies through a disulfide bond allowed the Cy5-labeled nanobodies to
be released inside the cell to perform intracellular immunostaining. For applications where a
covalent linkage to a protein cargo is undesirable, this reversible disulfide-bond linkage can
be employed, as was demonstrated by Schneider et al. in their delivery of mCherry by cyc/o-
R10. Upon entry to the cytosol, the disulfide bond is reduced by intracellular GSH and the
cargo is liberated from the cyclic CPP to provide “traceless” delivery.2’8 These results
demonstrate that cyclic CPPs are capable of efficiently delivering protein cargos into the
cytosol of mammalian cells in their native forms. This opens the door to a wide range of
therapeutic applications, e.g., intracellular enzyme replacement therapy (IC-ERT) for
treating rare genetic diseases.

4.2.2. Endocyclic Delivery.—The cargo (especially when it is a peptide) may be
inserted into the ring of a cyclic CPP to generate a larger cyclic peptide containing both the
CPP and cargo motifs (endocyclic delivery; Figure 16B). Qian et al. systematically assessed
the effect of sequence, ring size, and the stereochemistry of amino acid residues on the
cellular entry efficiency of cyclic CPPs. They found that cyclohexa- to cyclooctapeptides
represent optimal ring sizes; further increase in the ring size resulted in progressive and
dramatic decrease in the cellular entry efficiency.1® They also found that amphipathicity is
necessary for high CPP activity. Cyclic peptides containing two aromatic hydrophobic
residues (e.g., Phe and Nal) and at least three (and preferably four) arginine residues are
optimal, whereas cyclic Rg had little activity. These studies led to the discovery of
cyclo(Phe-Nal-Arg-Arg-Arg-Arg-Gln) (CPP1) as a highly efficient CPP, with a cytosolic
delivery efficiency 3- to 12-fold higher than that of linear CPPs such as Tat, penetratin, and
Ro.113 Next, by varying the stereochemistry of the amino acids, they discovered two
exceptionally active CPPs: cyclo(phe-Nal-Arg-arg-Arg-arg-Gln) (CPP9, compound 11,
where arg is p-arginine and phe is p-phenylalanine) and cyc/o(Phe-phe-Nal-Arg-arg-Arg-
arg-GlIn) (CPP12, compound 12), which have 31- and 60-fold higher cytosolic delivery
efficiencies, respectively, than Tat.114

Although limited to relatively short peptidyl cargos (1-5 aa), endocyclic delivery has the
advantage (over exocyclic delivery) that the structural components may be designed to
perform dual functions, i.e., the same building block is utilized for both cellular entry and
target binding. For example, Bedewy et al. designed a cycloheptapeptide, cyclo(dpT-Pip-
Nal-Arg-Arg-arg-arg) (38, Figure 18), as a cell-permeable and relatively potent inhibitor of
peptidyl-prolyl cis-trans isomerase Pinl (ICsq = 220 nM).27° This is, to our knowledge, the
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smallest cyclic peptide known to date that is cell-permeable by endocytosis and biologically
active. In this case, Pip and Nal residues are critical for both cellular uptake and Pinl
binding. When added to cell culture, the cyclic peptide dose-dependently inhibited the
intracellular Pinl activity and reduced the viability of cancer (HeLa) cells but not that of
non-cancerous cells. Upadhyaya et al. discovered a cycloundecapeptide as a cell-permeable
direct K-Ras inhibitor, cyclorasin 9A5 (39, Figure 18), by screening a rationally designed
one-bead-two-compound cyclic peptide library.28% Cyclorasin 9A5 orthosterically inhibited
the Ras-effector protein interaction /in vitro with an 1Cgq value of 120 nM and induced
apoptosis in H1299 lung cancer cells (ECsg = 3 uM). SAR studies revealed that the same set
of amino acids in cyclorasin 9A5 are required for both cellular entry and K-Ras binding.
Parang and colleagues reported that some of their cyclic CPPs, e.g., cyclo[RW]s, are cell-
permeable, moderately potent Src kinase inhibitors (ICsg = 2.8 pM).281 They also reported
that a combination of acylation by long chain fatty acids and cyclization of short arginine-
containing peptides results in cell-permeable cyclic peptides.282

4.2.3. Bicyclic Delivery.—When the cargo is itself a cyclic peptide, it may be fused to a
cyclic CPP to form a bicycle, in which one ring facilitates cellular uptake while the other
binds to an intracellular target of interest (Figure 16C). Unlike endocyclic delivery, bicyclic
delivery in principle can accommodate cargos of any size, because the cargo is confined in a
separate ring and does not alter the size of the CPP ring. Lian et al. first demonstrated the
validity of this strategy by fusing cyclic CPP1 to an impermeable,
(phosphonodifluoromethyl)phenylalanine (F2Pmp)-containing cyclic peptidyl inhibitor
against PTP1B, which was previously identified from a combinatorial library screening.283
Remarkably, the resulting bicyclic peptide (compound 40, Figure 19) retained the full
inhibitory activity against PTP1B (Kp = 37 nM), but became readily cell-permeable.
Furthermore, the macrocyclic inhibitor was metabolically stable and highly selective for
PTP1B, and potentiated insulin receptor signaling in HepG2 cells at nanomolar
concentrations. Similarly, fusion of a previously discovered, membrane-impermeable cyclic
peptidy! inhibitor of Pin1 with cyclic CPP1 produced a potent bicyclic Pin1 inhibitor that
was highly active in cell culture assays (compound 41, Figure 19).284 Trinh et al. further
demonstrated the generality of the bicyclic delivery strategy by synthesizing a combinatorial
library of 5.7 million cell-permeable bicyclic peptides.28° Screening of the bicyclic peptide
library against the G12V mutant K-Ras protein identified a K-Ras inhibitor that blocked the
Ras-Raf interaction with an 1Cgq value of 3.4 uM, inhibited MEK and AKT
phosphorylation, and induced apoptosis of lung cancer cells at low uM concentrations
(compound 42, Figure 19). Rhodes et al. reported an interesting bicyclic peptide design that
allowed the CPP ring to perform dual functions of cellular entry as well as targeting binding,
thus substantially reducing the overall size of the compound.288 Briefly, the researchers
synthesized a bicyclic peptide library in the OBTC format, in which the N-terminal ring
consisted of a random peptide sequence of 3—6 amino acid residues, while the C-terminal
ring contained a small library of different CPP sequences (12 total). The library was
screened for binding to NF-xB essential modulator (NEMO), a protein required for
canonical NF-xB signaling. One of the library hits, after limited optimization by
conventional medicinal chemistry approach, inhibited the NEMO-IKK@ interaction with an
ICsq value of 1 uM (compound 43, Figure 19). /n silico modeling and alanine scan analysis
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confirmed that the CPP ring residues make intimate interactions with the NEMO protein
surface, with the positively charged arginines interacting with an acidic patch next to the
canonical IKKB-binding site. Compound 43 inhibited NF-xB activation in a cell-based
luciferase assay (ICsg = 10 uM) and reduced the viability of cisplatin-resistant ovarian
cancer cells overexpressing NF-xB but not normal ovarian surface epithelial cells.

Brock and colleagues evaluated the cell-permeability of bicyclic peptides containing
different arginine compositions.28” Incorporation of an increasing number of arginine
residues progressively increased heparan sulfate binding and the amount of cellular uptake.
Synergy between cationic and hydrophobic aromatic residues was observed for cellular
uptake, with Trp- and His-containing peptides demonstrating increased cellular uptake
without varying overall charge. Perfluoroaryl-cyclized and arginine-rich bi- and tricyclic
peptides possessing exceptional serum stability have been designed for the effective covalent
delivery of antisense oligonucleotides, further demonstrating the benefits of structural
rigidification.288

4.2.4. Reversible Cyclization.—For ligands that must be in their extended
conformations for target binding, Qian et al. developed a reversible cyclization to enhance
their cellular entry and metabolic stability (Figure 16D).289 The peptidyl ligand is fused with
a short CPP motif at its N- or C-terminus and the fusion peptide is then cyclized by forming
an intramolecular disulfide. Cyclization increases the peptide’s proteolytic stability as well
as endocytic uptake; upon entering the mammalian cytosol (where the target protein is
localized), the disulfide is reduced by intracellular glutathione to release the biologically
active linear peptide for binding to the intended target. As a proof of principle, the
investigators designed a peptidyl inhibitor against the PDZ domain of CFTR-associated
ligand (CAL-PDZ), a protein that binds to the C-terminus of CFTR and chaperones CFTR to
the lysosome for degradation (compound 44, Figure 20). Treatment of lung epithelial cells
harboring a defective CFTR mutant (AF508) with the peptide inhibitor reduced lysosomal
degradation, thereby increasing the amount of membrane-bound CFTR and improving the
chloride ion channel activity. Formation of a monocyclic ring leaves a portion of the fusion
peptide in the linear form, which remains susceptible to proteolytic degradation. Realizing
this limitation, the same group later developed an improved and more general reversible
bicyclization method for intracellular delivery of any linear peptidyl drug.2% Again, the
cargo is fused to a short CPP motif (e.g., Phe-Nal-Arg-Arg-Arg-Arg) at its N- or C-terminus,
but two cysteines are incorporated into the fusion peptide, one at the C-terminus and the
other at the CPP-cargo junction. The resulting fusion peptide is converted into a bicycle by
using a small-molecule scaffold, 3,5-bis(mercaptomethyl)benzoic acid. The scaffold forms
an amide bond with the peptide N-terminus and two disulfide bonds with the implanted
cysteine residues. Qian et al. applied the method to generate a bicyclic peptidyl inhibitor
against the NEMO-IKK interaction (compound 45, Figure 20).2% The bicyclic NEMO
inhibitor showed greatly improved proteolytic stability and cellular uptake efficiency.
However, after cellular entry, the disulfides were reduced to release the active linear peptide,
which was derived from the NEMO-binding domain of IKKp. In a cell-based assay, the
bicyclic NEMO inhibitor selectively inhibited the canonical NF-xB signaling with an 1Cgg
value of ~20 uM.
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4.2.5. Non-Covalent Complexation.—Parang and co-workers reported that non-
covalent complexation of cyc/o(WR)4 or cyclo(WR)s with small-molecule and
phosphopeptide cargos greatly increased the cellular entry of the latter.118 They later
examined a number of linear and cyclic peptides containing alternating arginine and cysteine
residues, e.g., cyclo(CR)4, for their capacity to deliver two molecular cargos, fluorescein-
labeled cell-impermeable negatively charged phosphopeptide (F’-GpYEEI) and fluorescein-
labeled lamivudine, into human leukemia cancer cells.291.292 They found that among all of
the CPPs tested, cyc/o(CR),4 was most effective in transporting the cargo into cells,
enhancing the uptake of lamivudine and F’-GpYEEI by 16- and 20-fold, respectively. The
mechanism by which the cyclic CPPs increase the uptake of nhon-covalently attached cargos
has not yet been determined.

4.3. Cell-Permeable Cyclic Peptides by Unknown Mechanisms

4.3.1. Stapled Peptides.—Stapled peptides are a-helical peptides in which two side
chains, usually at the 7and 7 + 4 or 7and / + 7positions, are covalently crosslinked
(“stapled™) to improve their helicity and proteolytic stability. They are therefore a special
type of macrocyclic peptides. Hydrocarbon-stapled peptides have been developed to target a
range of intracellular PPI drug targets including Bcl-2-BH3,29 MDM2-p53,3 ER-
coactivator,2%4 protein kinase A,29° EGFR,2% and EZH2-EED,2%7 and have recently been
reviewed.2%8 In particular, a stapled peptidyl inhibitor of the p53-MDM2 interaction
(compound 46, Figure 21) has entered Phase 2 clinical trials, demonstrating the therapeutic
potential of this class of compounds.299

There have been many studies attempting to understand the mechanisms of cellular entry,
the efficiency of cellular entry, as well as the parameters that govern the cellular entry
efficiency of stapled peptides. With regard to the mechanism of cellular entry, fluid-phase
macropinocytosis has been proposed as a possible mechanism, but how the peptides escape
the endosome into the cytosol remains an open question.3% Lij et al. have challenged this
hypothesis by demonstrating that some of the reported MDM2-p53 inhibitors caused
significant membrane disruption, implying that the peptides may enter cells through the
disrupted regions of the plasma membrane and that the observed biological effects may not
be pathway-mediated.301 Okamoto et al. reported similar findings for a previously reported
stapled peptide inhibitor of the BH3 domain and suggested that the biological activity
observed seemed to be a direct result of membrane interaction.392 Recent studies seem to
suggest that stapled peptides with balanced hydrophobicity and hydrophilicity are able to
partition into the lipid bilayer in significant amounts.3%3 When a high-affinity receptor is
present inside the cell, the membrane-embedded peptides repartition back into the cytosolic
side of the aqueous phase and become “entrapped” inside the cell by the protein receptors.
304 This mechanism differs from classical passive diffusion in that in the absence of any
protein receptor inside the cell, little peptide was found to enter the cell under otherwise
identical conditions.

Recent surveys of hundreds of stapled peptide sequences by the Walensky and Verdine
groups revealed that while for a small fraction of peptide sequences, hydrocarbon stapling
results in significant cell-permeability, the greater majority of the stapled peptides have no to
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minimal cell-permeability.303:305 Understanding what structural features contribute to cell-
permeability of stapled peptides is thus of paramount importance. To assess the effect of
peptide sequence, stapling moiety, and other physiochemical properties on cellular entry,
Bird et al. examined a family of hydrocarbon-stapled peptides mimicking the BCL-2
homology domain 3 (BH3) of pro-apoptotic protein BID and found that stapling positions
that generate a hydrophobic face on the helix and enhance the helical propensity were key in
ensuring cell-permeability.393 A follow-up study showed that maintaining an overall
amphiphilicity resulted in the highest anti-proliferative activity against Mcl-1-dependent
cells.3% Multiple studies concluded that the overall hydrophobicity of stapled peptides (as
judged by HPLC retention time) is positively correlated with cellular uptake and a
prerequisite when designing cell-permeable stapled peptide.307:308 Tjan et al. compared
different stapling strategies, including lactam, hydrocarbon, triazole, vinyl sulfide, m-xylene,
and perfluoroaryl groups for their impact on the cellular uptake of a peptidyl inhibitor
against the estrogen receptor-coactivator interaction.3%8 They also observed a clear
correlation between hydrophobicity and cellular uptake, with ~3- to 5-fold increase in
uptake when hydrophilic staples (e.g. lactam, triazole) were replaced with hydrophobic ones
(e.g. hydrocarbon, n+xylene). These observations are consistent with the recent hypothesis
that cellular entry requires partitioning of the stapled peptides into the hydrophobic region of
the lipid bilayer. The challenge is to engineer optimal cellular entry efficiency while
maintaining significant aqueous solubility and minimizing membrane lysis.

Zhao et al. used an N-terminal aspartic acid sidechain-to-backbone linkage to stabilize a-
helical peptides that demonstrated improved cellular uptake and proof-of-concept biological
activity against the estrogen receptor-coactivator interaction.309:310 Oba et al. incorporated
cyclic p-amino acids into arginine-rich sequences and crosslinked their sidechains through a
hydrocarbon linker, resulting in improvements in both proteolytic stability and cellular
uptake over the linear counterparts.311 Fairlie and others synthesized highly constrained a.-
helical peptides by incorporating one, two, or three lactam (Lys/Asp) staples, generating a
Bcl-xL inhibitor that showed low micromolar binding affinity and modest anti-proliferative
activity in cellular assays (ICsq = 18 pM).312:313 Other investigators have incorporated
positively charged residues (e.g. Arg, Lys) into stapled peptides to improve their cell-
permeability. Speltz et al. appended a short cell-penetrating motif, Arg,, to the N-terminus
of a membrane-impermeable hydrocarbon-stapled peptide.2% The resulting compound
displayed robust biological effects against estrogen receptor a.. Grossman and colleagues
developed a cell-permeable stapled peptide as a p-catenin inhibitor by incorporating
positively charged residues into the helical region as well as the termini of the peptide.314
Further modification of the inhibitor by replacing arginine residues with unnatural arginine
analogs and adding an N-terminal nuclear localization signal resulted in 7- to 15-fold
improvement in cellular uptake and substantially more potent cellular activity. Similarly,
Quach et al. improved the cellular uptake of a hydrocarbon-stapled MDM2-p53 inhibitor
through incorporation of cationic residues onto one face of the a-helix (compound 47,
Figure 21).315 Unfortunately, the increases in cytosolic entry efficiency and anti-proliferative
activity were associated with significant off-target toxicity, underscoring the challenge in
balancing cellular uptake and toxicity.
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While cation grafting is a valid approach to optimizing stapled peptide permeability,
deleterious effects on target binding affinity and off-target toxicity may arise. Since stapled
peptides do not require an overall positive charge for internalization, alternative strategies
focused on optimizing overall physiochemical properties have also been explored.316 For
example, Spiegel et al. identified hydrocarbon-stapled peptides that inhibit the Rab GTPase-
effector protein interactions in the pM range, but the compounds displayed no biological
activity as they were cell-impermeable.317 To render the peptide (StRIP3) biologically
active, they installed a double hydrocarbon staple for proteolytic stability and carried out
arginine scanning to enhance cellular uptake.318 However, incorporation of arginines
resulted in large losses in binding affinity. The researchers therefore replaced the negatively
charged residues with neutral analogs and incorporated additional hydrophobic residues
(e.g., Trp). The resulting peptides were charge neutral and demonstrated modest cellular
uptake. Kritzer and colleagues reported a series of autophagy-inducing stapled peptides
which, despite carrying no net charge, possessed intrinsic cytosolic entry capability.31°
Starting from a previously known autophagy-inducing peptide, Tat-Beclin 1, the
investigators crosslinked two free Cys residues in the peptide with a library of bis-alkylating
agents and optimized the peptide sequence at the same time. These efforts yielded an 11-mer
peptide, DD5-0 containing an 7 fo i+3 o-xylene staple between two p-cysteine residues.
DD5-o entered cells effectively and induced autophagy /n vitro and in vivo (compound 48,
Figure 21).

4.3.2. Cyclotides.—Cyclotides are a family of cysteine-rich polycyclic peptides
containing both an N-to-C backbone cyclization and multiple intramolecular disulfide
bonds.320 Multiple cyclotides and related cyclic peptides have been identified as plant-
derived natural products, such as kalata B1,321 sunflower trypsin inhibitor 1 (SFTI-1),322
Momordica cochinchinensis trypsin inhibitor | and 11 (MCoTI-1, -11),323 and numerous
others.324 Cyclotides have been shown to enter mammalian cells, likely by multiple forms of
endocytic mechanisms (e.g. macropinocytosis, clathrin-mediated endocytosis), although
endocytosis inhibitors only resulted in modest reduction in their uptake (~409).325-327
Additional mechanisms contributing to cellular uptake, potentially including curvature-
induced direct translocation,328 have been proposed and efforts to fully understand cyclotide
internalization are currently ongoing.121 Efforts to optimize cellular uptake by D’Souza et
al. through arginine incorporation and replacement resulted in modest, sequence-specific
gains over the parent compounds.32° Engineered sequences demonstrated negligible toxicity,
strong membrane binding, and internalization efficiencies of ~70% relative to Tat. Innate
cell-penetrating activity and robust proteolytic stability have made cyclotides an attractive
framework upon which biologically active peptidyl binding domains may be grafted. Ji et al.
incorporated a phage-derived peptidyl inhibitor of the p53-MDM2 interaction into the
MCoTI-I scaffold.330 The resulting engineered cyclotide, MCo-PMI, retained potent binding
affinity to MDM2 (Kp = 2.3 nM), robust human serum stability (&, = 55 h), anti-
proliferative activity in HCT116 cells (ECsq = 2 uM), and suppressed tumor growth 7 vivo
through reactivation of the p53 pathway.

The extraordinary metabolic stability exhibited by cyclotides also allows them to be
engineered into useful tumor imaging agents. Directed mutagenesis of an agouti-related
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protein (AgRP) resulted in a high-affinity ligand of a3 integrin. Conjugation of the
engineered cyclotide with chelating agent DOTA and 54Cu generated a tumor-specific
imaging agent, which revealed wide tissue distribution and /n vitro cellular uptake animal
PET studies.33!

Thell et al. reported that cyclotide kalata B1 (kB1), specifically [T20K]kB1, effectively
inhibited T-cell proliferation via an 1L-2-dependent mechanism /n vivo.332 When tested in a
mouse model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE),
treatment with 10 mg/kg [T20K]kB1 7 days before immunization significantly reduced axon
demyelination and inflammation. Impressively, an oral dose of [T20K]kB1 (at 20 mg/kg)
resulted in significant systemic exposure and limited toxicity. A shortened dosing regimen
(20 mg/kg, three times in 3 d intervals) resulted in statistically significant reduction in EAE
progression.

4.3.3. Other Cyclic Peptides.—Many other methods have been explored to endow
cell-permeability to cyclic peptides. Mechanistic studies were generally lacking or
inconclusive to determine their internalization mechanism(s). Early on, researchers directly
conjugated known CPP sequences (e.g., Tat, Rg, or penetratin) to an exocyclic position of
cyclic peptides, as demonstrated for a cyclic peptidyl inhibitor of Pin1111 and disulfide-
cyclized DOCK2 inhibitors.333 As expected, the cellular entry efficiency is dictated by the
CPP motif and generally low. Other investigators explored various spatial displays of
guanidinium groups to optimize the cellular uptake of cyclic peptides.112:334 Traboulsi et al.
explored various oligoarginine sequences in the context of linear, cyclic, and bicyclic
scaffolds, as well as different combinations of endo- and exocyclic Arg residues.33° They
reported that monocyclic oligoarginine peptides had superior uptake relative to their linear
congeners of >7 residues, while bicyclic peptides had generally lower uptake, presumably
because they are unable to adopt favorable membrane-binding conformations.

Other researchers have found that dimerization of certain impermeable sequences resulted in
membrane permeability. Jang et al. designed dimeric a-helical peptidyl inhibitors against the
HIV Tat-TAR interaction.336 They dimerized an amphipathic a-helical peptide consisting of
leucine and lysine residues through a pair of disulfide bonds and the dimer, LK-4, showed
potent binding to the TAR RNA sequence (Kp = 0.059 nM) and robust cellular uptake (70—
90% fluorescently positive cells at 10 nM concentration). Endocytosis was proposed as the
predominant uptake mechanism at low concentrations (10 nM), as treatment with
wortmannin, amiloride, or at 4 °C virtually eliminated uptake. At higher concentrations
(e.g., 500 nM), the endocytosis inhibitors had negligible effect, suggesting alternate uptake
mechanisms. Based on the peptides identified by Jang, Hyun et al. synthesized a series of
hydrocarbon-stapled, Leu- and Lys-rich amphipathic peptides for siRNA delivery both /n
vitro and in vivo.337 Mechanistic studies supported multiple mechanisms of internalization
for the most active peptide, stEK, as inhibition of macropinocytosis with EIPA reduced the
uptake by 36% while inhibition of proteoglycan-mediated endocytosis by NaClO3 reduced
uptake by 25%. Incorporation of multiple His residues further improved the endosomal
escape efficiency and siRNA delivery as determined by target gene knockdown.338 The
resulting His-containing siRNA-peptide complex, siRNA-LKH-stEK, resulted in 49-58%
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repression of connective tissue growth factor (CTGF) in mice following intradermal
injection (100 nM).

Cell surface thiols have been exploited to confer cell-permeability to compounds that are
otherwise impermeable to the cell membrane. Sagan and colleagues utilized an activated
disulfide to deliver an impermeable peptidy! inhibitor of protein kinase C into the cell.339
Meng et al. developed a Cys-X-Cys motif (where X is any amino acid) motif as a general
peptide delivery vehicle.340 Further application of these strategies has led to the
development of a range of disulfide-containing CPPs.341-344 Apparently, the activated
disulfides undergo exchange reactions with cell surface thiols, resulting in covalent
attachment of the cargo to the cell surface. How the attached cargo subsequently crosses the
plasma membrane is currently unknown. It was thought that internalization occurs through
an endocytosis-independent pathway, providing a method for direct cytosolic cargo delivery
and avoiding the pitfalls associated with endosomal entrapment.34°

4.3.4. Formulation.—Optimizing pharmacokinetic profiles through selection of the
correct formulation to ensure consistent biodistribution is an essential component of the
small molecule development process. As most peptidyl therapeutics have traditionally been
delivered via intravenous administration, inclusion of novel excipients is uncommon. As
cyclic peptide clinical candidates emerge, formulation strategies to enhance their oral
bioavailability have been developed. Specifically, self-emulsifying drug delivery systems
(SEDDS) — mixtures of surfactants, oils, and co-solvents — have been successfully
employed, for example in both the initial characterization of Circle Pharma’s CXCR786
inhibitors and in the clinic with CsA (trade name Neoral® by Sandimmune).346 In general,
these formulations do not alter the inherent cell-permeability of a given compound, but
instead ensure consistent and reliable biodistribution and are therefore beyond the scope of
this review. Utilization of a formulation to directly enhance cell-permeability or endosomal
escape is an intriguing area for further research as the field continues to mature. For
example, Thean et al. screened several commercially available cationic lipid-based
formulations in combination with stapled peptide MDM2-p53 inhibitors (e.g. ATSP-7041)
and found that a proprietary formulation (Saint PhD) improved the ECs for p53 activation
by 2- to 6-fold.347 Confocal imaging studies with unformulated FAM-ATSP-7041 showed
predominantly punctate fluorescence, whereas the formulated compound demonstrated more
diffuse cytosolic fluorescence, suggesting that improved endosomal escape was a potential
contributor to the enhanced cellular activity, although an alternative mechanism of cellular
entry is possible.

5. METHODS FOR ASSESSING CELL-PERMEABILITY

Further mechanistic investigation of CPPs or improvement of their cellular entry efficiencies
would be greatly facilitated by the availability of robust, convenient methods to
quantitatively assess the efficiency of each step along the cellular entry pathway(s). At the
minimum, methods are needed to quantify total cellular uptake efficiency (i.e., the total
amount of cargo in all intracellular compartments), the cytosolic entry efficiency (defined as
the ratio of cytosolic/extracellular cargo concentration), and the endosomal escape efficiency
(i.e., the fraction of endocytosed cargo that exits the endosome/lysosome into the cytosol).
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Many different methods have already been developed to study the cellular entry of CPPs and
can be broadly classified into label-based and label-free categories (Table 1). In the
following sections, we will briefly discuss the methodologies and their advantages and
disadvantages. It is clear that further improvement of the current methods and/or
development of novel methods are highly desirable.

5.1. Confocal Microscopy

Confocal microscopy is often the first experiment of choice to assess the cellular entry
capabilities of a new CPP, because of the ease of experimental setup and its capacity to
reveal the subcellular localization of the CPP. CPPs labeled with a fluorescent dye are
incubated with primary cells, cultured cells or three-dimensional organoids followed by live-
cell microscopy. Because CPP uptake is sensitive to factors such as temperature, number of
cells, media serum content and imaging settings (e.g., laser exposure), it is of utmost
importance to keep such experimental variables constant when comparing the uptake of
different CPPs. It should be noted that fixation of cells using methanol or paraformaldehyde
prior to imaging may lead to redistribution of membrane-bound CPPs to intracellular
structures.38 Live cell confocal microscopy is therefore preferred to avoid these artifacts
arising from fixation.

One of the primary advantages of confocal microscopy is the capacity to visualize the
subcellular localization of the peptide by carrying out co-localization studies with various
organelle-specific fluorescent markers. Such studies have allowed the identification of
peptides that target specific subcellular structures, such as the mitochondria.186:349 Co-
localization with GFP-fused Rab5 (early endosome), Rab7 (late endosome), and/or Lamp1l
(lysosome) has been frequently employed to follow the intracellular trafficking of CPPs.3%0
Confocal microscopy has also been used to monitor the cellular entry of CPPs in real time,
contributing significantly to the mechanistic studies of cyclic CPPs.113.114 However,
confocal microscopy also has significant limitations. First, it is primarily a qualitative
method, although high-content epifluorescence imaging coupled with custom image analysis
algorithms has been used to semi-quantify fluorescence signals inside cells.3%3 Second, the
fluorescent tag may interact with cellular contents and alter the cellular uptake efficiency of
a CPP, either positively or negatively.351-353 Third, because fluorescent dyes are often
highly sensitive to the environment, a number of factors may render fluorescence intensity
an unreliable measure of the intracellular cargo concentration. For example, binding to
intracellular components may either enhance the fluorescence intensity or result in
fluorescence quenching.34 CPPs may undergo proteolytic degradation while outside the
cell, during endosomal/lysosomal trafficking, or inside the cytosol, leaving the cleaved
fluorescent tags in these compartments and resulting in overestimation of the CPP
concentration.

5.2. Flow Cytometry

Flow cytometry provides an efficient method to rapidly assess the cell-penetrating activity of
fluorescently labeled cyclic peptides.3%° Typically, a fluorescently-labeled cyclic peptide of
interest is incubated with ~10 x 10% primary or cultured cells for 1-4 h, and the cells are
then suspended in a proper buffer solution and analyzed by using a fluorescence-activated
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flow cytometer.3%8 Flow cytometry provides a quantitative measurement of the total
fluorescence in a cell population, is rapid, and has high throughput. By labeling peptides
with different dyes of non-overlapping spectral properties, multiple peptides may be
analyzed simultaneously and specific cells populations in a heterogeneous cell mixture may
be isolated for further analysis. Additionally, flow cytometry is relatively tolerant to the dye
properties, e.g., dyes that are not bright enough for other techniques can still be effective for
flow cytometry analysis (vide infra). A major limitation of flow cytometry is that it does not
differentiate peptides associated with the cell surface vs peptides internalized by the cells or
peptides inside the cytosol vs peptides still entrapped inside the endosomal/lysosomal
compartments. Whereas cell surface-bound peptides can be largely removed by exhaustive
washing procedures (e.g., incubation with trypsin), the latter limitation has been particularly
problematic, since conventional CPPs such as Tat and Rg are mostly entrapped inside the
endosomes and lysosomes. Additionally, because flow cytometry requires dye labeling, it
suffers from the same problem as confocal microscopy, in that the fluorescence label may
significantly perturb the cellular entry properties of the CPP. Therefore, selection of a proper
dye label should be a key consideration when using flow cytometry for assessing CPP
uptake and the use of appropriate controls is essential.

Researchers have devised a number of strategies to differentiate CPPs inside the cytosol (and
nucleus) from those entrapped inside the endosome/lysosome and quantify cytosolic
delivery efficiency of CPPs by flow cytometry. Langel and others attached a disulfide-linked
fluorescence donor-quencher pair to CPPs; upon entry into the cytoplasm, the disulfide bond
is cleaved to release the quencher, resulting in an increase in the fluorescence yield of the
donor.357 Qian et al. took advantage of the acidic pH inside the endosomes/lysosomes and
employed a pH-sensitive fluorophore, naphthofluorescein (NF), as the reporter.3%® NF has a
pKa of ~7.8 and is nearly completely protonated and non-fluorescent (when excited at =590
nm) inside the acidic endosomes/lysosomes (pH<6) but becomes highly fluorescent once
escaping into the cytosol (pH 7.4). Thus, the fluorescence intensity of NF-labeled peptides
as measured by flow cytometry reflects the amount of peptides inside the cytosol and
nucleus.

Besides specialty dyes such as NF, flow cytometry is amenable to a wide range of
commercially-available dyes excited with multiple laser lines and assays can employ
virtually any cell type, including stem and primary cells, lymphocytes, and monocytes.
358,359 Mechanistic and kinetic studies can be readily performed using flow cytometry.
Multiple investigators have evaluated cellular pathways responsible for uptake by pretreating
the cells with endocytosis inhibitors, ATP-depleting conditions, and low temperatures to
suppress active transport,200-203, 338-345

5.3. Mass Spectrometry

Burlina and colleagues employed MALDI-TOF mass spectrometry to quantify cellular
uptake of Tat, Rg, and penetratin.361 Cells were treated with biotinylated CPP, washed, and
digested with trypsin to remove membrane-associated CPPs. Immediately before lysis, a
known concentration of deuterated, biotinylated CPP was added to serve as an internal
standard for MS quantification. Cells were lysed and the lysate was incubated with
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streptavidin-coated magnetic beads to recover the peptides, which were then washed and
analyzed by MALDI-TOF. Quantification was achieved by comparing the peak intensity of
the non-deuterated peptide (sample) to that of the deuterated peptide control (internal
standard). This assay is highly reproducible; incubation of CHO cells with 7.5 pM peptide
revealed final cellular concentrations of 4.5 + 1 uM for Ry, 3.5 + 0.8 uM for penetratin, and
0.7 £ 0.2 uM for Tat. This method can also be applied to investigate intracellular peptide
degradation by identifying proteolytic fragments in the lysate.362.363

An alternative MS-based method employed inductively coupled plasma-MS and CPPs
labeled with low-abundance heteroatoms [e.g. Se in selenomethionine (MS€)].364 This
method has wide dynamic ranges and low detection limits, and replacement of a CPP
residue with MS€ should have less impact on the physiochemical properties of the CPP.
Maller et al. applied this strategy to analyze the uptake of penetratin containing a MS¢
(PenMS#), as compared to its fluorophore-labeled analog, TAMRA-Pen.365:366 \jSe yyas
incorporated during SPPS, displayed limited cytotoxicity, and was stable to the experimental
conditions. Treatment of HeLa cells with PenMSé, TAMRA-PenMS¢, and TAMRA-Pen
followed by ICP-MS or LC-fluorimetry analysis showed cellular uptake of 4%, 15%, and
18%, respectively. These results demonstrate that while the incorporation of MSe has limited
effect on uptake, the addition of TAMRA dye dramatically enhances cellular uptake
efficiency.

A label-free MS-based method was reported by Rakowska et al.367 Adherent cells (e.g.,
human dermal fibroblasts) were incubated with a CPP, washed, trypsinized, and lysed. The
lysate was fractionated by size-exclusion chromatography and then reversed-phase HPLC to
isolate the CPP. Pure fractions were spiked with a known concentration of deuterated CPP
analog and quantified using MALDI-TOF MS. They reported an intracellular concentration
of 1.8 + 0.24 uM for Tat following 3 h treatment of cells with 10 uM peptide, in reasonable
agreement with previous findings. Note that while the MS-based methods provide an
accurate measurement of the amount of CPPs internalized by cells without the interference
of a fluorescent dye, they do not differentiate cytosolic from endosomally entrapped CPPs.

5.4. Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) has emerged as a powerful technique for
directly measuring the cytosolic concentration of fluorescently labeled CPPs. Briefly, FCS
measures the fluorescence intensity in a small volume of a sample that is at equilibrium. The
observed intensity fluctuates as a function of time as fluorescent molecules diffuse into and
out of the small volume, giving rise to an autocorrelation function. This autocorrelation
function relates to the duration of intensity fluctuations and can be correlated to the sample
concentration by calculating the number of molecules that entered the viewing area.368
Weizenegger et al. employed FCS to evaluate the uptake efficiency of penetratin and an
FGF-derived membrane translocating sequence (MTS) at low nanomolar concentrations and
found that penetratin was internalized ~3-fold better than MTS.369 Schepartz and colleagues
further expanded the study to a larger set of cationic CPPs and stapled peptides.370
Incubation of HeLa cells with 500 nM rhodamine-labeled peptides resulted in intracellular
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concentrations of 350 nM for cationic miniprotein ZF5.3 (16) and 253 nM for hydrocarbon-
stapled peptide SAH-p53-8.

Rezgui et al. used a combination of FCS and flow cytometry to determine multiple
parameters related to the cellular uptake of CPPs, such as cytosolic concentration, delivery
efficiency, toxicity, internalization mechanism, and the extent of intracellular degradation.37
Cells were incubated with 1 uM fluorescently labeled CPP for 2 h at 37 °C and subjected to
fluorescence-activated cell sorting (FACS) to obtain cells that had internalized the peptide
and remained healthy. Lysates prepared from this cell population were then analyzed by FCS
to determine the internalized CPP concentration. This procedure showed an uptake
efficiency of ~5% for penetratin.

5.5. Nuclear Translocation

Kodadek and co-workers developed a high-throughput luciferase assay to measure the cell-
permeability of peptides and peptoids based on the activation of glucocorticoid receptor
(GR).372 They transfected cells with genes coding for firefly luciferase, Renillaluciferase,
and a fusion protein consisting of the DNA-binding and dimerization domains of Gal4, the
ligand binding domain of GR, and VP16 transactivation domain, Gal4-GR-VP16. In the
absence of any GR agonist, this fusion protein is tightly bound to heat shock protein 90
(Hsp90) in the cytosol through the GR ligand binding domain. Treatment with a GR agonist,
such as dexamethasone or a dexamethasone-CPP conjugate, disrupts this interaction in a
dose-dependent manner and releases the fusion protein from Hsp90, allowing it to
translocate into the nucleus. This leads to the activation of Gal4-responsive element and
expression of firefly luciferase, while Renilla luciferase serves as a transfection control.
Therefore, the firefly luciferase activity reflects the cytosolic concentration of
dexamethasone or the dexamethasone-CPP conjugate.

Kodadek and co-workers used this assay to determine cell-permeability of a library of
peptides and peptidomimetics. They first showed that conjugation with dexamethasone does
not affect the relative cell-permeability of the test compounds. They then used it to compare
the cell-permeability of a library of peptoid tetramers versus octamers, cyclic versus linear
peptides,84 and peptides versus peptoids.8® Schepartz and co-workers later made two
modifications to the Kodadek assay.3”3 In the first modification, termed “glucocorticoid-
induced eGFP induction (GIGI)”, the firefly luciferase reporter was replaced by eGFP. The
resulting eGFP fluorescence can be assessed by confocal microscopy, by flow cytometry, or
on a plate reader. In the second modification, termed “glucocorticoid-induced eGFP
translocation (GIGT)”, the Gal4 DBD-VP16 domains of the fusion protein were replaced by
eGFP and the nuclear translocation of GR-eGFP was monitored. The relative cell-
permeability of a dexamethasone-CPP conjugate is reflected by the extent of GR-eGFP
nuclear translocation, which is in turn determined by calculating the ratio of the mean GFP
signal in the nucleus to that of the surrounding cytosol. GIGT is particularly useful for
applications during which a fast readout is desired (e.g., in RNA interference screening),
which may not be possible for transcriptionally activated reporters. Compared to the original
Kodadek assay, the modified methods are less costly since they do not require the expensive
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luciferase substrate and avoid potential false positive results caused by luciferase
stabilization by allosteric inhibitors.

The above assays can be used in a high-throughput manner to screen compound libraries of
moderate size as well as evaluating poorly permeable compounds due to signal amplification
during transcription and translation. Most importantly, they provide functional assays for
cytosolic delivery efficiency. However, these assays depend on the binding affinity of the
dexamethasone-CPP conjugate to GR and conjugation with a CPP may affect
dexamethasone binding to GR. As such, these assays are well suited for comparing the
cytosolic entry efficiency of the same dexamethasone-CPP conjugate under different
conditions, but caution should be exercised when comparing the cytosolic entry efficiency of
different dexamethasone-CPP conjugates. These assays do not provide information about the
mechanism by which compounds enter the cell and cannot be adapted easily for live-cell
confocal microscopy.

5.6. Protein Complementation

Protein complementation provides a robust, convenient assay for assessing functional
delivery of cargo to the cytosol. The assay involves splitting a protein into two fragments,
neither of which is biologically active. Typically, the larger fragment is overexpressed inside
the cytosol of target cells, whereas the small fragment (usually a short peptide) is chemically
synthesized and fused to a CPP to be evaluated. Successful delivery of the CPP-peptide
fusion into the cytosol results in reassembly of the two fragments into a functional protein,
whose biological activity is readily quantified. Milech and co-workers developed a GFP-
based assay, termed the “split-complementation endosomal escape (SEE)” assay.374 It is
based on a prior observation that GFP can be split into two non-fluorescent fragments,
GFP1-10 and GFP11, which can reassemble into a functional GFP.37> A CPP of interest is
fused to GFP11 and cells overexpressing GFP1-10 are incubated with the CPP-GFP11
fusion. Successful cytosolic delivery of CPP-GFP11 leads to the reassembly of a functional
GFP, whose fluorescent signal can be quantified by flow cytometry. Dowdy and co-workers
have used this assay to screen a panel of hydrophobic peptides for their capacity to enhance
endosomal escape.36 Stone et al. developed a similar complementation assay by using
TEM-1 B-lactamase and a FRET-based substrate CCF2-AM.37® A CPP of interest is fused to
the N-terminal fragment of B-lactamase (N-BLA_SpyT) while the C-terminal fragment
(SpyC_C-BLA) is expressed inside cells. If the CPP successfully delivers the N-terminal
fragment into the cytosol, the SpyTag/SpyCatcher pair brings together the two fragments to
form a functional p-lactamase, which cleaves CCF2-AM and shifts its fluorescence from
green to blue. The dose-dependent increase in the blue signal is monitored by flow
cytometry and the extent of blue fluorescence increase reflects the relative cytosolic delivery
efficiency of the CPP.

5.7. Enzymatic Activation

The cytosolic delivery efficiency of CPPs can be assessed by conjugating the CPPs to an
enzyme substrate, which upon cytosolic entry undergoes a chemical modification by either
an endogenous enzyme or a heterologous enzyme overexpressed inside the cytosol of target
cells. Pei and co-workers labeled CPPs with phosphocoumaryl aminopropionic acid (pCAP)
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as a reporter for cytosolic and nuclear delivery.113 pCAP is non-fluorescent, but is rapidly
dephosphorylated by the endogenous protein tyrosine phosphatases in the cytosol of
mammalian cells to produce coumaryl aminopropionic acid as a fluorescent product, which
was quantified by flow cytometry. Soughayer et al. exploited the activity of endogenous
protein kinase B and Ca%*/calmodulin-activated kinase Il to measure the cytosolic delivery
of CPPs.378 Verdurmen et al. introduced a biotin ligase (BirA)-based assay to quantify the
total cellular uptake as well as the cytosolic entry efficiencies of CPPs.109 This method
exploits the capabilities of the avi tag, a 15-amino acid peptide, to act as a substrate for
prokaryotic BirA (but not the eukaryotic biotin ligase). A peptide to be evaluated for cell-
permeability was modified to contain a C-terminal avi tag and HA tag. Successful delivery
of the avi tag into the cytosol rendered the peptide a substrate of BirA, which had been
overexpressed inside the cells. The cell lysate containing biotinylated CPP construct was
next subjected to western blotting with streptavidin and anti-HA antibody, the signals of
which represent the cytosolic and total cellular uptake efficiencies, respectively. Similarly,
Chao and Raines devised a fluorescence turn-on assay by employing an enzyme-substrate
pair orthogonal to human cells.3” They expressed £. coli B-p-galactosidase in the cytosol of
HeLa cells and used CPPs labeled with fluorescein di-p-p-galactopyranoside (FDG) as
substrate. Successful delivery of FDG into the cytosol results in its hydrolysis by the
expressed B-p-galactosidase and activation of fluorescein fluorescence. Wender and co-
workers developed a luciferin-release assay using a novel releasable disulfide-carbonate
linker system to tether the transporter peptide and luciferin (reporter cargo).380 Their design
allows for the release of active luciferin in the reducing environment of the cytosol as a
measure of peptide uptake and cargo release. Using cells transfected with luciferase, they
implemented a real time assay to monitor luciferase signal that can possibly be used in
transgenic mice to monitor drug uptake. Wadia et al. used a Cre recombinase-based assay
and a /oxP-STOP-/oxP eGFP reporter to evaluate the internalization efficiency of Tat under a
range of conditions.133

Kritzer and colleagues recently developed a quantitative, high-throughput HaloTag-based
assay to assess cytosolic delivery efficiency, termed the “chloroalkane penetration assay
(CAPA)”.319 HaloTags are modified bacterial haloalkane dehalogenases which can be stably
expressed in mammalian cells and react irreversibly with halogenated substrates.381 In
essence, CAPA is a “pulse-chase” assay, where HaloTag-expressing cells are incubated
(“pulsed™) with chloroalkane-bearing CPPs, followed by incubation with a cell-permeable
chloroalkane-containing dye (“chase”). Alkylation of HaloTag by CPPs that reach the
cytosol prevents it from reacting with the dye, which is normalized and quantified as a dose-
dependent reduction in fluorescent intensity. Differential cellular expression of HaloTags
conjugated with mitochondrial- or nuclear-targeting sequences enables exclusive
quantification of cytosolic or nuclear delivery. While the chloroalkane tag has relatively
small effect on the physiochemical properties of a CPP, it was found that the linker between
the CPP and HaloTag can have a profound effect on the as measured cytosolic entry
efficiency. CAPA represents a functional assay for cytosolic delivery, is high throughput, and
requires low sample volumes, making it an attractive option for cyclic CPP profiling. CAPA
has been employed to compare the cellular uptake of linear peptoids and their cyclic
counterparts,382 as well as for thioether-stapled autophagy-inducing peptides.31°
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5.8. mRNA Splicing

Wolfe and co-workers reported an exon-skipping assay to assess the uptake of antisense
oligonucleotides.?88 They used HeLa-654 cells stably transfected with a split eGFP
construct containing a mutant intron responsible for the expression of a truncated, non-
fluorescent eGFP. In the presence of cell-permeable phosphorodiamidate morpholino
oligonucleotide (PMO) 1VS2-654, which binds to the mutant intron, alternative splicing
occurs resulting in the production of a functional (fluorescent) eGFP. The resulting eGFP
signal was quantified by flow cytometry. The investigators used this assay to compare the
cell-permeability of several CPP-PMO conjugates.

5.9. Radiolabeling

Radiolabeling is a relatively common biochemical technique and has been successfully
applied to explore intracellular concentrations across a range of different moieties. For
CPPs, Gammon et al. used a radioactivity-based assay to quantify the absolute intracellular
concentration in cells free from the interference of fluorescent tags.382 They synthesized
[9°™Tc] labeled peptides and measured the gamma activity of cell extracts to determine the
concentration of intracellular CPP. The specific activity of the extracellular solution was also
measured to normalize extracellular concentration of the [Tc]peptide to cell-associated
activity. This assay allowed them to quantify the total cellular uptake of different peptides,
but it did not distinguish cytosolic from endosomal peptides. This drawback was addressed
by Zaro and Shen, who employed a similar radionuclide-based assay with 125]-labelled
oligopeptides but conducted subcellular fractionation to separate peptides inside the cytosol
from those located in intracellular vesicles.384 They also excluded membrane-bound CPPs
by carrying out trypsin digest and heparin washes prior to fractionation and radioactivity
measurement. However, radioactivity-based assays have yet to be used for CPPs conjugated
with cargos and operational concerns with the use of radioactive isotopes may render them
undesirable to some investigators.

5.10. Other Methods

Pellois and co-workers employed a FRET assay to study the CPP-assisted transduction of
proteins.38 They labeled a CPP with fluorescein (donor) and conjugated the peptide to
mCherry (quencher) via a disulfide linkage. CPPs localized in the extracellular space or
endosomes emitted red mCherry fluorescence. After cytosolic entry, the disulfide is reduced
and the CPP produced the green fluorescence of fluorescein. The investigators used confocal
microscopy to quantify donor and FRET activation to study Tat-mediated protein delivery.
Tsien and co-workers used FRET to study the cytosolic entry of oligoarginine CPPs by
exploiting the highly specific interaction between FIAsH, a fluorescein biarsenical, and a
tetracysteine-containing peptide.386:387 They expressed a tetracysteine-containing cyan
fluorescent protein (CFP) in the cytosol of HeLa cells and incubated the cells with
oligoarginine-FIAsH conjugates. Delivery of the peptide conjugates to the cytosol results in
FRET-mediated quenching of the CFP signal. Jobin and Alves carried out label-free
quantification of Trp-containing CPPs by measuring the intrinsic fluorescence of tryptophan.
388 Aroui et al. evaluated the cellular entry of CPPs by conjugating them to doxorubicin and
monitoring apoptotic cell death induced by doxorubicin.389
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5.11. Methods for Determining Passive Permeability

To evaluate the /n vitro permeability of peptides, two assays have been commonly used -
parallel artificial membrane permeability assay (PAMPA) and Caco-2 cell-permeability.
PAMPA is a cell-free assay that measures the passive permeability of peptides (and other
drugs) across an artificial membrane composed of a lipid membrane and a porous
hydrophobic support.3%0 Permeability coefficients can be determined in a high-throughput
manner, as the assay depends on LC-MS (liquid chromatography-mass spectrometry) or UV
detection of the peptides. Lokey et al. recently used this assay to study the effect of
conformation on membrane permeability for 39 cyclic peptide natural products.? Yudin et
al. also used PAMPA to study the structure-permeability relationship of cyclic peptides with
exocyclic amide bonds.89 Morimoto et al. introduced a novel fluorogenic Click label in
order to improve peptide detection and tested their modified PAMPA assay with cyclic
peptide derivatives.391

Caco-2 cell monolayers (a human colon epithelial cancer cell line) have been used as a
model system to examine the absorption of peptides across the human intestinal epithelium.
392 The flux of peptides across the monolayer is measured in order to calculate their
permeability coefficients. Radiolabeled peptides were used in the original Caco-2 monolayer
assays, while recent studies employ LC-MS, UV or fluorescence readouts. This assy has
been used to study the mechanism of CPP uptake.393 Kessler et al. also used this assay to
show that enantiomeric cyclic peptide pairs have different permeability coefficients.102

6. SUMMARY AND OUTLOOK

6.1. Summary

Since the beginning of this millennium, several major breakthroughs have been made in both
peptide science and technology. The development of several powerful combinatorial library
technologies has enabled the rapid discovery of potent, specific, and in many cases
metabolically stable cyclic peptide ligands against essentially any protein target. The
discovery of highly active CPPs (including cyclic CPPs and non-peptidic CPMs) allows
these cyclic peptide ligands to be effectively delivered into the cell interior to engage
intracellular targets. Great strides have also been made in elucidating the molecular
mechanisms by which cyclic peptides enter the cell and the structural features conducive to
cellular entry by different mechanisms. Cyclic peptides may enter the mammalian cell
cytosol by at least four different mechanisms (Figure 22). Cyclic peptides that enter cells by
passive diffusion across the plasma membrane tend to be relatively small (<10 aa), contain
predominantly hydrophobic side chains, and possess structural features that effectively
reduce the number of exposed HBDs and HBAs when inside hydrophobic environments
(e.g., M™*-methylation, formation of intramolecular hydrogen bonds, and/or steric occlusion
of polar groups). To enter cells effectively by endocytic uptake and endosomal escape, a
cyclic peptide should have a small ring size (<9 aa) and contain 3 or 4 arginine residues and
at least one but preferably two hydrophobic residues (especially aromatic hydrophaobic
residues such as Nal and Phe). The constrained amphipathic structures bind effectively to the
plasma and endosomal membranes, enhancing the endocytic uptake and endosomal escape
efficiencies, respectively. At high concentrations, these amphipathic cyclic peptides can also
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directly translocate across the plasma membrane, although the molecular mechanism(s) of
direct translocation remains to be elucidated. Still other cyclic peptides have been
demonstrated to enter the cell via active transport, by binding nonspecifically to and acting
as substrates of cell-surface protein transporters (e.g., OATP). Finally, innovative assay
methods capable of quantitatively assessing the individual steps of cellular entry (i.e., total
cellular uptake, endosomal escape efficiency, and cytosolic delivery efficiency) have begun
to emerge. These scientific and technical advancements have now made it possible to
rationally design cell-permeable, biologically active cyclic peptides that efficiently enter the
cell by either passive diffusion or endocytic mechanisms and engage specific intracellular
targets (e.g., PPIs). This has in turn rendered cyclic peptides an exciting drug modality,
which may provide the ultimate solution to the “undruggable” intracellular PPI targets.

6.2. Outlook

We expect a potentially explosive growth in cyclic peptide-related research and development
during the coming decades, in both academia and industry. All of the major obstacles that
confronted peptide drugs in the past — proteolytic liability, impermeability, and
inaccessibility (in the case of cyclic peptides) have now been largely removed. Properly
designed cyclic peptides (e.g., by incorporation of b-amino acids) and in our hands, most of
the bicyclic peptides, are highly stable against proteolytic degradation. There are now
numerous examples of synthetic cyclic and bicyclic peptides that bind to intended protein
targets with antibody-like affinity and specificity.5-8 In this review, we show that cyclic
peptides can now be engineered to be cell-permeable by passive diffusion or endocytic
mechanisms. Therefore, the time seems to be ripe for a major effort in developing cyclic
peptide-based therapeutics as well as for other applications (e.g., as targeting and imaging
agents). In our opinion, the greatest potential of cyclic peptides lies in their capacity to target
intracellular proteins that are currently undruggable by small molecules or monoclonal
antibodies. A second area of opportunity is orally bioavailable cyclic peptides, which would
have significant advantage over the current biologics with respect to convenience and patient
compliance. A large number of predominantly hydrophobic cyclic peptides have already
demonstrated good and even excellent oral bioavailability. Cyclic CPPs have also been
shown to be orally bioavailable.11# A particularly exciting prospect is the possibility that
conjugation to an orally bioavailable cyclic CPP may render an otherwise membrane-
impermeable cargo molecule orally active. Finally, a third area of opportunity is intracellular
biologics, i.e., the use of cyclic CPPs to deliver proteins (e.g., antibodies), peptides of
various kinds, nucleic acids (e.g., SiRNA), and protein-nucleic acid complexes (e.g.,
CRISPR/Cas9) into the cell. The capacity of cyclic CPPs to effectively deliver a wide range
of biologically active cargos into the cell should also open up numerous opportunities in
biomedical research.
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ABBREVIATIONS
aa amino acid
AgRP agouti-related protein
BBB blood brain barrier
BH3 B-cell lymphoma-2 homology domain 3
Crmax maximum serum concentration
CAPA chloroalkane penetration assay
CAL CFTR-associated ligand
CFP cyan fluorescent protein
CHO Chinese hamster ovary
CL clearance
CPP cell-penetrating peptide
CPM cell-penetrating motif
CPT cyclopropane tether
CsA cyclosporine A
CTGF connective tissue growth factor
CXCR CXC chemokine receptor
Dap 2,3-diaminopropionic acid
dfTat dimeric fluorescent Tat
DOCK?2 dedicator of cytokinesis 2
DOS diversity-oriented synthesis
Dox doxorubicin
DPMC 1,2-dimyristoyl-sn-glycero-3- phosphocholine
DTS DNA-templated synthesis
EAE experimental autoimmune encephalomyelitis
EGF epidermal growth factor
eGFP enhanced green fluorescent protein
EIPA 5-(N-ethyl-N-isopropyl) amiloride
EphA2 ephrin type-A receptor 2
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ER

EZH2-EED

F2Pmp
FACS
FAM
FCS
FDG
FITC
FRET
GAG
GFP
GIGI
GIGT
GPMV
GR
GUV
HA
HBA
HBD
HDAC
HIF
HIV
hLF
HPLC
HS
Hsp90
IC-ERT

ICP-MS

estrogen receptor

enhancer of zeste homolog 2 - embryonic ectoderm
development complex

(phosphonodifluoromethyl)phenylalanine
fluorescence-activated cell sorting
fluorescein amidite

fluorescence correlation spectroscopy
fluorescein di-p-p-galactopyranoside
fluorescein isothiocyanate

Forster resonance energy transfer
glycosaminoglycans

green fluorescent protein
glucocorticoid-induced eGFP induction
glucocorticoid-induced eGFP translocation
giant plasma membrane vesicle
glucocorticoid receptor

giant unilamellar vesicle

human influenza hemagglutinin (tag)
hydrogen bond acceptor

hydrogen bond donor

histone deacetylase

hypoxia inducible factor

human immunodeficiency virus

human lactoferrin

high performance liquid chromatography
heparan sulfate

heat shock protein 90

intracellular enzyme replacement therapy

inductively coupled plasma - mass spectrometry
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IKK
IL6
Lamp 1
LanCL1
LPCM
LPS
MALDI-TOF
MBCD
Mcl-1
MCoTI-I, -11
MDM2
MTS
MW
Nal/®
NEMO
NF

NZ
OATP
OBOC
OBTC
PAMPA
pCAP
PET

Pip

PK

PMI
PMO
PPI

PSA
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IxB kinase

interleukin-6

lysosome-associated membrane protein 1
lanthionine synthetase component C-like protein 1
lipophilic prodrug charge masking
lipopolysaccharide

matrix assisted laser desorption/ionization — time of flight
methyl-B-cyclodextrin

myeloid cell leukemia-1

Momordica cochinchinensis trypsin inhibitor | and 11
mouse double minute 2 homolog

membrane translocating sequence

molecular weight

L-2-naphthylalanine

NF-xB essential modulator

naphthofluorescein

nucleation zone

organic anion transporting polypeptide
one-bead-one-compound
one-bead-two-compound

parallel artificial membrane permeability assay
phosphocoumaryl aminopropionic acid

positron emission tomography
L-piperidine-2-carboxylic acid

pharmacokinetics

p53-Mdm2/MdmX inhibitor

phosphorodiamidate morpholino oligonucleotide
protein-protein interaction

polar surface area
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PTP-1B
pY
RaPID

RiPP

Ro5

SAR
SLCO2B1
SEE

SEM
SFTI-1
SICLOPPS
SLC
SLCO
SPPS

SR

SUV

Tmax

TAR

Tat

TCF

TEM

TMR (TAMRA)

TNFa

TPSA

ZF

protein tyrosine phosphatase 1B
phosphotyrosine

Random non-standard Peptides Integrated Discovery

Ribosomally synthesized and Post-translationally modified

Peptides

Rule of Five

structure activity relationship

solute carrier organic anion transporter
split-complementation endosomal escape
scanning electron microscopy
sunflower trypsin inhibitor 1

split intein circular ligation of peptides and proteins
solute carrier

solute carrier organic anion
solid-phase peptide synthesis
scavenger receptor

small unilamellar vesicle

time to maximum concentration
transactivation response element
transactivator of transcription

T-cell factor

transmission electron microscopy
tetramethylrhodamine

tumor necrosis factor-a

total polar surface area

zinc finger

free energy of desolvation

half-time

effective concentration 50
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ICxp inhibitory concentration 50

Kp dissociation constant

k¢ membrane-water partition coefficient
LDsg lethal dose 50

LogP octanol-water partition coefficient
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Publications in the cyclic peptide field by year (left Y-axis) and cumulative total (right Y-

axis).
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Figure 2.

Examples of cyclic peptides that enter cells by passive diffusion.
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Figure 3.
Examples of A®-methylated cyclic peptides, with A®-methylated positions highlighted in
red.
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Extracellular (High €) Intramembrane (Low g) Intracellular (High &)

Figure 4.
Dynamic conformations of CsA when transitioning between high and low e environments.

CsA exists in an open comformation inside the aqueous extra- and intracellular
environments, but adopts a closed conformation containing three intramolecular hydrogen
bonds upon entering the lipid bilayer. Nitrogen atoms are shown in blue color, oxygen atoms
in red, and hydrogen bonds shown as dotted lines.
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Sanguinamide A (7) Danamide D (8)

Figure 5.
Steric occlusion of backbone amides in sanguinamide A and danamide D, represented as

solvent-accessible surface colored in tan. Solvent-accessible amide bonds are colored in blue
and the occluding side-chain is colored in red.

Chem Rev. Author manuscript; available in PMC 2020 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dougherty et al.

OH =
HO__/ - I
A
o0 [ T
A &
20 O)\N (o]
HN H
\‘?—'0 HN NH
H "\NH :\(\/'\ N
HNY " \.J H HN"Sg 2 :
o N
HoN o
Y
| HaN
~ PI‘JH
HzN '&NH

CPP12 (12)

| ¥
NH NH;,
H-‘,NANH
CPP1 (10)
NH
N—‘( \I
HN 0 HN
H f/\v\\’[:”

N/‘-\ NH HN
)Y-\/\/NHZ

Hl

MCoTI-Il (15)

Figure 6.

Hi

NA‘::

7*} -~ q o~

cyclo-Tat (13)

Page 82
0
H3N~<
HN o P A
Hzn)l-"\'\"i_/...,?_w HN %
NH HN
O:q/ 7’\@@
I/\/‘b:H i HN" g e
NH AN
B sy
HN™ “NHp ( HN\FNH
NH NH,
HZN’L"NH
CPP9 (11)
HN.__NH,
T,
( &
~ o \ itk

Sl
i S -NH NH
— ,-E NH

H;N

cyclo(R,W,) (14)

S

ZF5.3 (16)

Cyclic cell-penetrating peptides. Disulfide bonds in MCoTI-I1 (15) are shown in yellow,
while the grafted arginines in ZF5.3 (16) are highlighted in pink. ZF5.3, although not a
cyclic peptide, is included here because it shares the structural constraints and high cellular
entry efficiency of cyclic CPPs.
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Figure 7.
Time-lapse confocal microscopic images of HelLa cells upon treatment with 3 uM CPP9FITC

(11) for 0 (A), 30 (B), 60 (C), or 120 min (D) at 37 °C. Reproduced from ref 114. Copyright
2019 American Chemical Society.
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Figure 8.

Proposed mechanisms of endosomal escape. (A) Proton sponge effect and osmotic lysis of
the endosome/lysosome. (B) Membrane fusion mechanism for liposome-based delivery
systems. (C) Barrel-stave pore formation. (D) Toroidal pore formation. (E) Membrane
destabilization mechanism for polymer-based delivery systems; and (F) Vesicle budding and
collapse mechanism.
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Figure 9.
Structures of dfTat (17) and non-peptidic CPM3 (18).
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Effect of negative Gaussian curvature at the budding neck on endosomal escape efficiency.
(A) Selective binding of CPPs (indicated by small red cricles) to the saddle-shaped
membrane surface at the budding neck and the associated negative Gaussian curvature (as
shown, positive and negative curvatures in the vertical and horizontal directions,
respectively, on the intraluminal leaflet). (B) Energy diagrams for the vesicle budding event
in the absence and presence of CPP. (C) Scheme showing the induction of positive
membrane curvature by insertion of hydrophobic groups in between phospholipids, whereas
hydrogen bonding interactions between a guanidinium group of a CPP and two adjacent
lipid molecules generate negative curvature by bringing the lipid head groups together.

!
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Figure 11.
Cellular entry of CPPs by direct translocation. (A) Scheme showing the formation of

nucleation zones on the plasma membrane of a cell, followed by direct translocation across
the membrane. (B) Confocal microscopic images of Hela cells upon treatment with 25 pM
FITC-labeled cyclic CPP12 for 0, 5, and 10 min. CPP12 forms nucleation zones (bright
fluorescent spots) on the cell surface prior to direct translocation.
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Figure 12.
Examples of cyclic peptides that likely enter cells by active transport.
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Figure 13.
Examples of cell-permeable cyclic peptide natural products that have been subjected to

analog synthesis, with structural modifications highlighted in red.
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Figure 14.
Examples of synthetic, membrane-permeable cyclic peptides by the formation of

intramolecular hydrogen bonds (highlighted in red).
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Examples of synthetic, membrane-permeable cyclic peptidomimetics.
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Figure 16.
Different cargo delivery modes of cyclic CPPs. (A) Cargo conjugation to a cyclic CPP using

the exocyclic strategy. (B) Incorporation of a cell-penetrating motif into a macrocycle for
endocyclic delivery. (C) Incorproation of a second transport ring using the bicyclic delivery
strategy. (D) Reversible cyclization of CPP-cargo fusion peptides into mono- or bicyclic
peptides via disulfide bonds.
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Figure 17.
Examples of exocyclic CPP-cargo conjugates.
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Examples of endocyclic CPP-cargo conjugates.
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Figure 19.
Examples of bicyclic CPP-cargo conjugates.
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Figure 20.
Reversibly cyclized bicyclic CPP-cargo conjugates.
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Figure 21.
Examples of stapled peptides.
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Figure 22.
Overview of pathways utilized by cyclic CPPs to enter the cell. Left, some hydrophobic

cyclic peptides have demonstrated ability to cross the plasma membrane by passive
diffusion. Middle, other peptides can directly cross the plasma membrane by yet poorly
defined mechanisms. A number of putative mechanisms including pore formation, carpet
model, and inverted micelle have been put forward in the literature. Right, cyclic peptides
are brough into the early endosome by various endocytic and pinocytic mechanisms and
some of them efficiently escape the endosomal/lysosomal pathway into the cytosol.
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Table 1.

Methods for evaluating the cellular permeabilty of cyclic CPPs.
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Method

Label Probe

Readout

Section Reference

Confocal microscopy
Flow cytometry
Mass spectrometry

Fluorescence correlation
spectroscopy (FCS)

FACS-FCS

Glucocorticoid receptor-based
assays

Protein complementation assay

B-lactamase complementation
assay

Enzymatic dephosphorylation

Kinase activity

Biotin ligase

B-galactosidase

Luciferin release

Chloroalkane penetration assay
(CAPA)

mRNA splicing assay
Radioactivity
FRET

Intrinsic fluorescence

Apoptosis
PAMPA & Caco-2

Fluorophore
Fluorophore
Biotin, heteroatom, or no label

Fluorophore

Fluorophore

Dexamethasone

Split GFP fragment

N-terminal fragment of p-
lactamase

pCAP

Peptide-based substrates for
respective kinase

Avi tag. HA tag

Fluorescein di-p-D-
galactopyranoside

Luciferin

Chloroalkane

Oligonucleotide
Radionuclide
Fluorophore

None (for tryptophan-containing
peptides)

Doxorubicin

None

Fluorescence from labeled peptide
Fluorescence from labeled peptide
Mass Spectrometry

Fluorescence from labeled peptide

Fluorescence from labeled peptide

Luminescence from transcriptionally-
controlled reporter or fluorescence from GFP

Fluorescence after complementation of split
protein fragments

Shift in fluorescence from green to blue

Fluorescence from dephosphorylatedpCAP

Phosphorylated substrate peptide concentration

Western blot of biotinylated peptide

Fluorescence from unmasked fluorescein

Luminescence

Fluorescence from dye-labeled chloroalkane

Fluorescence from GFP
Radioactivity
Fluorescence

Fluorescence

Cell viability
LC MS identification

5.1/ [114]
5.2/[355]
5.3/[361,364,367]
5.4/[369,370]

5.4/[371]
5.5/[372,373]

5.6/[374,376]

5.6/[376]

5.7/[113]
5.7/[378]

5.7/[109]
5.7/[379]

5.7/[380]
5.7/[319]

5.8/[288]
5.9/[383,384]
5.10/[385,386]
5.10/[388]

5.10/[389]
5.11/[92,391]
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