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ABSTRACT: Cyclic peptides have great potential as therapeu-
tic agents and research tools. However, their applications against
intracellular targets have been limited, because cyclic peptides
are generally impermeable to the cell membrane. It was
previously shown that fusion of cyclic peptides with a cyclic
cell-penetrating peptide resulted in cell-permeable bicyclic
peptides that are proteolytically stable and biologically active
in cellular assays. In this work, we tested the generality of the
bicyclic approach by synthesizing a combinatorial library of 5.7
X 10° bicyclic peptides featuring a degenerate sequence in the
first ring and an invariant cell-penetrating peptide in the second
ring. Screening of the library against oncoprotein K-Ras G12V
followed by hit optimization produced a moderately potent and

cell-permeable K-Ras inhibitor, which physically blocks the Ras-effector interactions in vitro, inhibits the signaling events
downstream of Ras in cancer cells, and induces apoptosis of the cancer cells. Our approach should be generally applicable to
developing cell-permeable bicyclic peptide inhibitors against other intracellular proteins.
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Bl INTRODUCTION

It is estimated that as much as 80% of all disease-relevant
human proteins are beyond the reach of the two established
classes of drugs, i.e., small-molecule and protein therapeutics.'
Protein—protein interactions (PPIs), especially those that take
place intracellularly, are the most notable examples of this
“undruggable” class of targets.” Because PPIs typically involve
large, flat binding sites, small molecules generally do not bind
to the PPI interfaces with high affinity or specificity. While
monoclonal antibodies can effectively block these PPIs, they are
impermeable to the cell membrane. In recent years, there has
been growing interest in developing structurally constrained
peptides (e.g., cyclic and stapled peptides) as PPI inhibitors.”*
Unfortunately, cyclic peptides, like the proteins they are
intended to mimic, are also generally impermeable to the cell
membrane.

We recently discovered a small cyclic peptide, cyclo-
(FORRRRQ) (cF®R,, where ® is L-2-naphthylalanine), as a
powerful cell-penetrating peptide (CPP).”~" Mechanistic
studies suggest that it binds directly to the phospholipids of
the plasma membrane and is internalized by endocytosis.”
Unlike most of the previously reported CPPs (e.g, Tat,
penetratin, and nonaarginine), cF®R, has the unusual ability to
efficiently escape from the early endosome, giving rise to a
cytosolic/nuclear delivery efficiency approximately an order of
magnitude higher than that of the conventional CPPs.”’
Moreover, a number of biologically active cyclic peptides of
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varying sequences were effectively delivered into the cytosol of
mammalian cells when fused with ¢cFOR, to form bicyclic
peptides (bicyclic delivery).””” The resulting bicyclic peptides
were highly resistant to proteolysis and specifically inhibited the
intended intracellular proteins in cultured mammalian cells.
Encouraged by these results, we hypothesized that the bicyclic
approach might provide a general solution for delivering
biologically active cyclic peptides into mammalian cells. To test
this hypothesis, we decided to generate a combinatorial library
of bicyclic peptides, which contain the FOR, motif in the first
ring for cell entry and a degenerate peptide sequence in the
second ring, to be screened for binding to a target protein of
interest. We expected most (if not all) of the library members
to be cell-permeable.

We chose one of the most challenging drug targets, the
oncoprotein K-Ras, to test our method. K-Ras is a small
GTPase that acts as a molecular switch during eukaryotic cell
signaling.lo In normal cells, K-Ras shuttles between an inactive
GDP-bound state and an active GTP-bound state, a process
regulated by guanosine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs). The Ras-GTP form
physically interacts with and activates a multitude of effector
proteins including kinases Raf and PI3K, ultimately leading to
cell proliferation and survival. In cancer cells, K-Ras (also H-
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Figure 1. Flowchart showing the steps involved in the development of Ras inhibitors, which included design, synthesis, and screening of a bicyclic
peptide library on spatially segregated TentaGel beads followed by hit optimization through medicinal chemistry approaches. CPP, FORRRR, or
RRRROF. The amino acid residues in peptides 20, 49, and 54 are indicated by numbers in blue (1—16).

and N-Ras) is frequently mutated at codon 12 (e.g,, G12V), 13,
or 61; mutations at these positions abolish GAP-mediated GTP
hydrolysis, rendering the mutant Ras constitutively active and
causing uncontrolled cell growth. With mutations found in
~30% of human cancers, = Ras is an attractive target for
anticancer drug discovery. However, as a protein engaged in
intracellular PPIs, Ras has been a very challenging target,
described by some investigators as the “Holy Grail” or “Everest”
of oncology targets.'>"* Despite decades of intense efforts, no
Ras inhibitor has advanced into the clinic. Only over the past
few years have small-molecule and peptide inhibitors against
Ras emerged.'*™'® Most of the reported Ras inhibitors target
the membrane anchorin§g of Ras'*™"” or the nucleotide
exchange activity of Ras,'"*™*> while only a few interfere with
the Ras-effector interactions.””**™>° In this work, screening of
the bicyclic peptide library against the G12V mutant K-Ras and
hit optimization resulted in a cell-permeable K-Ras inhibitor
that physically blocks the Ras-effector interactions. Importantly,
all of the bicyclic peptides tested in this study were cell
permeable, strongly suggesting that incorporation of the FOR,
motif into one of the rings represents a general approach to the
development of cell-permeable bicyclic peptide inhibitors
against intracellular proteins.

B RESULTS

Bicyclic Peptide Library Design. To obtain cell-
permeable Ras inhibitors, we designed a bicyclic peptide
library’" featuring five degenerate residues (X;) in the first ring
(A ring) and a CPP motif in two orientations (FOR, or R,®F)
in the second ring (B ring): bicyclo[Tm-X;-K-(CPP)-J]-BBM-
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resin, where B is f-alanine, ] is 1-2,3-diaminopropionic acid
(Dap), and Tm is trimesoyl group (Figure 1). Each degenerate
position (X'—X®) was constructed with a 26-amino acid set that
included 10 proteinogenic L-amino acids (Ala, Asp, Gly, His,
Ile, Gln, Arg, Ser, Trp, and Tyr), six unnatural L-amino acids [L-
2-aminobutyric acid (Abu), i-norleucine (Nle), r-2-phenyl-
glycine (Phg), L-4-fluorophenylalanine (Fpa), L-ornithine
(Orn), and r-propargylglycine (Pra)], and 10 a-p-amino acids
[ala, glu, phe, lys, leu, asn, pro, thr, naphthylalanine (nal), and
val]. To increase the stringency of library screening, the Pra
content on each bead was reduced 10-fold by using a 1:9 (mol/
mol) mixture of Fmoc-Pra-OH and Fmoc-Lys(Ac)-OH during
the coupling reaction for Pra.”” Finally, to increase the binding
affinity of the library compounds to K-Ras, we converted 4,6-
dichloro-2-methyl-3-aminoethylindole (DCAI), a small mole-
cule that binds K-Ras near the effector-binding site (Kp ~ 1.1
mM),"” into the corresponding azide and coupled it to the Pra
residues through click chemistry.””** The library (theoretical
diversity 2.4 X 107) was synthesized on 2.0 g of 90-um spatially
segregated TentaGel resin (~5.7 X 10° beads),*® with each
bead displaying a unique bicyclic peptide on its surface and a
linear peptide of the same sequence inside the bead as an
encoding tag. The detailed procedure of library synthesis is
described in the Experimental Section and Scheme S1 of
Supporting Information.

Library Screening. The bicyclic peptide library was
screened against a biotinylated K-Ras G12V using an on-bead
enzyme-linked assay. Binding of K-Ras to positive beads
recruited a streptavidin-alkaline phosphatase conjugate (SA-
AP) to the bead surface. Subsequent incubation in a solution of
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S-bromo-4-chloro-3-indolyl phosphate (BCIP) produced a
turquoise color on the positive beads. Screening a portion of
the bicyclic peptide library (100 mg, ~300000 beads)
produced 21 intensely colored beads, which were isolated
manually with a micropipet under a dissecting microscope and
individually sequenced by the partial Edman degradation-mass
spectrometry (PED-MS) method’” to give 13 complete
sequences (Table 1). With the exception of hit S (which has

Table 1. Hit Sequences from Peptide Library Screening”

hit x! x2 x? x* x°
1 Arg phe Z Z phe
2" Arg Asp Phg Z asn
3 Z Z pro Gly Ala
4 Z Z Ala Ser Ala
5 Z Z leu pro thr
6" Phg Arg asn Z Ile
7 Z thr glu Ala asn
8 Z nal val Gly Gln
9 Z Phg Ser Z zZ
10 Z Phg Nle Ser Z
11 Z Ser Nle VA Gly
12° zZ Ser Phg Z zZ
13° Z Arg val Asp Ala

7, 1:9 mixture of Pra and Lys(Ac). "Hits selected for resynthesis and
solution-phase binding analysis.

R,DF as the CPP motif), all of the other peptides (12
sequences) contained FDR, in the B ring, suggesting that the
CPP motif may also interact with the Ras protein surface. Hits
2, 6 (Figure 1), and 13, which each contain a single Pra/
Lys(Ac) residue, were resynthesized with a Pra residue,
derivatized with DCAI, and labeled with fluorescein isothio-
cyanate (FITC) at a C-terminal lysine side chain. Hit 12, which
has three Pra/Lys(Ac) residues, was resynthesized with a Pra-
DCAI at the first position [based on the fact that most of the
hits contained a Pra/Lys(Ac) at this position] and Lys(Ac) at
the other two positions. In-solution binding analysis by
fluorescence anisotropy (FA) revealed that hits 6, 12, and 13
bind to K-Ras G12V with apparent K, values of 5.1, 20, and 9.0
UM, respectively, whereas hit 2 has no significant binding
(Table 2). As expected, all four hit peptides are cell permeable,
having cellular uptake efficiencies 25—56% that of cF®R,
(Figure S1). The lower uptake efficiency of the bicyclic
peptides (relative to cFDR,) is likely due to their larger CPP
ring size (equivalent to a cycloundecapeptide) and poorer
binding to membrane phospholipids during endocytosis.”

Hit Optimization. Owing to its relatively high potency, hit
6 was selected for optimization. We first tested whether the size
of the A ring could be expanded to generate additional sites for
structural diversification. Although insertion of a single Ala
either before or after the Phg-Arg-asn-Pra-Ile motif had
minimal effect, simultaneous addition of two Ala residues N-
terminal and one Ala C-terminal to the pentapeptide increased
the binding affinity by ~S-fold (Table 2, Kp,,, = 1.2 uM for
peptide 17). Next, the three Ala residues were replaced with the
25 amino acids described above (except for Pra) to generate a
second-generation library, bicyclo[Tm(X-X-Phg-Arg-asn-Pra-
Ile-X)-K-(FORRRR)-J]-BBM-resin (where X represents ran-
dom positions). Screening of the focused library against K-Ras
G12V did not identify any inhibitor of improved potency
(Table 2, peptides 18—30). The experiment did, however,
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provide some useful insights; e.g,, a D-leucine, which should
improve the proteolytic stability of the peptide, is tolerated at
position 2 and an Asp, which improves the aqueous solubility, is
accommodated at position 8 (Figure 1 and Table 2, peptide
20). Alanine-scan analysis (replacement of each residue with
Ala or p-Ala) revealed that Phg3, Arg4, and asn® are critical for
binding to K-Ras, as substitution of any these residues reduced
the K-Ras binding affinity by >3-fold (Table 2, peptides 31—
34). Thus, these residues were replaced with structurally similar
amino acids to identify the most optimal side chain at each
position. While most of the substitutions either had no effect or
decreased the affinity, replacement of Phg® with Phe or Tyr
resulted in modest increase in binding affinity (Table 2, Kpapp
of 0.80 and 0.66 uM for peptides 39 and 46). In particular,
replacement of Phg’ in peptide 20 with Phe produced peptide
49 (Figure 1), which is the most potent K-Ras inhibitor of this
series (KDapp = 021 uM). We also replaced the CPP motif
(F®R,) with other Arg-rich sequences to test whether the CPP
ring contributes to K-Ras binding. All of the substitutions
resulted in either a loss or significant decrease of K-Ras binding
affinity (Table 2, peptides 50—53), strongly suggesting that the
CPP ring participates in K-Ras binding. This is not surprising,
as the effector-binding site of K-Ras is highly negatively
charged®® and many of the previously discovered cyclic geptide
Ras inhibitors contained multiple arginine residues.”* " As a
control, we also synthesized peptide 54, which lacks the DCAI
moiety but is otherwise identical to peptide 49 (Figure 1).
Peptide 54 bound to K-Ras G12V with ~80-fold lower affinity
than peptide 49 (Kp,,, = 17 uM; Figure S2).

Biochemical Characterization of Peptide 49. During
the initial characterization of the hits and hit optimization, the
binding experiments were performed with recombinant K-Ras
G12V as purified from Escherichia coli. Because the recombinant
protein contained a mixture of GTP- and GDP-bound forms
(Ras-GTP and Ras-GDP, respectively), the values reported in
Table 2 represent apparent dissociation constants (KDaPp). To
determine the actual K values and whether inhibitor 49 is
selective for Ras-GTP, we prepared K-Ras GI2V specifically
loaded with GDP or GPPNP (a nonhydrolyzable GTP analog).
Peptide 49 bound Ras-GDP and Ras-GPPNP with Ky, values of
0.37 + 0.09 and 0.86 + 0.28 uM, respectively (Figure 2a). To
test whether peptide 49 inhibits the Ras—Raf interaction, we
first immobilized the biotinylated K-Ras GI12V (which
contained a mixture of GTP and GDP in the active site)
onto streptavidin-coated agarose beads and incubated the beads
with Texas red-labeled Ras-binding domain (RBD) of Raf (0.5
uM). Binding of Raf RBD to the immobilized K-Ras rendered
the beads intensely fluorescent (Figure S3). In the presence of
8 uM peptide 49 (but not peptide 54), however, binding of Raf
RBD to the beads was largely abolished. We next employed a
homogeneous time-resolved fluorescence (HTRF) assay to
determine the potency of the inhibition. Briefly, biotinylated
G12V K-Ras-GPPNP, glutathione-S-transferase (GST)-tagged
Raf RBD, streptavidin-labeled with fluorescence acceptor d2,
and anti-GST antibody labeled with fluorescence donor Tb
were incubated with increasing concentrations of peptide 49
(unlabeled), and the time-resolved resonance energy transfer
between the donor—acceptor pair was monitored. Peptide 49
inhibited the Ras-Raf interaction in a concentration-dependent
manner, with a half maximal inhibitory concentration (ICs,) of
34 + 0.7 uM (Figure 2b).

The ~80-fold difference in Ras binding affinity between
peptides 49 and 54 suggests that the DCAI moiety of peptide
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Table 2. Sequences and Binding Affinities of K-Ras Binding Peptides

sequence”

Pept AA1  AA2 AA3 AA4  AAS AA6 AA7 AA8 CPP motif Kpapp (uM)
2 bicyclo [Tm- Arg Asp  Phg  Pra* asn Lys  Phe-Nal-Arg-Arg-Arg-Arg  Dap]-Lys NB

6 Phg Arg asn Pra* Ile S1+£2S$
12 Pra* Ser Phg AcK AcK ~ 20
13 Pra* Arg val Asp Ala 9.0 + 4.7
14 Ala Phg Arg asn Pra* Ile 64 + 42
15 Phg Arg asn Pra* Ile Ala 5.6 + 1.0
16 Ala Phg Arg asn Pra* Tle Ala 1.8 +£ 0.6
17 Ala Ala Phg Arg asn Pra* Ile Ala 14 +£05
18 ala Abu Phg Arg asn Pra* Ile Abu 25 +0.7
19 Phg Ile Phg Arg asn Pra* Ile Abu 24 +03
20 Ala leu Phg Arg asn Pra* Ile Asp 1.1 + 06
21 ala Gln Phg Arg asn Pra* Ile Asp 20+ 0.5
22 Ala Orn Phg Arg asn Pra* Tle phe 6.3 £ 3.9
23 ala Phg Phg Arg asn Pra* Tle phe 49 = 14
25 ala Abu Phg Arg asn Pra* Ala Abu 37 +£07
26 Ala leu Phg Arg asn Pra* Asp 34 £ 06
27 Ala leu Phg Arg asn Pra* Ala Asp 7.7 £2.8
28 ala Abu Phg Arg asn Pra* Ile Nle ND

29 ala Ala Phg Arg asn Pra* Tle asn ND

30 Arg Nle Phg Arg asn Pra* Ile Ser 4.0 £ 0.7
31 Ala Ala Phg Arg asn Pra* Ala 22 +02
32 Ala Ala Phg Arg Ala Pra* Ala 71+ 12
33 Ala Ala Phg Ala asn Pra* Ala 1S+2
34 Ala Ala Ala Arg asn Pra* Ala 42 + 1.7
35 Ala leu Phg Arg asn Pra* Val Asp 21+05
36 Ala Ala Phg Arg asn Pra* Val Ala ND

37 Ala Ala Phg Arg asn Pra* Leu Ala 3.7 +£09
38 Ala Ala Phg Arg asn Pra* Nle Ala 41+ 17
39 Ala Ala Phe Arg asn Pra* Ile Ala 0.80 + 0.11
40 Ala Ala Phg Arg gln Pra* Ile Ala 48 £ 0.5
41 Ala Ala Phg Arg asn Pra* Thr Ala 42 + 18
12 Ala Ala Phg Arg asn Pra* Phe Ala > 10
43 Ala Ala Phg Arg ser Pra* Tle Ala 27 £ 14
44 Ala Ala Phg Arg asp Pra* Tle Ala > 10
45 Ala Ala Fpa Arg asn Pra* Tle Ala 1.9 £ 09
46 Ala Ala Tyr Arg asn Pra* Tle Ala 0.66 + 0.47
47 Ala Ala Trp Arg asn Pra* Tle Ala ND

48 Ala Ala homoF  Arg asn Pra* Tle Ala > 10
49 Ala leu Phe Arg asn Pra* Ile Asp 0.21 + 0.10
S0 Ala leu Phe Arg asn Pra* Tle Asp Nal-Phe-Arg-Arg-Arg-Arg 0.33 +£0.23
S1 Ala leu Phe Arg asn Pra* Ile Asp Arg-Arg-Phe-Arg-Nal-Arg 031 + 0.11
52 Ala leu Phg Arg asn Pra* Ile Asp phe-Nal-Arg-arg-Arg-arg > 10
53 Ala Ala Phe Arg asn Pra* Tle Ala > 10
54 Ala leu Phe Arg asn Pra Tle Asp Phe-Nal-Arg-Arg-Arg-Arg 17 + 11

“Abbreviations: Abu, L-2-aminobutyric acid; ala, D-alanine; arg, D-arginine; asn, D-asparagine; asp, D-aspartic acid; Dap, L-2,3-diaminopropanoic acid;
Fpa, L-4-fluorophenylalanine; homoF, r-homophenylalanine; leu, p-leucine; Nal, L-naphthylalanine; Nle, norleucine; Orn, L-ornithine; phe, p-
phenylalanine; Phg, L-phenylglycine; Pra, L-propargylglycine; Pra*, DCAI-modified propargylglycine; ser, p-serine; Tm, trimesic acid.

49 engages in critical interactions with the Ras protein surface,
presumably by inserting into the same DCAI-binding pocket as
previously observed by X-ray crystallography.'® To test this
possibility, we performed an FA-based competition assay in
which binding of FITC-labeled peptides 49 and 54 to K-Ras
G12V was examined in the presence of increasing concen-
trations of DCAI (Figure S4). As expected, DCAI concen-
tration-dependently inhibited the binding of peptide 49 to K-
Ras, with an ICs, value (0.84 + 0.22 mM) similar to the Kp
value (1.1 mM) previously reported for DCAI binding to K-
Ras."” In contrast, DCAI did not affect the binding of peptide
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54 to K-Ras until at 2.5 mM, the highest concentration tested.
These results, together with the observation that peptide 49
inhibits the Ras-Raf interaction, strongly suggest that peptide
49 binds K-Ras at or near the effector-binding site with its
DCAI moiety reaching into the canonical DCAI-binding
pocket. Alternatively, binding by DCAI may induce a
conformational change in the K-Ras structure and allosterically
inhibit the binding of peptide 49 at a different site. However,
such a conformational change would be expected to similarly
affect the binding of peptide 54, which was not the case.
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Figure 2. (a) Binding of FITC-labeled peptide 49 to G12V K-Ras-
GDP and K-Ras-GPPNP as monitored by FA. (b) Inhibition of K-Ras-
GPPNP-Raf RBD interaction by unlabeled peptides 49 as analyzed by
the HTRF assay. Data reported represent the mean + SD of three
independent experiments.

Finally, to assess the specificity of peptide 49 for K-Ras, we
tested it for binding to several arbitrarily selected proteins
including bovine serum albumin (BSA), GST-NEMO, protein
tyrosine phosphatase 1B, and peptidyl-prolyl isomerase Pinl by
FA analysis. Peptide 49 showed moderate binding to BSA (Kp,
= S5.1 + 1.2 yM) but no binding to any of the other proteins
(Figure SS). We therefore conclude that peptide 49 is a
selective ligand for K-Ras and an orthosteric inhibitor of the
Ras-Raf interaction.

Biological Activity. The antiproliferative activity of
peptides 49 and 54 were tested against H441 human lung
cancer cells, which harbor a K-Ras G12V mutation, by using the
MTT cell viability assay.’” Peptide 49 reduced the cell viability
in a dose-dependent manner, with an LDy, value of ~17 uM
(Figure S6). As expected, peptide 54 was less active under the
same conditions, causing significant reduction in cell viability
only at the highest inhibitor concentration tested (40 uM).
Peptide 49 was also active against a panel of other human lung
and pancreatic cancer cell lines, among which the H1299 lung
cancer cell line was most sensitive to the bicyclic Ras inhibitor
(LDgy, ~ 8 uM; Figure 3a). Again, peptide 54 was less active,
having an LDy, > 40 pM. H1299 cells express a Q61K N-Ras
mutant and were previously found to be most sensitive to
another Ras inhibitor, cyclorasin 9AS, among a panel of lung
and pancreatic cancer cell lines tested.”® We thus chose the
H1299 cell line for further mechanistic investigation.

Since K-Ras is an intracellular protein, we assessed the
membrane permeability of peptides 49 and 54 by two different
methods. First, H1299 cells were treated with 5 yM FITC-
labeled peptide 49 or 54 and examined by live-cell confocal
microscopy. Peptide 49 was efficiently internalized by the
cancer cells (Figure 3b). Although the internalized peptide

a
Peptide 54
__100a ,
X
> 75
E
©
> 507 peptide 49
T
O 25,
0 ; : ‘
60 -55 50 -45 -4.0
Log [Peptide] (M)
d Peptide 49 (uM) e
0 3 6 12 18 E
p-Akt (T308) we S TN "~ 9
Total Akt | Sl SN S S g
&

p-MEK | N S S Sy, S—
Total MEK " Ssus e o S

[Peptide 49] (uM)

C 2000

1500

1000

Mean Fluorescence
(4]
o
<

cFOR, 49 54

Peptide
5 15
>
810
T
0.5
=
2 9
3 6 12 18 0 3 6 12 18

[Peptide 49] (uM)

Figure 3. Inhibition of Ras signaling in human lung cancer H1299 cells by peptide 49. (a) MTT assay of cell viability as a function of Ras inhibitor
concentration. (b) Live-cell confocal microscopic images (same Z-section) of lung cancer cells after treatment for 2 h with S yM FITC-labeled
peptide 49 (I) or endocytosis marker dextran™ (1.0 mg/mL, II) and the merge of I and II (III). (c) Flow cytometry analysis of the mean
fluorescence intensity of cells after treatment with S yM FITC-labeled cF®R,, peptide 49, or peptide 54 for 2 h. (d) Western blots showing the
dose-dependent inhibition of MEK and Akt phosphorylation in H1299 cells by peptide 49. The cells were treated with peptide 49 for 12 h and
stimulated with 50 ng/mL epidermal growth factor for 10 min prior to lysis. (e) Quantitation of Western blot results from d and the data reported
are relative to that of untreated cells and represent the mean = SD from three independent experiments. ns, not significant; **, p < 0.01; **¥, p <

0.001.
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Figure 4. Induction of apoptosis of H1299 cells by peptide 49. (a) Flow cytometry analysis of H1299 cells after treatment with 10 M peptide 49 for
varying periods of time (0—24 h) and stained with FITC-annexin V and propidium iodide (PI). The percentage of cells in each quartile is indicated.
(b) Activation of caspase-3 activity in H1299 cells by peptide 49 (20 M) as monitored by anticaspase-3 immunostaining and flow cytometry.

produced punctate fluorescence patterns, its intracellular
distribution did not overlap with that of rhodamine-labeled
dextran (an endocytosis marker), suggesting that the peptide
had escaped from the endosome into the cytosol. The punctate
fluorescence pattern is likely due to binding of peptide 49 to K-
Ras and other Ras isoforms (i.e., H- and N-Ras), which are
localized on the plasma membrane as well as endomembranes
including the Golgi and recycling endosomes.”” Peptide 54
showed a largely similar intracellular distribution. Second,
H1299 cells after treatment for 2 h with S yuM FITC-labeled
peptide 49 or 54 were analyzed by flow cytometry to quantify
the total amounts of the internalized peptides and compared
with those of cFOR, (Figure 3c). Peptides 49 and 54 entered
the cancer cells with similar efficiencies, which were ~3-fold
lower than that of cF®R, one of the most active CPPs
reported so far.””’

Among the signaling cascades downstream of Ras, the Raf/
MEK/ERK and PI3K/PDK1/Akt pathways are well charac-
terized.® The former controls cell proliferation, while the latter
regulates cell survival and differentiation. Stimulation of cells
with an extracellular signal (e.g,, a growth factor) causes the
exchange of Ras-bound GDP into GTP, and the resulting active
Ras binds Raf and PI3K, leading to the phosphorylation and
activation of MEK, ERK, and Akt kinases. We therefore
examined the effect of peptide 49 on the phosphorylation of
MEK and Akt, by immunoblotting with antibodies specific for
phosphorylated MEK (p-MEK) and Akt (p-Akt at Thr308,
which is phosphorylated by PDK1*"). As expected, treatment of
HI1299 cells with peptide 49 resulted in dose-dependent
reduction of epidermal growth factor (EGF)-induced p-MEK
(up to 50%) and p-Akt levels (up to 60%), while the total
cellular concentrations of MEK and Akt were not affected
(Figure 3d and e). Peptide 54 showed no effect under similar
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conditions. Inhibition of MEK and Akt phosphorylation by
peptide 49 was also observed in H441 cells, although the effects
were less dramatic (Figure S6).

Dual inhibition of MEK and PI3K signaling by kinase
inhibitors had previously been shown to cause synergistic
reduction in cell proliferation and an increase in apoptotic cell
death of Ras mutant cancer cells.*”** Cyclorasin 9AS, which
orthosterically blocks both Ras-Raf and Ras-PI3K interactions,
also caused apoptosis of H1299 and other cancer cells.”® We
therefore tested the ability of peptide 49 to induce apoptosis of
Ras mutant cancer cells. H1299 cells were treated with 10 yuM
peptide 49 and stained with FITC-labeled annexin V and
propidium iodide, which detect apoptotic and dead cells,
respectively. There was little cell death within the first 6 h;
however, cell death started to occur at 12 h (~5% cells) and
reached 54% after 24 h (Figure 4a). At 12 and 24 h, a fraction
of the cell population showed increased staining by annexin V
but not propidium iodide, a hallmark of cells undergoing
apoptosis. Consistent with apoptotic cell death, the activity of
caspase-3, a cysteine protease that plays a central role in
apoptosis, increased by 1.3-fold at 6 h and subsequently
declined (Figure 4b).

B DISCUSSION

The primary motivation for this work is to test the generality of
the bicyclic delivery method® for transporting peptide cargos
into the cytosol of mammalian cells. In this study, four peptides
selected from a combinatorial library of 5.7 X 10° sequences on
the basis of K-Ras binding (hits 2, 6, 12, and 13) and two
peptides derived from hit optimization (peptides 49 and 54)
were tested for cellular uptake. Although no further attempt
was made to improve their cellular uptake efficiency, all six
peptides were readily cell permeable. We previously examined
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over a dozen other bicyclic peptides containing FOR, or R, ®F
in one ring and diverse sequences including negatively charged
phosphates and phosphonates in the second ring.”~” Again, all
of the bicyclic peptides tested were cell permeable. On the basis
of these data, we conclude that the bicyclic system provides a
general approach to delivering peptide cargos into mammalian
cells and that most (if not all) members of the bicyclic peptide
library are cell permeable. To the best of our knowledge, this is
the first example of a cell-permeable peptide library. A key
consideration during the library design was the choice of
trimesoyl group as a rigid and planar scaffold, which presumably
orients the CPP and cargo moieties away from each other,
minimizing any mutual interference.”’' Of course, it is also
possible for a cargo motif (e.g, peptides containing Arg and
Phe/Trp residues) to contribute positively to membrane
binding and enhance cellular entry. Similarly, the CPP motif
may interact with the target protein and increase the potency
and/or specificity of the ligand. The latter is clearly the case for
peptide 49.

To demonstrate the utility of the cell-permeable peptide
library, we selected the oncogenic G12V K-Ras, a notoriously
difficult drug target, to provide a rigorous test of our
methodology. Screening of the bicyclic peptide library indeed
resulted in peptides 6, 12, and 13 as moderately potent, cell-
permeable K-Ras inhibitors. Subsequent optimization of hit
peptide 6 through medicinal chemistry afforded peptide 49 as a
relatively potent direct Ras inhibitor. Its ability to disrupt the
Ras-Raf interaction and compete with DCAI for binding to K-
Ras suggests that it binds to a similar site to cgrclorasin 9AS,*®
which extends from the DCAI-binding pocket'” to the effector-
binding site. Mapping the precise binding site of inhibitor 49
will require structural studies in the future. Since the effector-
binding site is conserved among all Ras isoforms and distant
from the activating mutations (e.g, G12, G13, and Q61),
peptide 49 is expected to inhibit all Ras isoforms, either wild-
type or mutant. Peptide 49 inhibits Ras signaling in cancer cells
and induces apoptotic cell death of the cancer cells, although
relatively high inhibitor concentrations are required. The
relatively weak cellular activity is likely caused by a combination
of two factors. First, peptide 49 has only moderate binding
affinity to Ras-GTP (K, = 0.86 uM), the active form of Ras.
Second and more importantly, peptide 49 binds more tightly to
the inactive Ras-GDP form (Kp = 0.37 uM). Since cells contain
higher concentrations of Ras-GDP (0.4—20 uM) than Ras-GTP
(0—-50 nM),* the internalized peptide 49 is most likely
sequestered by Ras-GDP and rendered “inactive.” In retrospect,
we would have benefited from employing Ras-GPPNP during
library screening and hit optimization instead of the
recombinant K-Ras G12V as purified from E. coli (which
contained predominantly Ras-GDP). Nonetheless, the current
work demonstrates that it is now feasible to obtain biologically
active cyclic peptidyl ligands against an intracellular protein by
screening a combinatorial library.

In conclusion, we have developed a general strategy for
synthesizing and screening combinatorial libraries of cell-
permeable bicyclic peptides against intracellular PPIs. Applica-
tion of this strategy to K-Ras, a prototypical “undruggable”
target, resulted in a relatively potent, selective inhibitor that
induces apoptotic death of cancer cells. The Ras inhibitor may
be further improved to provide useful tools for investigating the
biological function of Ras and potential anticancer therapeutics.
The library method should be readily applicable to other

intracellular protein targets.
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B EXPERIMENTAL SECTION

Materials. Reagents for peptide synthesis and other
materials are described in the Supporting Information. All of
the peptides used in this work were purified by reversed-phase
HPLC to at least 95% homogeneity, and their authenticity was
confirmed by MALDI-TOF mass spectrometry.

Preparation of Ras-GDP and Ras-GPPNP. Expression
and purification of recombinant K-Ras G12V in E. coli and
nucleotide exchange into GDP or guanosine $'-[f,y-imido]-
triphosphate (GPPNP) were carried out as previously
described."” The nucleotide loading was assessed by reversed-
phase HPLC under ion pairing conditions as previously
described.”

Synthesis of 4,6-Dichloro-2-methyl-3-azidoethylin-
dole (DCAI-N;). DCAI (200 mg, 0.82 mmol), CuSO,-SH,0
(2 mg, 0.0082 mmol), and K,CO; (295 mg, 2.14 mmol) were
stirred in 5 mL of methanol at room temperature. Imidazole-1-
sulfonyl azide hydrochloride® (341 mg, 1.64 mmol) was added,
and the mixture was stirred for 14 h at room temperature. After
evaporation of the solvent in vacuo, 10 mL of water was added,
and the mixture was acidified to pH 3 with the addition of 6 M
HCL. The mixture was extracted with ethyl acetate (3 X 15 mL)
and the combined organic phase was dried with MgSO, and
evaporated to afford DCAI-Nj as a brown solid. 'H NMR (400
MHz, CDCL): 6 7.93 (s, br, 1H), 7.17 (d, 1H), 7.07 (d, 1H),
3.52 (t, 2H), 3.17 (t, 2H), 2.41 (s, 3H). *C NMR (100 MHz,
CDClLy): § 136.8, 134.8, 126.8, 125.5, 123.9, 121.0, 109.4, 108.5,
53.1,24.9, 11.7. HRMS (ESI+) Calculated for C;;H,,CLN, (M
+ H*): 271.0512. Found: 271.0764.

Library Synthesis. Peptide library I was synthesized on 2.0
g of TentaGel S NH, resin (90 pm; Scheme S1). All of the
manipulations were performed at room temperature unless
otherwise noted. The linker sequence (BBM) was synthesized
using 4 equiv of Fmoc amino acid, 4 equiv of HATU, and 8
equiv of N-methylmorpholine (NMM). The coupling reaction
was allowed to proceed for 2 h, and the beads were washed
with DMF (3 X 10 mL) and dichloromethane (DCM, 3 X 10
mL). The Fmoc group was removed with 20% piperidine in
DMF (2 X 10 min), and the beads were exhaustively washed
with DMF (6 X 10 mL). After the synthesis of linker, the resin
was washed with DCM (2 X 10 mL) and DMF (2 X 10 mL)
and was soaked in DMF for 15 min, followed by mixtures of 3:1
DMF/water, 1:1 DMF/water, 1:3 DMF/water, and finally in
100% degassed water overnight at room temperature. The
water was drained, and the resin was quickly suspended in a
solution of Fmoc-N-hydroxysuccinimide ester (Fmoc-OSu;
0.21 mmol, 0.4 equiv) in 15 mL of 1:1 (v/v) DCM/diethyl
ether. The mixture was incubated on a rotary shaker for 30 min
at room temperature. The beads were washed with 1:1 DCM/
diethyl ether (3 X 10 mL) and DMF (5 X 10 mL) to remove
water from the beads and then treated with 10 equiv of di-tert-
butyl dicarbonate and 0.05 equiv of 4-dimethylaminopyridine in
DMF (40 min). After washing with DMF, the Fmoc group on
the surface peptides was removed, and the resin was treated
with 4 equiv of Fmoc-Dap(Alloc)-OH, 4 equiv of HATU, and 8
equiv of NMM. The Boc group was removed by treating the
resin with trifluoroacetic acid (TFA)/H,O (95:5) for 2 h. The
resin was treated with 20% piperidine in DMF (2 X 10 min) to
remove the Fmoc group and split into two equal portions. The
CPP sequence Phe-Nal-(Arg), was coupled to the first portion,
whereas (Arg),-Nal-Phe was added to the second portion, by
using standard Fmoc/HATU chemistry. The resin was
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combined, treated with 20% piperidine in DMF (2 X 10 min),
and treated with 4 equiv of Fmoc-Lys(Mtt)-OH, 4 equiv of
HATU, and 8 equiv of NMM. Next, the five random residues
were added by the split-and-pool synthesis method. At each
random position, the resin was split into two unequal portions
(20% and 80% by weight). The smaller portion (20%) was
coupled with 3.6 equiv of Fmoc-Lys(Ac)-OH plus 0.4 equiv of
Fmoc-Pra-OH, 4 equiv of HATU, and 8 equiv of NMM. The
larger portion (80%) was further split into 25 equal portions,
and each portion was reacted with a different Fmoc-amino acid.
To complete the synthesis of library I, the split-and-pool
procedure was repeated four times.

Prior to cyclization, the Mtt group on the Lys side chain was
removed with 2% TFA and 2.5% triisopropylsilane (TIPS) in
DCM (10 X 3 min) and replaced with an Fmoc group by
treating the resin with 10 equiv of Fmoc-OSu and S equiv of
NMM for 20 min. The Alloc group on the Dap side chain was
removed by treating the resin with 0.5 equiv of Pd(PPh;), and
10 equiv of phenylsilane (PhSiH;) in DCM (3 times with 15
min and fresh reagents each time). The resin was washed with
DCM (5 times), DMF (5 times), and 1% sodium
dimethyldithiocarbamate (SDDC) in DMF. The resin was
incubated with 1% SDDC in DMF for 10 min and washed with
DMF (10 times). The resin (~100 mg each time) was
transferred to a 4 mL glass vial, and 300 4L of DMF and 30 uL
of tert-butyl alcohol were added. In a microcentrifuge tube, 30
uL of 500 mM aqueous ascorbic acid was quickly mixed with 30
uL of 500 mM aqueous cupric sulfate. A total of 30 uL of the
resulting solution and 30 uL of the DCAI-N; solution (50% w/
v in DMF) were added to the resin (the final concentration of
DCAI-N; in the reaction mixture was 0.15 M). The reaction
mixture was incubated overnight at room temperature on a
rotary shaker. The resin was transferred to a 1 mL Bio-Rad
column and washed with DMF (5 X 1 mL) and 1% SDDC in
DMEF (5 X 1 mL) and incubated with 1% SDDC in DMF (1
mL) for 15 min. After washing with DMF (S X 1 mL), the resin
was reacted with trimesic acid (22 mg, 0.104 mmol), HATU
(35 mg, 0.091 mmol), and NMM (23 uL, 0.208 mmol) for 1 h.
The resin was washed with DMF (S X 1 mL) and treated with
2% 1,8-diazabicycloundec-7-ene (DBU) in DMF (1 mL for 10
min) to remove the Fmoc groups. The resin was washed with
DMF (5 X 1 mL) and 1 M hydroxybenzotriazole (HOBt) in
DMF (2 X 1 mL) and incubated in 1 M HOBt in DMF for 15
min. After washing with DMF (5 X 1 mL), the resin was treated
with PyBOP (68 mg, 0.13 mmol), HOBt (20 mg, 0.13 mmol),
and NMM (29 uL, 0.26 mmol) for 90 min to cyclize the surface
peptides. The resin was washed with DMF (S X 1 mL) and
DCM (S X 1 mL), and side chain deprotection was carried out
by treatment with a modified reagent K (7.5% phenol, 5%
water, 5% thioanisole, 2.5% ethanedithiol, 2.5% TIPS, 1.25%
anisole in TFA) for 2.5 h. The resin was washed exhaustively
with DCM, dried, and stored at —20 °C until use.

Library Screening. The resin-bound peptide library (100
mg) was washed with DMF (5 X 1 mL), water (S X 1 mL), and
PBS (5 x 1 mL). The resin was incubated with a blocking
buffer [PBS plus 3% bovine serum albumin (BSA)] for 1 h at 4
°C. The resin was incubated with 100 nM biotinylated GST-K-
Ras in 1 mL of the blocking buffer overnight at 4 °C. The resin
was washed twice with the blocking buffer (1 mL), resuspended
in 1 mL of the blocking buffer containing 1 pug/mL
streptavidin-alkaline phosphatase conjugate (SA-AP, Promega),
and incubated for 10 min at 4 °C with gentle mixing. The resin
was drained and washed with the blocking buffer (2 X 1 mL)
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and SA-AP reaction buffer (30 mM Tris HCI, pH 8.5, 100 mM
NaCl, S mM MgCl,, 20 uM ZnCl,, and 0.05% Tween 20; 2 X 1
mL). The resin was transferred to a Petri dish by using 1.8 mL
of the SA-AP reaction buffer (3 X 600 pL). A 5 mg/mL
solution of S-bromo-4-chloro-3-indolyl phosphate (BCIP,
Sigma-Aldrich; 200 yL) was added to the dish, and the mixture
was incubated on a rotary shaker. Turquoise color developed
on positive beads in ~30 min, when the staining reaction was
terminated by the addition of 500 uL of 1 M HCI. The positive
beads were isolated manually with a micropipet under a
dissecting microscope and individually sequenced by the PED-
MS method as previously described.’’

Synthesis and Labeling of Individual Peptides.
Individual peptides were each synthesized on 100 mg of Rink
amide resin. The synthesis began by attaching Fmoc-Lys(Boc)-
OH to the resin to provide a handle for dye labeling. Synthesis
of other positions was carried out using standard Fmoc/HATU
chemistry. Click chemistry and cyclization of the individual
peptides were carried out in the same manner as described for
the library synthesis. Cleavage and deprotection of resin-bound
peptides were carried out using the modified reagent K at room
temperature for 2.5 h. After evaporation of solvents, the mixture
was triturated three times with 20 volumes of cold ethyl ether.
The precipitate was collected and dried under a vacuum. The
crude peptides were purified by reversed-phase HPLC
equipped with a semipreparative C;g column. The identity of
each peptide was confirmed by MALDI-TOF mass spectro-
metric analysis. The solvent was removed, and the purified
peptide (~1 mg) was dissolved in 15 uL of DMSO, 1S uL of
DMF, and 15 uL of 100 mM NaHCO; (pH 8.5). The labeling
reaction was initiated by the addition of 0.1 mg of FITC
dissolved in 10 uL of DMSO and allowed to proceed for 30
min in the dark. The reaction was quenched by the addition of
5 uL of 50% TFA in water. The labeled peptide was purified
again by reversed-phase HPLC. The identity of each peptide
was confirmed by MALDI-TOF mass spectrometric analysis.

Fluorescence Anisotropy. For FA experiments, K-Ras
protein (non-GST fusion, 0—20 uM) was incubated with
FITC-labeled peptide (100 nM) in 20 uL of PBS for 2 h at
room temperature. The FA values were measured on a
Molecular Devices Spectramax MS spectrofluorimeter, with
excitation and emission wavelengths at 470 and 530 nm,
respectively. Equilibrium dissociation constants (Kp) were
determined by plotting the FA values as a function of K-Ras
concentration and fitting the data to the equation

Y =
Q (L+x+Kg) = (L +x+ Kg)* — 4Lx)
(Amin + (Amax X EE - Amin)( : 2L ))

(1 + (& a 1)((L+x+1<d)—V‘“((L+x+1<d)2—4Lx) )]
Q¢ 2L

where Y is the measured anisotropy at a given K-Ras
concentration x, L is the peptide concentration, Q,/Qs is the
correction factor for dye—protein interaction, A, is the
maximum anisotropy at saturating K-Ras concentration, and
A, is the minimum anisotropy.

HTRF Assay. Recombinant biotinylated G12V K-Ras-
GPPNP (no GST, 50 nM), GST-RBD (50 nM), streptavidin-
labeled with acceptor d2 (2 pg/mL), anti-GST monoclonal
antibody labeled with donor Tb (0.25 pg/mL), and varying
concentrations of cyclic peptide (0—40 uM) were mixed in PBS
(total volume of 20 L) in a 384-well plate. The plate was
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incubated 2 h at room temperature, and the HTRF signals were
measured on a Molecular Devices Spectramax MS plate reader
and plotted as a function of the cyclic peptide concentration.
The data were analyzed using Prism 6.0 from Graphpad
Software, Inc. (La Jolla, CA), and ICg, values were obtained by
fitting the data to the dose—response inhibition curves.

Cell Culture. H441 and H1299 cells were maintained in a
growth medium consisting of RPMI, 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin. Cells were cultured in a
humidified incubator at 37 °C with 5% CO.,.

MTT Assay. A total of 100 uL of H441 or H1299 cells (0.5
X 10° cells/mL) were placed in each well of a 96-well culture
plate and allowed to grow overnight. Varying concentrations of
peptide inhibitor (0—40 M) were added to the wells, and the
cells were incubated at 37 °C with 5% CO, for 24 h. A total of
10 L of a MTT stock solution (S mg/mL) was added into
each well. The plate was incubated at 37 °C for 4 h. Then, 100
uL of SDS-HCI solubilizing buffer was added into each well,
and the resulting solution was mixed thoroughly. The plate was
incubated at 37 °C overnight. The absorbance of the formazan
product was measured at 570 nm using a Molecular Devices
Spectramax MS plate reader. The cells without any peptide
added were treated as control.

Confocal Microscopy. A total of 1 mL of H1299 cell
suspension (~1.5 X 10* cells) was seeded in a 35 mm glass-
bottomed microwell dish (MatTek) and cultured overnight.
Cells were gently washed with PBS twice and treated with
FITC-labeled peptide (S #M) in phenol-red free and HEPES
supplemented RPMI containing 10% FBS at 37 °C for 2 h in
the presence of 5% CO,. After removal of the medium, the cells
were gently washed with DPBS twice and imaged on a Visitech
Infinity 3 Hawk 2D-array live cell imaging confocal microscope
equipped with 60X oil objective. Data were analyzed using
MetaMorph Premier (Molecular Devices).

Immunoblot Analysis. H1299 cells were grown in a 6-well
plate to 80% confluency. The cells were treated with 0, 3, 6, 12,
or 18 uM peptide 49 for 12 h followed by stimulation with
EGF (50 ng/mL) for 10 min. The cells were washed with cold
PBS and lysed in 100 L of lysis buffer containing protease and
phosphatase inhibitors for 30 min on ice and scraped oft the
plate. Each sample was combined with 100 uL of SDS-PAGE
loading buffer and boiled for S min. The mixture was
centrifuged at 13000 rpm for 10 min, and the supernatant
was separated by SDS-PAGE. The proteins were transferred to
a nitrocellulose membrane and probed with the following
antibodies: p-MEK1/2 (9121S), p-Akt(Thr308) (9275S),
MEK1/2 (9122S), and Akt (9272S). The primary antibodies
were detected using Clean-Blot IP detection reagent. The
immunoblots were visualized using Supersignal West Femto
maximum sensitivity substrate from Thermo. Experiments with
H441 cells were carried out similarly, except that the cells were
treated with 0, 5, 10, 20, and 40 M peptide 49 for S h followed
by stimulation with EGF (50 ng/mL) for 10 min.

Flow Cytometry. H1299 cells were seeded in 12-well plates
and allowed to grow overnight in Advanced RPMI medium
supplemented with 10% FBS and 1% penicillin-streptomycin.
The cells were treated with 20 uM of peptide 49 for 6 h. The
cells were trypsinized and washed with cold PBS twice. The
cells were treated with BD Cytofix/Cytoperm solution (BD
biosciences) for 30 min on ice. The cells were pelleted, washed
with BD Perm/Wash buffer (BD biosciences) twice, and
incubated with 20 uL of FITC-labeled anti-Active Caspase-3
antibody in 100 uL of BD Perm/Wash buffer for 30 min at

83

room temperature. The cells were washed with 1 mL of BD
Perm/Wash buffer and resuspended in 0.5 mL of BD Perm/
Wash buffer and analyzed by FACS.

For propidium iodide and Annexin V staining, H1299 cells
were seeded in six-well plates and cultured with RPMI-1640
media supplemented with 10% FBS. On the day of the
experiment, cells were incubated with varying concentrations of
peptide 49 for varying lengths of time. After the incubation, the
media containing floating cells were collected into individual
15-mL centrifuge tubes. The adherent cells were trypsinized for
S min and combined with their corresponding floating cell
fractions. The combined cells were washed twice with DPBS
and an Annexin assay binding buffer. A total of 100 uL of
staining solution (containing S yL of Annexin-FITC and S uL
of PI solution) was added, and the cells were gently mixed by
vortexing. After 15 min of incubation at room temperature in
the dark, 400 uL of the binding buffer was added, and the
resulting cell suspension was analyzed by FACS.

To analyze the cellular uptake of peptides, H1299 cells were
cultured in 12-well plates (1.5 X 10° cells per well) for 24 h. On
the day of the experiment, the cells were incubated for the 2 h
with 5 yM FITC-labeled peptide in phenol-red free and
HEPES supplemented RPMI containing 10% FBS at 37 °C in
the presence of 5% CO,. At the end of incubation, the cells
were washed with PBS twice, detached from the plate with
0.25% trypsin, diluted into clear RPMI, pelleted at 250g for 5
min, washed twice with PBS and resuspended in PBS
containing 1% bovine serum albumin, and analyzed on a BD
FACS LSR 1II flow cytometer. Flow cytometry data were
analyzed using the Flowjo (Tree Star).
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