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Abstract: Ras genes are frequently activated in human cancers,
but the mutant Ras proteins remain largely “undruggable”
through the conventional small-molecule approach owing to
the absence of any obvious binding pockets on their surfaces.
By screening a combinatorial peptide library, followed by
structure—activity relationship (SAR) analysis, we discovered
a family of cyclic peptides possessing both Ras-binding and
cell-penetrating properties. These cell-permeable cyclic pep-
tides inhibit Ras signaling by binding to Ras-G TP and blocking
its interaction with downstream proteins and they induce
apoptosis of cancer cells. Our results demonstrate the feasibility
of developing cyclic peptides for the inhibition of intracellular
protein—protein interactions and of direct Ras inhibitors as
a novel class of anticancer agents.

The monomeric GTPases K-Ras, H-Ras, and N-Ras play
critical roles in many signaling pathways and regulate cell
proliferation, differentiation, and survival.'l Wild-type Ras
oscillates between inactive GDP-bound (Ras-GDP) and
active GTP-bound (Ras-GTP) forms, with the latter interact-
ing with and activating multiple effector proteins, including
Raf, PI3K, and Ral-GDS. Somatic mutations that cause
constitutive activation of Ras are the most common activating
lesions and are found in approximately 30 % human cancers.”
These mutations impair GTP hydrolysis, thereby increasing
the Ras-GTP population and causing uncontrolled cell
growth. Genetic studies suggest that blocking the Ras-
effector protein interaction should have therapeutic benefits
in cancer patients;** however, doing so pharmacologically
has been challenging because the Ras protein surface has no
obvious pockets for small-molecule drugs to bind.’! Conse-
quently, most of the drug-discovery efforts have so far been
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focused on inhibiting the signaling molecules downstream of
Ras,”! the posttranslational processing/membrane anchoring
of Ras,™” or the nucleotide exchange activity of Ras.5'4
Inhibitors that physically block Ras—effector protein inter-
actions have generally lacked potency, selectivity, and/or
membrane permeability.'>!! Herein, we report a family of
cyclic peptides possessing both Ras-binding and cell-pene-
trating properties. These cell-permeable cyclic peptides bind
potently to Ras-GTP near the effector-binding site and block
its interaction with downstream proteins, thereby resulting in
growth inhibition and apoptosis of cancer cells.

We previously reported a cyclic peptide inhibitor against
K-Ras, compound 12 (Figure 1), which blocks the Ras—
effector protein interaction in vitro but lacks cellular activity
owing to poor membrane permeability."® Interestingly, com-
pound 12 contains an amphipathic sequence motif, Arg-Arg-
nal-Arg-Fpa (where Fpa is L-4-fluorophenylalanine and nal is
D-B-naphthylalanine), which resembles a recently discovered
cyclic cell-penetrating peptide (CPP).'""® To improve the
potency and membrane permeability of compound 12, we
designed a second-generation library in which the CPP-like
motif was retained, while the remaining structure was
replaced with a random peptide sequence of 0-5 amino
acids (X'S). The library (ca. 1.3x10° compounds) was
constructed with 28 different amino acids'” at the X'-X°
positions on spatially segregated TentaGel beads,” with each
bead displaying a unique cyclic peptide on its surface and
a linear peptide of the same sequence in its interior as an
encoding tag (Figure 1). Because the effector-binding site of
Ras is highly negatively charged,”! we anticipated that
screening the library against K-Ras might select one or
more additional arginine and/or aromatic hydrophobic resi-
dues at the random positions which, together with the Arg-
Arg-nal-Arg-Fpa motif, might generate a functional CPP.'"1¥!

Screening of the peptide library against K-Ras(G12 V)
identified 13 hits (Table S1 in Supporting Information). When
assayed in solution by fluorescence anisotropy (FA), hits 4A,
5A, 7A, 9A (Figure 1), 12A, and 13A showed strong binding
to K-Ras (Figure S1 in Supporting Information). In a homo-
geneous time-resolved fluorescence (HTRF) assay, hits 9A
and 12A inhibited the Ras—Raf interaction with half maximal
inhibitory concentration (ICs,) values of 0.65 and 1.0 M,
respectively (Figure 2a). Gratifyingly, hits 9A and 12A
contained additional Trp and/or Arg residues in the X*-X°
region, were cell permeable, and exhibited weak antiprolifer-
ative activity against lung cancer cells (Figure S2). These two
peptides were named cyclorasin (for cyclic Ras inhibitor) 9A
and 12A, respectively.
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Figure 1. Flowchart showing the evolution of the cyclorasin Ras inhibitors. The numbers next to the structure of cyclorasin 9A indicate activity loss
upon replacing the corresponding residue with alanine (or p-alanine). The residue numbering shown in the structure of 9A1 is adopted for

compounds 9A1 to 9A54.

Because of its relatively high potency, cyclorasin 9A was
chosen for optimization. Alanine scan analysis revealed that
nal, Fpa, Thr, norleucine (nle), and Trp are critical for K-Ras
binding, since the replacement of any of these residues with L-
or D-alanine reduced the Ras inhibitory activity by over 10-
fold. Substitution of alanine for the remaining residues had
relatively minor effects (less than 2-fold). Since the p-serine
residue was not critical for Ras binding, it was replaced by an
L-Gln to provide an alternative site for attachment to the solid
support and was designated as position 1 (Figure 1). The
resulting peptides (cyclorasins 9A1-4), which contained
different glutamine derivatives at position 8, had similar
inhibitory activity against the Ras—Raf interaction (Table S2),
thus suggesting that GIn8 is not critical for Ras binding. GIn8
was therefore replaced with L- or p-arginine to potentially
improve the membrane permeability of the peptide.'’'*l To
our delight, the resulting peptides (9A5 and 9A6) showed
both improved cell permeability and an approximately 4-fold
higher affinity for K-Ras (ICs,=0.12 and 0.17 um, respec-
tively; Figure 2a). Further modifications of 9A5 and 9A6
produced mixed results, with a few resulting in significant
improvements (Table S2). Replacement of the p-Ala at
position 9 by D-valine (val9), Thr10 by L-tert-leucine (Tle),
or Fpa3 by 3,4-difluorophenylalanine (F,pa) increased the
affinity by approximately 2-fold (9A14, 9A16, and 9A43,
respectively). Finally, combinations of val9, Tle10, and F,pa3
substitutions produced cyclorasins 9A51 and 9A54 as highly
potent Ras inhibitors (ICs, = 0.014 and 0.018 um, respectively;
Figure 2a).
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Peptides with strong K-Ras binding (ICs, <0.2 um) were
tested for antiproliferative activity against H1299 lung cancer
cells (Figure 2b). Cyclorasin 9AS was the most potent (LD,
~ 3 uMm), whereas peptides with greater Ras binding affinities
(e.g., 9A54) were less active in the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. To test
whether poor membrane permeability limited the cellular
activity of the latter peptides, we treated A549 lung cancer
cells with fluorescein isothiocyanate (FITC)-labeled 9AS5 or
9A54 and examined the internalization of the peptides by
confocal microscopy (Figure 2¢). Cells treated with FITC-
9AS exhibited intense diffuse fluorescence throughout the
cytoplasm, whereas cells treated with FITC-9A54 showed
much weaker and predominantly punctate fluorescence,
which is indicative of endosomal entrapment. Flow cytometry
analysis showed that FITC-9AS entered the lung cancer cells
approximately 5-fold more efficiently than FITC-9A54 (Fig-
ure 2d).

Cyclorasin 9AS was selected to investigate the mechanism
of the observed antiproliferative activity. The ability of 9AS to
inhibit the Ras—Raf interaction suggests that it binds to Ras-
GTP. To test whether it is selective for Ras-GTP, we prepared
K-Ras G12V loaded with GTP, GDP, or GPPNP (a non-
hydrolyzable GTP analogue) and tested them for binding to
FITC-9AS by FA. FITC-9AS bound to the Ras-GTP, Ras-
GPPNP, and Ras-GDP with K, values of 0.44, 0.64, and
2.5 uM, respectively (Note that labeling with FITC required
the replacement of Arg6 with a lysine, which reduced its
affinity for K-Ras; Figure 2e and Figure S3). FITC-9AS5 also
bound to wild-type K- and H-Ras (which were mixtures of
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Figure 2. K-Ras binding, cellular uptake, and antiproliferative activity of cyclic peptides. a) HTRF assay of inhibition of the Ras—Raf interaction by
9A, 9A5, and 9A54. b) Effect of 9A, 9A5, and 9A54 on H1299 cell viability, as measured by MTT assay. c) Live-cell confocal microscopic images of
A549 cells treated with 5 pm FITC-9AS (top panels) or FITC-9A54 (bottom panels) for 30 min. I: FITC fluorescence, II: nuclear stain with DRAQS,
and Ill: merge of | and II. d) Mean fluorescence of cells without treatment (control) or treated with FITC-9A5 or FITC-9A54, as determined by flow
cytometry. e) Binding of FITC-9A5 to Ras-GTP, Ras-GDP, and Ras-GPPNP, as monitored by FA. f) Overlay of 'H-">"N HSQC spectra of K-
Ras(G12V)-GDP in the presence of 0 (black), 0.5 equiv (green), 0.75 equiv (blue), and an excess (red) of 9A5 at 298 K. K-Ras residues perturbed
by 9A5 are mapped to the structure of wild-type K-Ras-GDP (4LPK) and shown as spheres. The switch | and Il regions are colored red and green,

respectively, and GDP is shown as a stick model.

GTP- and GDP-bound forms) with apparent K}, values of 1.2
and 1.4 um, respectively, but not to a panel of five arbitrarily
selected control proteins (Kp > 30 um; Figure S3). Cyclorasin
9AS is therefore a selective ligand of Ras-GTP.

To map the binding site of 9AS, "N-labeled K-Ras-
GPPNP was mixed with increasing concentrations of 9AS and
analyzed by 'H-"N heteronuclear single quantum correlation
(HSQC) NMR spectroscopy (Figure 2 f). Unfortunately, most
of the switch I and II residues were invisible in the HSQC
spectra (Figure S4). K-Ras residues that exhibited detectable
chemical shift perturbation upon binding to 9AS include
GIn25, Thr74, and Gly75. We therefore repeated the HSQC
experiment with K-Ras-GDP. Most of the K-Ras residues
were unaffected by 9AS, thus indicating that binding of 9AS
does not induce global changes in the K-Ras structure
(Figure S5). K-Ras residues that underwent detectable spec-
tral shifts include Ile24, GIn25, Asp33, Glu37, and Ser39,
which are within the switch I loop, the primary binding site of
effector proteins® (Figure 2 f). The other perturbed residues
(Leu56, Asp57, Met67, Arg73, Thr74, Gly75, and Leu79) are
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clustered around a small pocket between the switch I and II
loops, which had previously been found to bind to small-
molecule ligands.”'”) The overlapping binding sites of 9AS
and Ras effector proteins are consistent with the observed
inhibition of the Ras—Raf interaction by 9AS.

The Raf/MEK/ERK and PI3K/PDK1/Akt signaling path-
ways represent the signature events downstream of Ras.'l To
determine whether 9AS5 inhibits intracellular Ras activity,
H358 lung cancer cells were treated with increasing concen-
trations of 9AS and the Ras—Raf interaction was examined by
precipitating the cell lysate with an anti-Ras antibody and
immunoblotting with an anti-B-Raf antibody (Figure 3a). In
the absence of 9AS, B-Raf co-precipitated with Ras. How-
ever, treatment of the cells with 9AS dose-dependently
inhibited the Ras-B-Raf interaction. Next, we examined
Akt, MEK, and ERK1/2 phosphorylation in H1299 cells
(Figure 3b). Cyclorasin 9AS5 inhibited EGF-stimulated phos-
phorylation of Akt at Thr308 and MEK in a dose-dependent
manner (ICsy~3 um) and abolished the phosphorylation
events at or above 12 um, while the total Akt and MEK
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Figure 3. Inhibition of Ras signaling by 9A5. a) Inhibition of the Ras—B-
Raf interaction in H358 cells by 9A5. WCL =whole-cell lysate. b) Dose-
dependent inhibition of Akt, MEK, and ERK phosphorylation in H1299
cells by 9A5. Cells were treated with the indicated concentrations of
9A5 for 10 min and stimulated with EGF (50 ngmL™") for 5 min before
lysis. c) Activation of caspase-3 activity in H1299 cells by 9A5 (10 um
treatment for 3 h) as monitored by anti-caspase-3 immunostaining
and flow cytometry. d, e) Protection of H1299 cells against 9A5-induced
apoptosis through ectopic expression of a constitutively active, HA-
tagged, and myristoylated Akt (HA-myrAkt). The pECE control plasmid
contains a frame-shift mutation in the myrAkt gene and the myrAkt
protein levels in the cells were determined by immunoblotting with an
anti-HA antibody. Actin was used as a loading control. Cell viability
was determined by MTT assay and calculated relative to that of
untreated cells.

protein levels remained constant. 9AS also decreased the
phosphorylation of ERK1/2 and Akt at Ser473, but less
effectively, as expected from the fact that ERK1/2 functions
downstream of MEK, and Akt Ser473 is phosphorylated by
mTOR instead of PDK1.”? A time-course experiment
showed that the dephosphorylation of MEK and Akt was
largely complete after 10 min of exposure to 9AS, whereas
a comparable degree of dephosphorylation of ERK was
reached after 20 min (Figure S6a). H358 and H1299 cells
express mutant K-Ras G12C and mutant N-Ras Q61K,
respectively. Cyclorasin 9AS also reduced MEK and Akt
phosphorylation in lung cancer cell lines H1975 and H1650,
which express wild-type Ras proteins but mutant EGFR
(Figure S6b).

Dual inhibition of MEK and PI3K signaling results in
a synergistic decrease in cell viability and increase in
apoptosis of Ras-mutant cancer cells.”**! Given its ability
to inhibit both the Raf/MEK/ERK and PI3K/PDK1/Akt
pathways, 9AS5 is expected to inhibit cell growth and induce
apoptosis of cancer cells. Indeed, treatment of H1299 cells
with 10 um 9AS for 3 h resulted in a 2.3-fold increase in the
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activity of caspase-3, a protease that plays a central role in
apoptosis.(Figure 3¢). Flow cytometry analysis of the treated
cells showed positive staining with FITC-conjugated annex-
in V and propidium iodide, which stain apoptotic and dead
cells, respectively (Figure S7). The treated cells also under-
went morphological changes including cell rounding and
reduction in cell size. Consistent with these morphological
changes, LIM domain kinase and cofilin, which function
downstream of Ras and regulate the assembly and disassem-
bly of actin filaments, showed decreased phosphorylation
upon treatment with 9AS. Finally, transfection of H1299 cells
with a constitutively active form of Akt®! rendered the cells
substantially less sensitive to 9AS5, with a median lethal dose
(LDy,) value of around 8 pum, whereas transfection with
a nonfunctional Akt gene had no effect (Figure 3d,e). Taken
together, our data suggest that cyclorasin 9AS is able to enter
human cancer cells and bind directly to Ras proteins, thereby
blocking Ras—effector protein interactions and causing cell
growth inhibition and apoptosis, although we cannot rule out
potential off-target effects that may also contribute to the
observed cell growth inhibition and apoptotic cell death.

In summary, we have developed a family of cell-perme-
able cyclic peptides as potent and selective inhibitors of Ras-
GTP by screening a peptide library followed by preliminary
SAR studies. These peptides bind directly to Ras-GTP,
thereby blocking its interaction with effector proteins and
causing growth inhibition and apoptosis of cancer cells. Our
compounds are among the first biologically active Ras
inhibitors that act by physically blocking Ras—effector protein
interactions. With sizes similar to that of cyclosporine A (an
orally available cyclic peptide drug), these cyclic peptides
should serve as useful leads for further development into
therapeutic agents. Our strategy of integrating target-binding
and cell-penetrating motifs into a single cyclic peptide should
be applicable to the development of biologically active
inhibitors against other intracellular protein—protein interac-
tions.

Keywords: cancer - cell-penetrating peptides - cyclic peptides -
protein—protein interactions - Ras signaling
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