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ABSTRACT: Macrocyclic peptides can disrupt previously intract-
able protein−protein interactions (PPIs) relevant to oncology
targets such as KRAS. Early hits often lack cellular activity and
require meticulous improvement of affinity, permeability, and
metabolic stability to become viable leads. We have validated the
use of the Automated Ligand Identification System (ALIS) to
screen oncogenic KRASG12D (GDP) against mass-encoded mini-
libraries of macrocyclic peptides and accelerate our structure−
activity relationship (SAR) exploration. These mixture libraries
were generated by premixing various unnatural amino acids
without the need for the laborious purification of individual
peptides. The affinity ranking of the peptide sequences provided SAR-rich data sets that led to the selection of novel potency-
enhancing substitutions in our subsequent designs. Additional stability and permeability optimization resulted in the identification of
peptide 7 that inhibited pERK activity in a pancreatic cancer cell line. More broadly, this methodology offers an efficient alternative
to accelerate the fastidious hit-to-lead optimization of PPI peptide inhibitors.

■ INTRODUCTION
For decades, direct inhibition of the RAS family of
oncoproteins has evaded efforts from the drug discovery
community. Although the mutated forms of its three isoforms
(KRAS, HRAS, and NRAS) account for ∼30% of all human
cancers,1 no pan-RAS therapy has been approved yet. In
particular, KRAS represents ∼85% of all mutations and is a
major driver of some of the deadliest forms of cancers
(pancreatic, colorectal, and lung cancers).2,3 KRAS was
previously deemed “undruggable” owing to its lack of well-
defined binding pockets, its inherent flexibility, its various
protein−protein interaction partners, and its picomolar affinity
for its endogenous ligand, GTP.
The seminal discovery by the Shokat lab of small molecule

covalent inhibitors of the mutant KRASG12C,4 that revealed an
unprecedented binding pocket in the switch II region, sparked
a surge in research and development activities across industry
and academic laboratories.5,6 Taking advantage of this unique
strategy targeting the reactive mutant Cysteine12, novel
chemical matter quickly emerged, and several clinical trials
were initiated over the past 3 years,7−10 culminating with the
recent U.S. Food and Drug Administration approval of
sotorasib (LUMAKRAS). With the promise of treating broader

patient populations, other more frequent KRAS mutations
such as G12D and G12V are also being investigated, but
identifying potent small molecule inhibitors remains a
challenging endeavor, despite the recent publication of novel
KRASG12D inhibitors.11,12 As KRAS signaling pathways
function through intracellular PPIs that typically involve large
binding surfaces, medicinal chemists have also pursued
macromolecular modalities, including nucleic acids, peptides,
antibodies, or nonimmunoglobulin proteins.13,14

In particular, macrocyclic peptides constitute a modality of
growing interest.15,16 Typically larger (∼500−3000 Da) than
conventional small molecules, they are better suited to leverage
flat and hydrophobic interfaces characteristic of PPIs and can
exhibit antibody-like binding affinity and specificity at a
fraction of their molecular weight. Macrocyclic peptides also
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maintain many desirable small molecule properties such as low
immunogenic potential and resistance to proteolytic degrada-
tion. Emerging from various research groups seeking to take
advantage of this modality, several peptidic KRAS inhibitors
were recently described.17−20 In particular, Sakamoto and co-
workers reported in 2017 the discovery of a potent macrocyclic
peptide inhibitor of KRASG12D generated by random peptide
T7 phage display technology.21−23 Resulting from the
sequence optimization of a phage display screening hit,
KRpep-2d (1, Figure 2) potently inhibited the SOS1-mediated
GDP−GTP exchange. KRpep-2d was also reported to
demonstrate high micromolar cellular activity by reducing
phosphorylation levels of ERK1/2, a signal transduction
pathway downstream of KRAS, and suppressing proliferation
of A427 cells containing the KRASG12D mutation. Despite
several desirable properties, the authors concluded that efforts
to improve cell membrane permeability resulted in significant
cytotoxicity and KRpep-2d efficacy was not sufficient to
warrant in vivo studies.
Building from this work and recognizing the potential to

address liabilities identified with this peptide, we recently
disclosed our discovery of optimized macrocyclic peptide
inhibitors based on this scaffold offering multiple improved
properties: prolonged metabolic stability, enhanced cell
permeability, and validated on-target cellular activity.24 Our
studies substantiated the value of this novel peptide series as an
alternate approach toward seeking KRAS-inhibitory chemical
matter that could progress the field beyond the recent
successes with the KRASG12C mutant protein. We reported24

that the KRpep-2d peptide series might inhibit KRAS signaling
in at least two distinct ways, by directly blocking the
interaction with KRAS effectors (e.g., RAF) as well as by
indirectly preventing these interactions by blocking the
conversion of the GDP (off) state to the GTP (on) state.
Dual inhibition of mutant KRAS signaling is attractive,
especially considering the observation that cancer cells can

reactivate the MAPK pathway to resist G12C covalent
inhibitors, molecules that trap the protein in the GDP state.
We also demonstrated that these cell permeable macrocycles
were able to inhibit cell growth and block pERK signaling in
the low micromolar range in a variety of KRASG12D, KRASG12C,
and KRASG12V cancer lines, but not in KRASWT cell lines,
without inducing cytotoxicity (LDH leakage).24 We also
identified off-target challenges inherent in using polyarginine-
based cell entry strategies employed by the KRpep-2d
chemotype, which contains eight flanking arginine residues.
This necessitates continued investment in identifying cell
active peptides with reduced arginine burden, which we
speculated would require specific modifications to the
macrocyclic (non-arginine) core of this peptide. Our initial
efforts in that direction are reported in this study.
The use of focused combinatorial libraries is becoming an

important weapon in lead exploration and optimization.
Various affinity selection-mass spectrometry (AS-MS)-based
techniques have been developed over the years to study the
interactions of small molecule ligands with their biomolecular
targets and identify binders from large pools of compounds
such as mixture-based combinatorial libraries.25−27 The most
advanced systems perform the quantitative measurement of
KD’s and rank ordering of hits against a protein of interest in
solution in an efficient, label-free, and high-throughput
manner. In particular, the streamlined Automated Ligand
Identification System (ALIS) methodology, an AS-MS plat-
form, fully integrating size exclusion chromatography (SEC)
and liquid chromatography (LC)-MS,28 has successfully been
used to discover novel ERK inhibitors,29 rank order the
binding affinities of metabolites in a Factor IXa inhibitor
program,30 enable rapid structure−activity relationship (SAR)
around ERK2, MK2, and CHK1 inhibitors when combined
with nanoscale synthesis,31 or even screen RNA targets against
small molecule ligands.32 In contrast, these technologies have
not been widely applied to peptide ligand SAR, mainly because

Figure 1. “Accelerated” vs traditional peptide synthesis workflow. For the synthesis of N different macrocyclic peptides, the traditional solid-phase
peptide synthesis (SPPS) workflow is repeated N times, effectively starting from N individual solid supports (resins), coupling individual amino
acids to build the N linear peptides in N different containers. Cleavage off the resin, side chain deprotection, and cyclization steps are performed on
N individual peptides, followed by separate lengthy reversed-phase preparative HPLC purification of the N singletons. In contrast, our “accelerated”
workflow started from a single standard solid support and involved the coupling of equimolar mixtures of N amino acids to the growing peptide to
generate the N different designed sequences as a mixture in a single container. Upon cleavage and side chain deprotection of the linear peptides off
the resin, standard cyclization afforded the crude mixture. Then, a single, fast semipurification using reversed-phase flash column chromatography
(FCC) afforded the final mixture library of N macrocyclic peptides that was tested in ALIS.
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of limitations on MS capabilities to deconvolute complex
peptidic mixtures and on synthetic capabilities to generate
diverse libraries of peptides. Early work validated the
identification of high affinity peptide ligands by screening
pools of 19 linear peptides containing canonical amino acids in
a solution-phase competition assay.33,34 More recently, Touti
et al. screened large libraries (∼103−106 members) of linear
peptides containing non-canonical amino acids using an
advanced AS-MS platform similar to ALIS with the objective
of identifying peptide inhibitors of PPIs with improved
affinity.35

Here, we describe how SAR exploration efforts for
optimizing a KRAS-inhibitory peptide were accelerated by
the implementation of ALIS methodology on mass-encoded
libraries of macrocyclic peptides. This process, lessening the
need for repeated laborious chromatographic purification
methods, expedited the generation of data-rich SAR and
resulted in a rapid 50-fold improvement in binding affinity,
culminating in the identification and optimization of cell active
KRASG12D inhibitors starting from KRpep-2 (2, Figure 2), a
KRpep-2d derived scaffold with reduced arginine count that
exhibited comparable potency but no cellular activity. This
novel chemical matter paves the way in our efforts to identify
sequence variants that achieve cell entry without dependence
on arginine-rich sequences for achieving in vivo activity against
more common KRAS-driven, non-G12C cancers. More
broadly, this work exemplifies how a rapid, versatile, and
user-friendly affinity selection-mass spectrometry protocol can
quickly generate SAR and accelerate the hit-to-lead optimiza-
tion of PPI peptide inhibitors.

■ RESULTS AND DISCUSSION
Traditional peptide SAR exploration usually relies extensively
on the individual automated solid-phase peptide synthesis
(SPPS) of numerous single-point mutated analogues, followed
by laborious high-throughput liquid chromatography (HPLC)
purification to meet specific purity criteria for testing in

relevant biochemical or biophysical assays. To rapidly explore
the SAR around the KRpep-2d series of KRAS inhibitors and
identify more potent and metabolically stable analogues
exhibiting cellular activity with lowered arginine content, we
explored alternate SPPS procedures that would provide certain
advantages over conventional methods. As such, we sought to
validate the screening performance and affinity rank-ordering
ability of the ALIS platform on focused libraries of peptide
analogues that would be generated via a fast, atom-efficient,
“premix” approach.36,37 This workflow would not require large
excesses of costly amino acid building blocks and time-
consuming synthesis, postsynthesis workup (e.g., cleavage,
precipitation, cyclization), and purification of individual
peptides (Figure 1).
To take full advantage of ALIS to not only identify binders

within a mixture but also rank-order their relative affinity to the
target of interest and generate information-rich SAR to
prioritize the next cycle of design, several aspects need to be
considered in the context of peptide mixtures. First, the size of
a mixture library and the margin in the mass-encoding of
individual members can be constrained by the capability of the
MS component to detect every binder and deconvolute
complex signals (e.g., ion adducts, multiple charge states, etc.).
Second, if a library contains compounds with molecular
weights that are either too close or identical, additional steps
would be required to unambiguously identify the binders.
Additionally, without the need for strict stoichiometric control,
the synthesis of such a library should at least ensure that all
desired peptides are present at comparable concentrations in
the mixture (i.e., within one order of magnitude) as the ALIS
technology proved to be relatively insensitive to that
parameter.38 Lastly, the parent hit sequence that is being
optimized should also be included to the library design as an
internal control or reference for the mixture synthesis and
subsequent ALIS experiments.
Although our initial objective was to leverage AS-MS to

rapidly identify and triage potent analogues of KRpep-2d (1),

Figure 2. Structures and reported biochemical activities of cyclic peptides KRpep-2d and KRpep-221,23 against KRASG12D (GDP). Standard one-
letter codes for canonical amino acids are used to identify residues on KRpep-2d structure. Key binding residues Leu7, Ile9, and Asp12 are
highlighted in yellow. The only difference between the two structures is the presence of Arg1, Arg2, Arg18 and Arg19 in KRpep-2d. The same
residues numbering was kept for KRpep-2 in this work.
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we quickly realized this experimental strategy would be
hampered by several complications. First, its large molecular
weight (2561 Da) and the two flanking tetra-arginine
appendages on the macrocyclic core represented technical
hurdles and synthetic challenges for validating the method-
ology. Additionally, as we previously reported, KRpep-2d (1)
exhibited inadequate proteolytic stability and its polycationic
character was responsible for off-target effects, namely mast cell
degranulation (MCD).24 Importantly, appropriate retention of
arginine-rich analogues on the SEC column of the ALIS system
could be compromised and the rate of false positives could be
elevated.32 Such polycationic peptides also tend to behave
poorly on LC-MS systems and carry a higher risk of detection
issues.
For these reasons, we decided to focus our initial

investigation and subsequent validation studies on the closely
related analogue KRpep-2 (2, Figure 2) from the original
publication.21 This peptide was reported to have comparable
biochemical activity and had a reduced count of four arginine
residues, thus seeming more technically suitable for ALIS
experiments. Published alanine scanning (Ala scan) and
structural analysis revealed that Leu7, Ile9, and Asp12 were
key residues for the binding of the macrocycle to KRASG12D

(GDP).22,23 However, limited side chain optimization to
improve potency was reported. Hence, KRpep-2 (2) was
selected as a reference sequence for our initial library design
and an experimental starting point for the validation of the
screening of peptide mixtures using ALIS to accelerate the
Design−Make−Test cycle and rapidly generate data-rich SAR
toward improving its biological activity profile.
Library 1 Design and Synthesis. As a proof of concept

for our synthetic methodology, a mixture library of 16
macrocyclic peptide sequences was designed to explore
unnatural substitutions in place of Tyr8 and Ile9. Metabolite
identification studies in cell homogenate suggested that the
backbone amide bond was a soft spot for proteolysis in this
series.24 Therefore, we hypothesized that the introduction of
unnatural substitutions at these positions could improve the
protease stability of the macrocycle. This initial set of
combinations was small enough to allow for synthesis

optimization but large enough to cover a diverse side chain
chemical space as well as explore some potential limitations of
the ALIS experiments on macrocyclic peptides. Amino acid
building blocks were selected based on four main criteria: (1)
relative chemical diversity with respect to the parent natural
side chain guided by the published X-ray structure of KRAS-
bound KRpep-2d (Figure S1a), (2) mass differentiation, so all
designed peptide exact masses were different by at least 1 Da,
(3) comparable chemical reactivity toward amide coupling to
generate the final pool of peptides at comparable individual
concentrations, and (4) building block availability for swift
execution of the workflow. With these considerations in mind,
we designed our first mini-library to gain some insight on the
hydrophobic interactions involving Tyr8 and Ile9 residues of
the parent scaffold. To interrogate the van der Walls
interactions at position 8, we selected substitutions that
covered aromatic (L-homophenylalanine, hPhe; L-4,4′-biphe-
nylalanine, Bip) and cycloalkyl moieties (L-cyclohexylalanine,
Cha) while the hydrophobic groove occupied by sec-butyl side
chain of Ile9 was probed using varied alkyl side chains (L-
norvaline, Nva; L-cyclopentylalanine, cPeA; L-homoleucine,
hLeu). The original “KRpep-2 combination” of Tyr at position
8 and Ile at position 9 was included in the design of the library
to serve as an internal reference in the competition
experiments (Figure 3a).
The first key step was the successful construction of the

mixture of 16 peptides in one routine peptide synthesis
experiment. Standard automated SPPS of the linear peptide
sequence was performed from a single batch of Rink Amide
MBHA resin. The procedure was then modified to couple an
equimolar mixture of the designed Fmoc-protected “Tyr8

variations” and “Ile9 variations” amino acid building blocks
contained in individual reagent vessels attached to the ports for
positions 8 and 9, respectively, on the peptide synthesizer. The
cleavage and deprotection of the linear peptides using a TFA
cocktail followed by precipitation and oxidative formation of
the disulfide bridge using a solution of iodine in methanol
afforded a crude pool of 16 cyclized peptides in “one pot”. A
quick “semipurification” using reversed-phase flash chromatog-
raphy, mostly to remove late-eluting protecting group

Figure 3. Mixture Library 1 design and ACE50 results. (a) Design of premixed amino acids to explore substitutions for Tyr8 in combination with
substitutions for Ile9. Original Tyr at position 8 and Ile at position 9 were included to serve as internal reference. (b) Peptides were numbered as
shown on matrix grid. Heatmap indicates the rank-ordered affinities for KRASG12D (GDP) measured in ACE50 experiment, from red (weaker
binders) to green (highest affinity binders). White indicates “not determined”.
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remnants, yielded the final mixture library containing the 16
desired macrocyclic peptides at comparable individual
concentrations (i.e., within 1 order of magnitude as estimated
by UPLC-MS analysis). This was considered acceptable for
evaluation of their relative binding affinities for KRASG12D

(GDP) using ALIS.
Library 1 Evaluation in ALIS Experiments. Standard

ALIS competition experiments have already been published
and extensively reviewed.28,38 Library 1 was first tested in a
protein titration (PT) experiment where the 16 peptides
compete for binding to an initial concentration of KRASG12D

(GDP) (Table S7). The competition for binding is then
increased by lowering the concentration of the soluble protein
in the experiment. At the lowest protein concentration, only
the highest affinity compounds remain bound. MS analyses
revealed different ranges of affinities for Library 1 peptides,
including the presence of several weak binders to nonbinders.
More importantly, reference peptide 2 (KRpep-2) and peptide
1-09 appeared to be the best binders in this mixture library.
To obtain a more accurate affinity ranking of the 16

peptides, Library 1 was also tested in an affinity-based
competition experiment (ACE), a more labor-intensive
experiment that typically relies on the ability of an increasing
concentration of a known competitor ligand (titrant) to
displace a fixed concentration of protein and mixture of
binders, as measured by their MS signals. We selected a close
analogue of KRpep-2 as our titrant of comparable affinity (see
the Supporting Information (SI)), which allowed the relative
binding affinity ranking of the Library 1 peptides (Figure S4).
Similar to IC50 data obtained from other biochemical
competitive assays, the ACE result can be determined for
each individual peptide of the mixture as an ACE50 value. Of
note, a higher affinity for the target is reflected by a higher
ACE50 value.

30,38 In the case of Library 1, a good agreement
with the PT results was observed (Figure S8), gratifyingly
indicating that peptide 1-09 (Bip8/Ile9) had a higher affinity
for KRASG12D (GDP) than reference peptide 2 (KRpep-2).
When exploring multiple combinations of side chain

modifications, ACE50 results provide a rich data set where
SAR trends can rapidly emerge. The impact on the potency of
KRpep-2 can be visualized as a color-coded matrix of the
Library 1 ACE50 results (Figure 3b). Incorporation of L-4,4′-
biphenylalanine (Bip) at position 8 generally appeared to be

more favorable than the parent Tyr residue whereas an
aliphatic side chain such as Cha proved to be detrimental for
binding. At position 9, close aliphatic analogues of Ile at
position 9 generally appeared less tolerated, which was
consistent with the expected steep SAR for this key residue
based on Ala scan data and X-ray structure of KRpep-2d.22,23

To validate the affinity rank-ordering of Library 1 sequences
generated by the ALIS experiments, we synthesized all 16
peptides individually using standard automated SPPS and
tested these singletons (Table 1) in the biochemical SOS-
catalyzed guanine nucleotide exchange (GNE) assay that can
determine the potency of an inhibitor by its ability to prevent
the exchange of a nucleotide Bodipy-GDP-KRAS complex for
GTP catalyzed by the guanine nucleotide exchange factor SOS
(see the Supporting Information (SI)). Most peptides of this
library appeared weak-to-nonbinders in this assay, compared to
reference peptide 2 (KRpep-2) with SOS IC50 = 54 nM.
Gratifyingly, peptide 1-09 (Bip8/Ile9) was found to be 8-fold
more potent than the reference 2, which confirmed the
beneficial effect of the biaryl side chain at position 8, including
in combination with Nva9 (IC50 = 604 nM).
When compared to the results from the ALIS experiments,

the SOS data showed a good correlation with PT data (Figure
S9), confirming the qualitative ability of this faster and less
labor-intensive experiment to quickly distinguish weak-to-
nonbinding combinations of substitutions from the desired
higher-binding ones that can be explored further in the next
design cycle. More strikingly, we observed an excellent
correlation with the ACE50 data (Figure 4) for peptides with
submicromolar potencies, highlighting the accurate rank-
ordering of the peptides in our Mixture Library 1 and the
improved potency of peptide 1-09 over reference peptide 2
(KRpep-2).
Despite the presence of unnatural side chains at positions 8

and 9, the half-life of these singletons in our HeLa cells
homogenate stability assay (see the SI for details) was found to
be very modest and comparable to that of the reference 2
(KRpep-2, t1/2 = 23 min), suggesting that additional structural
modifications might be necessary to mitigate their metabolic
liability. We had also demonstrated that the redox-sensitive
disulfide cyclization motif of these macrocycles was a barrier to
achieving cellular activity but that this issue could be addressed
by disulfide replacement with a linkage that preserved binding

Table 1. Assay Data for Singletons from Library 1

peptide name sequence KRASG12D SOS GNE IC50 (nM) cell homogenate stability (HeLa) t1/2 (min)

2 (KRpep-2) Ac-RR-cyclo(CPLYISYDPVC)-RR-NH2 54 23
1-02 Ac-RR-cyclo(CPLY-Nva-SYDPVC)-RR-NH2 >11110 19
1-03 Ac-RR-cyclo(CPLY-cPeA-SYDPVC)-RR-NH2 >11110 23
1-04 Ac-RR-cyclo(CPLY-hLeu-SYDPVC)-RR-NH2 >11110 28
1-05 Ac-RR-cyclo(CPL-hPhe-ISYDPVC)-RR-NH2 1387 37
1-06 Ac-RR-cyclo(CPL-hPhe-Nva-SYDPVC)-RR-NH2 >11110 15
1-07 Ac-RR-cyclo(CPL-hPhe-cPeA-SYDPVC)-RR-NH2 >11110 16
1-08 Ac-RR-cyclo(CPL-hPhe-hLeu-SYDPVC)-RR-NH2 >11110 14
1-09 Ac-RR-cyclo(CPL-Bip-ISYDPVC)-RR-NH2 7 55
1-10 Ac-RR-cyclo(CPL-Bip-Nva-SYDPVC)-RR-NH2 604 26
1-11 Ac-RR-cyclo(CPL-Bip-cPeA-SYDPVC)-RR-NH2 >11110 48
1-12 Ac-RR-cyclo(CPL-Bip-hLeu-SYDPVC)-RR-NH2 >11110 17
1-13 Ac-RR-cyclo(CPL-Cha-ISYDPVC)-RR-NH2 161 21
1-14 Ac-RR-cyclo(CPL-Cha-Nva-SYDPVC)-RR-NH2 >11110 27
1-15 Ac-RR-cyclo(CPL-Cha-cPeA-SYDPVC)-RR-NH2 >11110 21
1-16 Ac-RR-cyclo(CPL-Cha-hLeu-SYDPVC)-RR-NH2 >11110 25
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affinity.24 We applied changes to our new analogues to
improve overall proteolytic/redox stability after completion of
multiple rounds of ALIS-based potency optimization (vide
infra).
Recognizing the potential of the ALIS methodology to

quickly improve the potency of our peptides while building
extensive SAR, we designed a second mixture library aiming to
explore new unnatural substitutions at the positions 10 and 11
of KRpep-2 that appeared, from the published Ala scan,22

amenable to modification and potential potency gain.
Library 2 Design and Synthesis. Next, we applied the

same principles as for Library 1 to generate Ser10 and Tyr11

variations (Figure 5a) suitable for ALIS experiments and
covering a diverse chemical space guided by the KRpep-2d X-
ray structure (Figure S1b). For position 10, we sought to
interrogate the H-bond between Ser10 and Asp69 of KRAS by
either incorporating a charged side chain (L-2,4-diaminobutyric
acid, Dab), abrogating the H-bond donor/acceptor (L-
norleucine, Nle), or introducing a thiazole, a noncharged
heterocyclic H-bond acceptor side chain (L-4-thiazolylalanine,
Tza). For position 11, we explored larger aromatic (L-
diphenylalanine, Dip; 3,4,5-trifuoro-L-phenylalanine,
Phe345F3) or cycloalkyl (Cha) side chains for the hydro-

phobic pocket occupied by Tyr11. Mixture Library 2 was
synthesized from a single resin using the accelerated
aforementioned workflow and made available for ALIS testing
in under 4 days.

Library 2 Evaluation in ALIS Experiments. We tested
the Mixture Library 2 in a PT experiment that revealed the
presence of peptides covering a wide range of affinities for
KRASG12D, including the best binders 2-02 and 2-03 showing
the same level of affinity as the reference sequence 2 (KRpep-
2) (Table S8). However, the evaluation of Library 2 in the
ACE experiment showed a better potency of the reference 2
over peptides 2-02 and 2-03 (Figure S5). Interestingly, the
limited SAR around Ser10 appeared fairly restrictive compared
to Tyr11 that seemed more tolerant toward different aromatic
side chains (Figure 5b).
To increase confidence in our methodology, we selected half

of Library 2 peptides covering a wide range of affinities and
resynthesized them as singletons. Upon testing in the SOS
assay (Table 2), no peptide was found to have better affinity
than the reference 2 (KRpep-2, IC50 = 54 nM) and peptide 2-
03 was the second-best binder of this library with an IC50 of
193 nM.
Nevertheless, these results correlated again very well with

the PT (Figure S11) and ACE50 results (Figure 6) which
demonstrated the ability of ALIS competition experiments to
quickly identify weak-to-nonbinders as well as potent binders
from Mixture Library 2, and rank-order their KRAS affinities.
After the validation of our methodology in a first round of

designs based on KRpep-2 sequence, we sought to further
improve the potency of peptide 1-09 that emerged as the best
binder to KRAS from Libraries 1 and 2. We also sought to
expand the SAR around given positions by increasing the
number of premixed amino acids in our libraries.

Libraries 3 and 4 Design and Synthesis. To pursue the
combinatorial SAR exploration of other key residues of our
macrocyclic KRAS inhibitors, we designed Mixture Library 3
with varied side chains at positions 6 and 7 for a total of 28
different combinations (Figure 7a). Structural and modeling
information (Figure S1c) indicated a potential to improve the
interaction with the protein (nearby groove residues Asp92,
His95, Tyr96) via a substitution on Pro6 and to benefit from the
stabilization of the proline conformation. We chose a

Figure 4. Correlation of SOS potencies for Library 1 singletons
against ACE50 results for Mixture Library 1. Regression was
performed on peptides binding in both the ACE and SOS assay.
Peptide 1-09 emerged as the best binder of the library, with an 8-fold
improvement in SOS potency over KRpep-2 (2).

Figure 5. Mixture Library 2 design and ACE50 results. (a) Design of premixed amino acids to explore substitutions for Ser10 in combination with
substitutions for Tyr11. Original Ser at position 10 and Tyr at position 11 were included to serve as internal references. (b) Peptides were numbered
as shown on the matrix grid. Heatmap indicates the rank-ordered affinities for KRASG12D (GDP) measured in the ACE50 experiment, from red
(weaker binders) to green (highest affinity binders). White indicates “not determined”.
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structurally diverse set of neutral or charged moieties (trans-3-
allyloxy-L-proline, Prot3OAl; cis-4-fluoro-L-proline, Proc4F;
trans-4-(carboxymethoxy)-L-proline, Prot4OAcOH) as well as
cyclic aromatics (trans-3-phenyl-L-proline, Prot3Ph) or satu-
rated groups (cis-3,5-cyclopentyl-L-proline, sProc35c2; trans-4-
cyclohexyl-L-proline, Prot4cHex), covering various positions

and orientations to interrogate different vectors off the
pyrrolidine ring of Pro6. For position 7, we adopted related
cyclic (L-cyclobutylalanine, Cba; Cha) or acyclic polar (O-
methyl-L-serine, SerOMe) aliphatic analogues of Leu, antici-
pating a tight SAR around this key binding residue buried in a
hydrophobic pocket.
Library 4 (Figure 7b) included chemical diversity around

two solvent exposed residues, Pro13 and Val14 (Figure S1d).
Although no additional intermolecular interaction with KRAS
was expected from Pro13 analogues, we hypothesized that
substituents off the pyrrolidine ring could potentially affect the
conformation of the proline and consequently the bioactive
conformation of the macrocycle. Similarly, a diverse set of
substitutions at position 14 was anticipated to modify the
binding of the macrocycle through conformational effect in
addition to its reported interaction with Arg102 via van der
Waals stacking.23

Both mixture libraries integrated these modifications to the
improved reference scaffold of peptide 1-09 containing Bip8

and were rapidly synthesized following our accelerated
workflow.

Libraries 3 and 4 Evaluation in ALIS Experiments. The
PT experiment on Mixture Library 3 quickly indicated that
combinations 3-05, 3-07, 3-09, and reference 1-09 had the

Table 2. Data for Selected Singletons from Library 2a

peptide name sequence KRASG12D SOS GNE IC50(nM) cell homogenate stability (HeLa) t1/2 (min)

2 (KRpep-2) Ac-RR-cyclo(CPLYISYDPVC)-RR-NH2 54 23
2-02 Ac-RR-cyclo(CPLYIS-Dip-DPVC)-RR-NH2 251 30
2-03 Ac-RR-cyclo(CPLYIS-Phe345F3-DPVC)-RR-NH2 193 18
2-04 Ac-RR-cyclo(CPLYIS-Cha-DPVC)-RR-NH2 1474 15
2-06 Ac-RR-cyclo(CPLYI-Dab-Dip-DPVC)-RR-NH2 >11110 34
2-09 Ac-RR-cyclo(CPLYI-Nle-YDPVC)-RR-NH2 >11110 25
2-12 Ac-RR-cyclo(CPLYI-Nle-Cha-DPVC)-RR-NH2 >11110 26
2-13 Ac-RR-cyclo(CPLYI-Tza-YDPVC)-RR-NH2 2269 22
2-15 Ac-RR-cyclo(CPLYI-Tza-Phe345F3-DPVC)-RR-NH2 >11110 ND

aND = Not determined.

Figure 6. Correlation of SOS potencies for Library 2 singletons
against ACE50 results for Mixture Library 2. Regression was
performed on peptides binding both in ACE and SOS assay. No
peptide showed improved potency over reference 2 (KRpep-2).

Figure 7. Mixture Libraries 3 and 4 design. (a) Design of premixed amino acids to explore substitutions for Pro6 in combination with substitutions
for Leu7. Original Pro at position 6 and Leu at position 7 were included to serve as internal reference. (b) Design of premixed amino acids to
explore substitutions for Pro13 in combination with substitutions for Val14. Original Pro at position 13 and Val at position 14 were included to serve
as internal reference.
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best affinity for KRAS (Table S9). This was further confirmed
by the ACE50 measurements that showed an increased potency
for peptides 3-05, 3-07, and 3-09 compared to reference 1-09
(Figure S6). In addition, the color-coded matrix of ACE50

values (Figure 8a) clearly highlighted that the trans vector at
position 3 of the pyrrolidine ring of Pro6 seemed much more
tolerated than all other substituents tested. Substitutions at
position 4 as well as bridged bicyclic systems were not

Figure 8. Mixture Libraries 3 (a) and 4 (b) ACE50 results. Peptides were numbered as shown on the matrix grid. Heatmap indicates the rank-
ordered affinities for KRAS measured in ACE50 experiment, from red (weaker binders) to green (highest affinity binders). White indicates “not
determined”.

Table 3. Data for Selected Singletons from Libraries 3 and 4

peptide name sequence KRASG12D SOS GNE IC50 (nM)

1-09 Ac-RR-cyclo(CPL-Bip-ISYDPVC)-RR-NH2 7
3-02 Ac-RR-cyclo(CP-SerOMe-Bip-ISYDPVC)-RR-NH2 1133
3-05 Ac-RR-cyclo(C-Prot3OAl-L-Bip-ISYDPVC)-RR-NH2 1
3-07 Ac-RR-cyclo(C-Prot3OAl-Cba-Bip-ISYDPVC)-RR-NH2 2
3-09 Ac-RR-cyclo(C-Prot3Ph-L-Bip-ISYDPVC)-RR-NH2 1
3-11 Ac-RR-cyclo(C-Prot3Ph-Cba-Bip-ISYDPVC)-RR-NH2 7
3-12 Ac-RR-cyclo(C-Prot3Ph-Cha-Bip-ISYDPVC)-RR-NH2 20
3-21 Ac-RR-cyclo(C-sProc35c2-L-Bip-ISYDPVC)-RR-NH2 201
4-02 Ac-RR-cyclo(CPL-Bip-ISYDP-Ahp-C)-RR-NH2 5
4-05 Ac-RR-cyclo(CPL-Bip-ISYDP-AbuCN-C)-RR-NH2 24
4-11 Ac-RR-cyclo(CPL-Bip-ISYD-Prot3Me-Aad-C)-RR-NH2 43
4-16 Ac-RR-cyclo(CPL-Bip-ISYD-Prot4OAcOH-Ahp-C)-RR-NH2 23
4-17 Ac-RR-cyclo(CPL-Bip-ISYD-Prot4OAcOH-Cha-C)-RR-NH2 25
4-20 Ac-RR-cyclo(CPL-Bip-ISYD-Prot4OAcOH-Phe4Cl-C)-RR-NH2 33
4-22 Ac-RR-cyclo(CPL-Bip-ISYD-Proc5Ph-VC)-RR-NH2 94

Figure 9. Correlation of SOS potencies for Libraries 3 (a) and 4 (b) singletons against ACE50 results. Regression was performed on peptides
binding both in ACE and SOS assays. Peptides 3-05, 3-07, 3-09, and 4-02 showed improved potency over reference 1-09.
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tolerated. Results on variations of the conserved residue Leu7

indicated only a comparable level of affinity for the most
structurally similar Cba and to a lesser extent Cha.
We also performed both ALIS competition experiments on

Mixture Library 4 (Table S10, Figure S7) that highlighted a
potential improvement of potency only for peptide 4-02. SAR
trends derived from the ACE50 matrix (Figure 8b) showed a
detrimental effect of the substituents placed at positions 3 and
5 of the 5-membered ring of Pro13 while Prot4OAcOH with a
substituent at position 4-trans was moderately tolerated. The
impact of varying residues at Val14 seemed generally less
critical although extended or cyclic aliphatic analogues (L-2-
aminoheptanoic acid, Ahp; Cha) as well as the charged L-α-
aminoadipic acid (Aad) seemed to maintain affinity. Large
aromatics were detrimental to binding.
Next, we sought to further leverage the predictive power of

the ALIS competition experiments to optimize a hit sequence
and generate data-rich SAR, demonstrated with Mixture
Libraries 1 and 2 by reducing the number of individual
peptides that needed singleton synthesis and purification. We
selected only the best binders in each library as well as a few
additional combinations predicted to be weak binders for
resynthesis and testing in the SOS assay (Table 3).
For the selected peptides of Library 3, we were pleased to

observe an excellent correlation with ACE results over a wide
range of affinities (Figure 9a). Peptides 3-05 and 3-09 showed
the best potency against KRAS with both having an IC50 of 1
nM, a 7-fold improvement over reference peptide 1-09 (IC50 =
7 nM). These results confirmed the beneficial effect of a trans
substituent at position 3 of Pro6.
Upon testing of selected Library 4 singletons, only a

moderate correlation with ACE results was observed (Figure
9b), which could be attributed to an unexpected effect of the
charged proline substituent in Prot4OAcOH. Nevertheless,
peptide 4-02 was confirmed to be similar in potency (IC50 = 5
nM) than reference peptide 1-09.
Overall, from these two rounds of optimization of KRpep-2

using mixture libraries in ALIS experiments, several KRAS
peptide inhibitors successfully emerged with a low single-digit
nanomolar potency (a 50-fold improvement in binding
affinity) and a diverse SAR on the peptide macrocycle side
chains was rapidly generated.
Further Optimization Toward Cellular Activity.

Although we were able to substantially increase the KRAS
binding affinity of the parent scaffold with the beneficial
modifications identified in this study, these peptides were not
able to functionally block cellular KRAS activity as measured
by their impact on downstream signaling in an AlphaScreen
pERK assay in AsPC-1 cells, a pancreatic cancer line
homozygous for KRASG12D.24 We hypothesized that our

optimized peptides still suffered from the inherent redox
instability of their disulfide bridge in the intracellular reducing
environment and from poor proteolytic stability (HeLa
homogenate t1/2 of peptide 3-09 = 14 min), likely impacting
cellular activity. To address these issues, we first considered
two key modifications we identified previously24 that impart
redox stability while maintaining a nearly identical peptide
conformation in the bound state: (1) the inversion of chirality
at position 5 (Cys5 → D-Cys) and (2) the insertion of a
reduction-resistant methylene bridge between the two
cysteines of the macrocycle. Combining these elements with
the best mutations identified by ALIS (i.e., peptides 3-05, 3-09,
and 4-02), we synthesized four combination peptides and
evaluated them for their ability to inhibit KRAS signaling
pathways in AsPC-1 cells (Table 4).
We were pleased to observe that the combination of the

stable D-Cys5−methylene−Cys15 linkage with the mutations of
key residues within the macrocycle resulted in subnanomolar
SOS GNE potency as well as increased stability in our cell
homogenate assay with half-lives ranging from 260 to >372
min. Gratifyingly, the incorporation of these optimized
substitutions provided our first cell active macrocyclic peptides
containing only four arginines and inhibiting pERK activity,
with peptide 5-01 exhibiting an IC50 of 3.3 μM at the 2 h time
point. As noted previously, macrocyclic peptides with mixed
apolar/cationic character have a high propensity for false
positives in cellular assays, prompting the need for routine
counter screens. The analogues in this series appeared to be
on-target as they did not affect the integrity of the membrane
(as measured by an 18 h LDH release assay) and were inactive
in a counter screen in A375 cells, a RAS-independent cell line
harboring BRAFV600E, a MAPK pathway activating mutation
downstream of KRAS (Table S11).
We modeled peptide 5-01 (Table 4) in the binding site of

KRASG12D in complex with GMPPCP using MOE.39 Beginning
from a minimized complex (PDB ID: 7ROV),24 the in silico
modifications to make peptide 5-01 were made manually. This
modified structure was then further minimized, and we carried
out local conformational searching of the peptide around
Prot3Ph6, Arg3, and Leu7, using the MOE Low Modes MD
routine, to sample the possible orientations of the phenyl ring
in the receptor pocket, which was held fixed. A selection of
three of the most diverse of the conformations was further
minimized within a flexible receptor (Figure S16). Variation in
the side chain of Arg3 and a change in the pucker of the
pyrrolidine ring of Prot3Ph6 can orient the phenyl substituent
toward stacking against the His95 side chain. The Bip side
chain at position 8 presents extended surface area compared to
the original Tyrosine, enhancing van der Waals interactions
with the Tyr64 from the Switch II loop of KRAS.

Table 4. Data for Cell Active Combination Peptides

peptide
name sequencea

KRASG12D SOS
GNE IC50 (nM)

AlphaScreen (AsPC-1)
2 h IC50 (μM)

AlphaScreen (AsPC-1)
18 h IC50 (μM)

cell homogenate stability
(HeLa) t1/2 (min)

5-01 Ac-RR-cyclo(c(methylene)-Prot3Ph-L-Bip-
ISYDPVC)-RR-NH2

<1 3.3 33 >372

5-02 Ac-RR-cyclo(c(methylene)-Prot3OAl-L-Bip-
ISYDPVC)-RR-NH2

<1 28 >50 260

5-03 Ac-RR-cyclo(c(methylene)-Prot3Ph-L-Bip-
ISYDP-Ahp-C)-RR-NH2

<1 6.8 29 >372

5-04 Ac-RR-cyclo(c(methylene)-Prot3OAl-L-Bip-
ISYDP-Ahp-C)-RR-NH2

<1 30 >50 ND

aLowercase letters represent D-amino acids. ND = Not determined.
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Next, we sought to confirm the cell permeability of our
analogues. Previously, we showed that a reduced number of
arginines compared to the parent KRpep-2d (1) architecture
was detrimental to cellular uptake mechanisms.24 Cellular
permeability was assessed using our cell-based NanoClick assay
that relies on the “Click” reactivity of azide-containing peptides
to measure their accumulation in the cytosol.40 We synthesized
the corresponding “azido-analogue” of peptide 5-01, peptide 6,
containing an azido-lysine at the N-terminus and compared it
with permeable and impermeable controls (Table S13). Also
tested in the SOS GNE and AlphaScreen assays, peptide 6
showed subnanomolar SOS assay potency and pERK IC50 =
2.7 μM (Table 5), confirming that the azido-tag was only
minimally altering the properties of peptide 5-01.
Interestingly, peptide 6 showed limited permeability after 4

h but a much-increased permeability at 18 h, despite exhibiting
a 6-fold improved cellular activity at 2 h versus 18 h. Since
permeability was not the only parameter impacting cell activity,
this difference might be attributed to the difference in uptake
efficiency of the two cell lines (HeLa vs AsPC-1) but also to
the decreasing stability of the peptide over time that would not
be compensated by increased permeability.
Finally, we integrated specific additional modifications

previously identified24 as beneficial for the proteolytic stability
of this scaffold: (1) replacement of canonical L-arginines by
their enantiomeric counterparts (Arg → D-Arg) and (2)
introduction of α-methylation at position 10 (Ser10 → α-
methyl-L-serine). Gratifyingly, the resulting peptide 7 (Table
5) maintained a subnanomolar potency and exhibited a
sustained cellular activity (IC50 (2 h) = 3.8 μM, IC50 (18 h)
= 3.9 μM), with no LDH release or activity in our A375 cells
counter-screen assay (Table S11). Its on-target cellular activity
was further validated with a nonbinding control peptide 8,
where the only modification was that the key macrocycle
residue Ile9 was replaced for its enantiomeric counterpart (D-
Ile) to maintain the overall chemical composition, that showed
no response in the SOS assay as well as no cellular activity
(Table S12).
We also confirmed its permeability by testing its “azido-

analogue”, peptide 9, in our NanoClick assay. Compared to
peptide 6, we observed an improved permeability at 4 h (EC50
= 1.5 μM) and a maintained excellent permeability at 18 h
(EC50 = 0.15 μM). Interestingly, we found that the close
analogue peptide 10, with the “parent” macrocycle residues,
and not carrying the beneficial side chains identified in this
study at positions 6, 8, and 10, showed no permeability at 4 h
and very limited permeability at 18 h (Table S13), which could
be attributed to their difference in lipophilicity (ALogP98

peptide 9 = −3.3; ALogP98 peptide 10 = −6.7). This data
suggested that this much-improved permeability, contributing
to peptide 9 and, by extension, peptide 7 cellular activities,
concurrently emerged from our optimization and incorpo-
ration of specific lipophilic residues in the peptide macrocycle.
These studies therefore accomplished a couple of objectives

that we were seeking. First, we were able to execute on
establishing an accelerated peptide synthesis−testing workflow
in the laboratory, improving the turnaround cycle time
between peptide design and in vitro assay data generation,
using ALIS as a comparative affinity evaluation tool. Second,
the potency-impacting core macrocycle modifications that
were uncovered in this process led to the identification of cell
active KRAS inhibitors with a reduced arginine count
compared to the bis(tetra-arginine)-containing KRpep-2d
(1). As we have shown previously, high arginine content is
correlated to mast cell degranulation-related liabilities,
preventing further progression of this series.24 Contrarily, we
observed the elimination of cell activity upon arginine
truncation of the parent macrocycle. Therefore, our current
SAR observations combine arginine truncation with targeted
lipophilic modifications of the core macrocycle to restore the
cellular activity of the parent bis(tetra-arginine) system,
providing design strategies toward eventual access to cell
active KRAS-binding peptides without cationic cell-penetrating
segment motifs.

■ CONCLUSION

Herein we demonstrated that the ALIS technology could be
employed to screen KRASG12D (GDP) against focused mixture
libraries of macrocyclic peptide inhibitors and to rapidly evolve
the initial hit KRpep-2 toward subnanomolar binders. The
affinity-ranking of our designed sequences generated by ALIS
competition experiments enabled the identification of novel
beneficial mutations of the KRpep-2 macrocycle, including
trans-3-phenyl-L-proline at position 6 and L-4,4′-biphenylala-
nine at position 8, that represented a combined >50-fold
enhancement in potency in biochemical assays.
More generally, we believe this methodology can accelerate

the generation of useful SAR around a macrocyclic peptide hit
to rapidly progress toward potent leads. With the implementa-
tion of an accelerated mixture synthesis workflow described in
this study, we have been able to generate a mixture library
within a couple of days, followed by ALIS testing and data
analysis within a week. With the advantage of using label-free,
soluble target protein, no extensive preparation was required
prior to the binding experiments. Leveraging the capability of
ALIS to analyze complex mass-encoded peptide mixtures, we

Table 5. Potency, Stability, and Permeability Data of Optimized Cell Active Peptides

peptide
name sequencea

KRASG12D
SOS GNE
IC50 (nM)

AlphaScreen
(AsPC-1)

2 h IC50 (μM)

AlphaScreen
(AsPC-1)

18 h IC50 (μM)

cell homogenate
stability (HeLa)

t1/2 (min)

NanoClick
(HeLa)

4 h EC50 (nM)

NanoClick
(HeLa)

18 h EC50 (nM)

6 Ac-Lys(N3)-RR-
cyclo(c(methylene)-Prot3Ph-L-
Bip-ISYDPVC)-RR-NH2

<1 2.7 19 >372 7316 199

7 Ac-rr-cyclo(c(methylene)-
Prot3Ph-L-Bip-I-aMeS-
YDPVC)-rr-NH2

<1 3.8 3.9 >372 n/a n/a

9 Ac-Lys(N3)-rr-
cyclo(c(methylene)-Prot3Ph-L-
Bip-I-aMeS-YDPVC)-rr-NH2

<1 6.2 6.8 >372 1488 148

aLowercase letters represent D-amino acids. n/a = not applicable. See the SI for data related to cell inactive peptides 8 (Table S12) and 10 (Table
S13).
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bypassed painstaking peptide purification and only integrated
one quick “clean-up” step. This accelerated Design−Make−
Test cycle allowed us to explore a chemically diverse set of
substitutions in a resource-sparing manner. While useful to
establish the initial reliability of the ALIS competition
experiments, one may not need to synthesize all individual
singletons but validate only the best binders in each library and
quickly deprioritize designs around weaker binders. We
decided to interrogate two different adjacent positions in
each of our libraries to allow for potential synergistic effects
that can be difficult to uncover using single-point modifica-
tions. But any number of positions can be varied if the number
of combinations and the overall physicochemical properties of
the mixture library remain compatible with ALIS testing, as for
instance potential solubility or aggregation issues could arise
from the presence of very lipophilic peptide sequences.
In addition, in the context of intracellular targets, it is

necessary to complement this binding affinity optimization
with improvements in metabolic stability and cell permeability.
Our results highlighted this beneficial effect of combining in
peptide 7 the SAR learnings from this study with previous
successful peptide stability optimization tactics to reach
sustained low-micromolar cellular activity in a KRASG12D

pancreatic cancer cell line. With the recent clinical success
against KRASG12C employing covalent small molecule inhib-
itors exemplified by sotorasib, the search for therapeutics
targeting the more common KRAS mutations like G12D and
G12V has intensified. The role of peptide KRAS-binders like
the KRpep-2d (1) series, which require polycationic peptide
segments for cellular activity, remains very worthy of
investigation in this regard. Keeping in mind observed off-
target liabilities with such constructs, we sought to outline a
path toward arginine-count reduction while maintaining cell
activity, a challenging objective. Core macrocycle modifications
discovered in this report offer an encouraging path forward.
Further macrocycle optimization building upon the outcome of
these studies to realize cell-active KRAS-inhibitory peptide
scaffolds devoid of any arginine content will be the subject of
upcoming communications.

■ EXPERIMENTAL SECTION
Chemistry. All compounds are >95% pure by HPLC, other than

the ones noted in Tables S1−S6.
Peptides and Peptide Mixture Libraries were synthesized using

standard solid phase synthesis using Fmoc chemistry as exemplified in
the literature41,42

General Procedure A for Library Singletons. (A1) Solid-Phase
Peptide Synthesis (SPPS). The peptide was synthesized using
standard Fmoc chemistry on a 0.05 or 0.10 mmol scale using the
CEM Liberty Blue automated microwave peptide synthesizer on Rink
Amide MBHA LL resin (0.34 mmol/g loading). Deprotection was
performed with 20% piperidine in dry DMF. Coupling reactions were
performed in 5-fold excess of 0.2 M Fmoc-amino acid with 0.5 M
N,N’-diisopropylcarbodiimide (DIC, 2 equiv to activated amino acid)
ad 0.5 M Oxyma Pure (1 equiv to activated amino acid) in dry DMF
(standard or double 90 °C microwave-heated coupling, 2 or 4 min).
The N-terminal acetylation (capping) was performed using acetic
anhydride (10% v/v in dry DMF; 75 °C for 10 min).
(A2) Cleavage and Deprotection (0.05 mmol Scale). The linear

resin-bound peptide was cleaved from the solid support and
deprotected by treatment with TFA/H2O/TIS (94:3:3, v/v; 5 mL)
at 41 °C for 30 min using a Razor peptide cleavage system from CEM
Corporation. The resin was then filtered and rinsed with TFA (∼1
mL). The filtrates were combined and concentrated under reduced
pressure to a volume of ∼2−3 mL. The crude linear peptides were

precipitated from the TFA cleavage solution using cold methyl tert-
butyl ether (MTBE; 25 mL). The suspension was cooled down on dry
ice for 60 min. After centrifugation (4000 rpm, 15 min), the
supernatant was discarded. The white pellet was resuspended in cold
MTBE (25 mL). After cooling down on dry ice for 60 min and
centrifugation (3000 rpm, 15 min), the supernatant was discarded and
the white pellet was air-dried.

(A3) Cyclization and Purification (0.05 mmol Scale). The crude
peptide was dissolved in acetonitrile/water (1:1, v/v; 20 mL), and 0.5
M iodine in MeOH was added until yellow color persisted. A solution
of 1 M aqueous ascorbic acid was then added until a very light-yellow
color persisted. Upon LC-MS confirmation of completion, the
mixture was concentrated in vacuo and freeze-dried. The crude
residue was then dissolved in DMSO and purified by prep-HPLC on a
Waters SunFire Prep C18 OBD column (100 Å, 5 μm, column size 19
× 150 mm) using an Agilent MS-Directed Preparative HPLC/MS
system. Mobile phase: (A) 0.1% TFA in HPLC water and (B) 0.1%
TFA in HPLC acetonitrile; flow rate: 35 mL/min; UV wavelength λ =
215 nm. Fractions containing the desired product were combined,
concentrated in vacuo, and freeze-dried to afford the cyclized peptide
as a white solid.

Specific Procedure B for Mixture Libraries. (B1) Solid-Phase
Peptide Synthesis (SPPS). The general procedure A1 was used for the
synthesis of the mixture library except at the positions being varied
where an equimolar mixture of Fmoc-protected amino acids at 0.2 M
total concentration was used.

(B2) Cleavage and Deprotection. The general procedure A2 was
used for the cleavage and deprotection of the peptide mixture library.

(B3) Cyclization and Purification. The crude peptide mixture was
dissolved in acetonitrile/water (1:1, v/v; 20 mL), and 0.5 M iodine
solution in MeOH was added dropwise until yellow color persisted. A
solution of aqueous 1 M sodium ascorbate was then added until a very
light-yellow color persisted. Upon LC-MS confirmation of com-
pletion, the mixture was concentrated in vacuo and freeze-dried. The
crude residue was then dissolved in DMSO and semipurified by
reverse-phase Teledyne ISCO flash column chromatography (FCC,
RediSep Gold C18Aq 15.5 g cartridge, 30−70% gradient acetonitrile/
water + 0.1% TFA over 6 column volumes). Fractions containing the
desired products were combined, concentrated in vacuo, and freeze-
dried to afford the desired semipurified mixture library as a white
solid.

Specific Procedure C for Combination Peptides. (C1) Solid-Phase
Peptide Synthesis (SPPS). The general procedure A1 was used for the
solid-phase synthesis of the combination peptides.

(C2) Cleavage and Deprotection. The general procedure A2 was
used for the cleavage and deprotection of the combination peptides.

(C3) Cyclization and Purification. The crude linear peptide was
dissolved in acetonitrile/water (2:1, v/v; 25 mL), and DIPEA (10−20
equiv) was added to reach pH ∼9−10. DL-Dithiothreitol (DTT, 1
equiv) and diiodomethane (10 equiv) were then added, and the
reaction mixture was shaken at room temperature overnight. Upon
LC-MS confirmation of completion, the reaction mixture was
quenched by addition of TFA (100 μL), concentrated in vacuo,
and freeze-dried. The crude residue was then dissolved in DMSO and
purified by prep-HPLC on a Waters SunFire Prep C18 OBD column
(100 Å, 5 μm, column size 19 × 150 mm) using an Agilent MS-
Directed Preparative HPLC/MS system. Mobile phase: (A) 0.1%
TFA in HPLC water and (B) 0.1% TFA in HPLC acetonitrile; flow
rate: 35 mL/min; UV wavelength λ = 215 nm. Fractions containing
the desired product were combined, concentrated in vacuo, and
freeze-dried to afford the cyclized peptide as a white solid.

SOS-Catalyzed Guanine Nucleotide Exchange (GNE) Bind-
ing Assay. The SOS-catalyzed nucleotide exchange assay utilizes a
preformed complex of recombinant biotinylated KRAS protein
containing G12D mutation, Bodipy-GDP, and terbium-streptavidin.
Compounds are added to this complex, and then after a 60 min
incubation time the mixture is treated with SOS and unlabeled GTP.
Peptide inhibitors stabilize the Bodipy-GDP complex, whereas the
untreated protein rapidly exchanges Bodipy-GDP for unlabeled GTP
resulting in reduced TR-FRET signal.
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Biotinylated KRASG12D protein is diluted to 2 mM in an EDTA
buffer (20 mM HEPES pH 7.5, 50 mM sodium chloride, 10 mM
EDTA, and 0.01% Tween 20) and incubated at room temperature for
1 h. This mixture is then further diluted to 90 nM in an assay buffer
(20 mM HEPES pH 7.5, 150 mM sodium chloride, 10 mM
magnesium chloride, and 0.005% Tween) containing 15 nM terbium-
streptavidin (Invitrogen, catalog# PV3577) and 900 nM Bodipy-GDP
(Invitrogen, G22360) and incubated at room temperature for 6 h.
This solution is referred to as biotinylated KRASG12D stock solution.
For use in the final assay, the biotinylated stock solution is diluted to
1.5 nM KRASG12D in assay buffer to generate the biotinylated
KRASG12D assay solution.
Each test compound (10 mM stock in DMSO) is diluted in DMSO

to make a 10-point, 3-fold dilution series in a 384-well low dead
volume microplate (Labcyte, catalog# LP-0200). Once titrations are
made, 10 nL of the diluted compounds is acoustically dispensed into
384-well plates (Corning, catalog# 3820) using an Echo 550 liquid
handler (Labcyte).
Each well of the assay plate receives 6 mL of Biotinylated

KRASG12D assay solution and is incubated at room temperature for 60
min. Each well then receives 3 mL of 120 nM recombinant human
SOS protein and 9 mM GTP (Sigma, G8877) in assay buffer and is
incubated at room temperature for 60 min.
The time-resolved fluorescence resonance energy transfer signal of

both plates is measured on an Envision (PerkinElmer) plate reader:
Excitation filter = 340 nm; emission1 = 495 nm; emission2 = 520 nm;
dichroic mirror = D400/D505; delay time = 100 ms. The signal of
each well is determined as the ratio of the emission at 520 nm to that
at 495 nm. Percent effect of each well is determined after
normalization to control wells containing DMSO (no effect) or a
saturating concentration of inhibitor (max effect). The apparent effect
as a function of compound concentration is fit to a four-parameter
logistic equation.
Cell-Based Phospho-ERK and LDH Release Assay. AsPC-1

cells (ATCC CRL-1682TM) or A-375 cells (ATCC CRL-1619) were
cultured in T175 flask with growth medium (RPMI 1640 medium,
GlutaMAX Supplement, HEPES (Gibco 72400-047) or DMEM, high
glucose, GlutaMAX Supplement (Gibco 10566-016) supplemented
with 10% fetal bovine serum (Hyclone SH30071.03) and 1×
penicillin/streptomycin (Gibco 15140-122) respectively. The cells
were harvested in seeding medium (RPMI 1640 medium, no phenol
red (Gibco 11835-030) or, for A-375 cells, DMEM, high glucose, no
glutamine, no phenol red (Gibco 31053-028) supplemented with 10%
fetal bovine serum (Hyclone SH30071.03), 25 mM HEPES (Gibco
15630−080), and 1× penicillin/streptomycin (Gibco 15140-122)
after 5 min of 0.25% Trypsin-EDTA (Gibco 25200-056) digestion.
AsPC-1 (A-375) cells were seeded in 384-well tissue culture treated
plate (Greiner 781091) at a density of 15 000 cells (10 000 cells)/25
μL/well, and incubated at 37 °C, 5% CO2 overnight. Prior to dosing,
seeding medium was removed using the BlueCatBio Bluewasher
system and replaced with 20 μL of assay medium (seeding media for
respective cell lines without fetal bovine serum). The compound
dose−response titrations were prepared, and appropriate amounts of
compounds were dispensed into the 384-well cell culture assay plate
using the Echo 550 liquid handler. Twenty-five μL of assay medium
was added to achieve a final assay volume of 45 μL. The assay plate
was incubated at 37 °C, 5% CO2 for 2 and 18 h.
At 18 h post dose, 25 μL assay medium was removed and

transferred to an empty 384-well tissue culture treated plate (Greiner
781091) for the LDH membrane integrity assay using the Agilent
Bravo 384ST liquid handler system. For the pERK assay, remaining
assay medium was removed from the plate, and cells were washed
once with 25 μL 1 × DPBS (Gibco 14190-144). Cells were lysed in
20 μL of 1× lysis buffer from the AlphaScreen SureFire Ultra
Multiplex pERK and total ERK assay kit (PerkinElmer MPSU-
PTERK) containing EDTA-free protease inhibitor cocktail (Roche
11836170001) at ambient temperature with constant shaking at 300
rpm for 10−15 min. The cell lysates were mixed for 10 cycles using
the Agilent Bravo 384ST liquid handler system before 10 μL was
transferred to the OptiPlate-384 plate (PerkinElmer 6007680).

Phosphorylated ERK and total ERK levels were detected with the
AlphaScreen SureFire Ultra Multiplex pERK kit (PerkinElmer MPSU-
PTERK) using 5 μL of acceptor bead mix and 5 μL of donor bead
mix, both prepared following the manufacturer’s protocol. Plates were
sealed using aluminum sealing tape (Costar 07-200-683) during
incubation at ambient temperature with constant shaking at 300 rpm
for 1 h (both acceptor and donor). Assay plates were read on a
Envision Xcite Multilabel Reader (PerkinElmer 1040900) at ambient
temperature, with emission at 535 nm (total ERK) and emission at
615 nm (phospho-ERK). The ratio of pERK vs total ERK in each well
was used as the final readout.

The CytoTox-ONE reaction mix was prepared from the CytoTox-
ONE Homogeneous Membrane Integrity Assay Kit (Promega
G7891) according to the manufacturer’s protocol. Twenty-five μL
of CytoTox-ONE reaction mix was added to the assay plate
containing 25 μL of assay medium, and the plate was sealed using
aluminum sealing tape (Costar 07-200-683). The assay plate was
incubated at ambient temperature with constant shaking at 300 rpm
for 45 min. Assay plates were read at ambient temperature on the
Tecan M1000 instrument, with excitation at 560 nm and emission at
590 nm. Dose−response curves and EC50 values were analyzed using
a 4-parameter logistic equation in IDBS Abase.

Cell Homogenate Stability Assay. The stability of peptides
toward intracellular proteases can be evaluated using HeLa cell
homogenate. Suspended HeLa cells at 1 × 106 cells/mL are sonicated
in bursts with a probe sonicator on ice until they are uniformly
homogenized. The homogenate thus prepared is frozen and stored at
−20 °C until use. The peptides are incubated with the homogenate at
1 × 106 cells/mL, and loss of the peptide with increasing time is
quantified using LC-MS/MS. The detailed protocol is available in the
SI.
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■ ABBREVIATIONS
All canonical amino acids, standard one- or three-letter codes;
Aad, L-α-aminoadipic acid; ACE, affinity-based competition
experiment; Ahp, 2-aminoheptanoic acid; ALIS, Automated
Ligand Identification System; AS-MS, affinity selection-mass
spectrometry; Bip, L-4,4′-biphenylalanine; Cba, L-cyclobutyla-
lanine; Cha, L-cyclohexylalanine; cPeA, L-cyclopentylalanine;
Dab, L-2,4-diaminobutyric acid; DIC, N,N’-diisopropylcarbo-
diimide; Dip, L-diphenylalanine; DIPEA, N,N-diisopropylethyl-
amine; DMEM, Dulbecco’s modified Eagle’s medium; DMF,
N,N-dimethylformamide; DPBS, Dulbecco’s phosphate-buf-
fered saline; FCC, flash column chromatography; GNE,
guanine nucleotide exchange; hLeu, L-homoleucine; hPhe, L-
homophenylalanine; HRAS, Harvey rat sarcoma; KRAS,
Kirsten rat sarcoma; LDH, lactate dehydrogenase; LL, low
loading; MBHA, 4-methylbenzhydrylamine; MCD, mast cell
degranulation; ND, not determined; Nle, L-norleucine; NRAS,
neuroblastoma rat sarcoma; Nva, L-norvaline; OBD, optimum
bed density; pERK, phosphorylated extracellular signal-
regulated kinase; Phe345F3, 3,4,5-trifuoro-L-phenylalanine;
PPI, protein−protein interactions; Proc4F, cis-4-fluoro-L-pro-
line; Prot3OAl, trans-3-allyloxy-L-proline; Prot3Ph, trans-3-
phenyl-L-proline; Prot4cHex, trans-4-cyclohexyl-L-proline; Pro-
t4OAcOH, trans-4-(carboxymethoxy)-L-proline; PT, protein
titration; RPMI, Roswell Park Memorial Institute; SEC, size
exclusion chromatography; SerOMe, O-methyl-L-serine; SOS,
son of sevenless; SPPS, solid-phase peptide synthesis;
sProc35c2, cis-3,5-cyclopentyl-L-proline; TIS, triisopropyl
silane; Tza, L-4-thiazolylalanine
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