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Abstract: Current methods for proteomimetic engineering rely on structure-based design. Here we describe a design strategy
that allows the construction of proteomimetics against challenging targets without a priori characterization of the target surface.
Our approach employs (i) a 100-membered photoreactive foldamer library, the members of which act as local surface mimetics,
and (ii) the subsequent affinity maturation of the primary hits using systems chemistry. Two surface-oriented proteinogenic side
chains drove the interactions between the short helical foldamer fragments and the proteins. Diazirine-based photo-crosslinking
was applied to sensitively detect and localize binding even to shallow and dynamic patches on representatively difficult targets.
Photo-foldamers identified functionally relevant protein interfaces, allosteric and previously unexplored targetable regions on
the surface of STAT3 and an oncogenic K-Ras variant. Target-templated dynamic linking of foldamer hits resulted in two
orders of magnitude affinity improvement in a single step. The dimeric K-Ras ligand mimicked protein-like catalytic functions.
The photo-foldamer approach thus enables the highly efficient mapping of protein-protein interaction sites and provides a viable
starting point for proteomimetic ligand development without a priori structural hypotheses.
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Introduction

Engineering artificial structures that mimic complex folding
and functionality of proteins remains challenging for chem-
ists. While past studies focused on the folding properties of
the synthesized molecules, now the primary goal is to create
proteomimetics with functions,[1] e.g., potent bio-inspired
catalysts[2] or compounds modulating disease-relevant pro-
tein-protein interactions (PPIs)[3] that cannot be trivially
targeted by small molecules. With the recent development
of nanomolar entrapment-free cell delivery technologies for
macromolecules,[4] these larger molecular weight entities
have become feasible to address even in case of intracellular
targets.

The design of functional proteomimetics aimed for
molecular recognition or catalytic activity is currently based
on structural hypotheses – the notion that the structure of a
functionally active protein should be fortified or
mimicked.[1a] While hydrophobic core packing, hydrogen
bonding, salt bridging, and metal binding play critical roles
in folding, covalent constraints can be introduced for further
stabilization. Cross-linking was efficiently used to increase
the thermal stability of enzymes,[2a,5] and for the successful
design of potent PPI modulators.[6] A common top-down
approach is incorporating non-natural amino acids into the
sequence, which can improve proteolytic stability[7] and fine-
tune local folding.[8] Using heterogeneous backbones, vari-
ous tertiary motifs, such as zinc finger domain mimics,[9]

amyloid models,[10] heterochiral knottin proteins,[11] and
foldamer-protein hybrids[12] were constructed. Since struc-
tural and functional mimicry can also be achieved without
reproducing the exact tertiary fold, some rational design
strategies aim to mimic only the protein segments that are
responsible for the function. For instance, antibodies and
nanobodies were downsized by recapitulating their comple-
mentarity-determining loop regions.[13]

De novo design principles proved that tertiary structures
can be engineered from scratch. Topological templates were
exploited for clustering secondary structural elements,[14]

various artificial helix bundles,[15] and β-sandwich scaffolds
were engineered.[16] Computational design tools have been
developed for miniproteins[17] and tertiary structures incor-
porating covalently linked cores (CovCore proteins).[18]

These de novo approaches use empirical rules established
for the folding motifs in question and strongly rely on in
silico design based on a structural hypothesis.

We propose a bottom-up strategy for the design of
functional proteomimetics that does not require a priori
knowledge about the surface characteristics of the target
protein or the protein-protein interaction sites. We focus on
challenging PPIs with shallow or dynamic interaction
surfaces that are typically less druggable by small molecules.
First, we suggest that a local protein surface mimetic library
can map hot spots of the targets without any a priori
structural information. Second, we propose using a systems
chemistry[19] method to link the target-binding building
blocks and select the proteomimetics according to their
molecular recognition properties.

Literature data exemplify that the precise replication of
the tertiary structure is not essential for functional
mimicry.[13a,b] Moreover, the characteristics of protein inter-
action surfaces are dominated by the nature and side chain
conformation of their residues, mostly independent of the
underlying specific secondary/tertiary structure.[20] This
means that the spatial extent of successful surface probes
should also be on the scale of side chains. Based on these
considerations, we previously constructed a focused local
surface mimetic (LSM) library[21] with short water-stable β-
peptidic foldamer scaffolds and two variable proteinogenic
amino acid side chains for protein surface recognition.
Screening the 256-membered library against different targets
demonstrated that LSMs could locally mimic protein
surfaces, bind to protein hot spots with sufficient affinity,
and exhibit side chain-dependent protein recognition
patterns.[21] They also discriminated between structurally
highly homologous but functionally different targets.[21–22]

In this work, we aimed to construct a minimal LSM
library of proteomimetic building blocks and develop a
methodology for sensitive binding detection and localiza-
tion. One of the major challenges of such an approach is
capturing the instantaneous proximity between the specific
protein surface patches and the LSMs. Therefore, we
equipped our probes with diazirine-based photoaffinity tags,
which allow covalent anchoring to the surface by simple
illumination.[23] After determining their binding site, the
possibility of cross-coupling or growing the LSMs allows for
affinity maturation.[24] Our goal was to simplify the iterative
design-synthesis-functional test cycles by exploiting a sys-
tems chemistry approach, which can simultaneously work
with networks of interacting molecules, increase the com-
plexity of the compounds, and focus on functional properties
such as target binding.[19]

We selected one conventional and two challenging
targets, the promiscuous binder calmodulin (CaM), a tran-
scription factor (STAT3) and a major oncogene (K-Ras
G12D), for proof-of-concept studies. CaM is a ubiquitous
member of the calcium signal transduction pathways. It is a
small, flexible protein that binds a plethora of helical
substrates. STAT3 is a transcription factor containing six
functionally conserved domains that is frequently activated
in human solid and hematological cancers.[25] The shallow
interaction surfaces of the different domains so far restricted
the development of direct STAT3 inhibitors to weak binders
of its SH2 domain, intended to inhibit activating
dimerization.[26] Ras proteins are small GTPases[27] convey-
ing growth signals. Disease-causing mutations lock these
enzymes in the GTP-loaded activated state, contributing to
the emergence of nearly 20% of all human cancers. Ras
proteins are ineffective enzymes by themselves; thus,
assisting proteins are required for their catalytically ad-
equate functioning. Interaction with these and the down-
stream partners is focused on two short, dynamic segments,
referred to as the switch regions.[28] Since oncogenic variants
are structurally very similar to the wild-type enzyme and the
targetable interactions all take place on shallow and ever-
changing PPIs created by the switches; it is no wonder that
Ras proteins have long been considered undruggable.
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Our results obtained for a range of targets demonstrate
the feasibility of functional proteomimetics without a priori
localization and characterization of the possible binding sites
on the surface of the target protein. LSMs can be used to
map targetable sites even for challenging hosts, and by
combining LSM binders of neighboring sites, proteomimetic
interaction partners of the targeted systems can be devel-
oped.

Results and Discussion

Design and Synthesis of the Photo-Foldamer Library

The LSM library was generated using an H14 helical β-
peptide foldamer template[29] equipped with two proteino-
genic side chains (Figure 1a). These synthetically accessible
foldamers are constructed from (1S,2S)-2-aminocyclohexa-
necarboxylic acids (ACHC) and β3-amino acid residues at
the variable positions R1 and R2. While the bulky and
constrained ACHCs induce helical folding and serve as a
solvent shield, proteinogenic side chain pairs (R1 and R2)
pointing outward on the same face of the helix are
responsible for recognizing the target.

To develop a sensitive screening method that enables
the localization of the binding, we attached a UV-reactive
diazirine tag to the LSMs (photo-LSM). Diazirine generates
carbene with sufficient crosslinking efficiency for weak
ligand-target interactions,[23a] enabling the development of

fragment screening platforms.[23b,30] We attached the L-
photo-methionine residue bearing a flexible and medium-
length side chain to the C-terminal of LSMs through a Gly
spacer (Figure 1a). LSM peptides were named according to
the proteinogenic side chain combinations using the one-
letter codes corresponding to the standard α-amino acid
notation.

PPIs are governed by the limited chemical space of
proteinogenic side chains enriched at the interface.[20]

Considering the importance of the aromatic side chains at
PPI interfaces,[20a,31] we included β3hTrp, β3hPhe, and β3hTyr
residues in the library. In the present work, we further
sampled side chain space by selecting only one amino acid
from each of the following categories: cationic (β3hArg),
anionic (β3hGlu), polar non-charged with hydroxyl (β3hSer)
and with amide (β3hAsn), short aliphatic (β3hVal), long
branched aliphatic (β3hLeu), and non-branched aliphatic
side chains (β3hMet). Accordingly, by varying the 10 differ-
ent residues at the R1 and R2 positions, the photo-LSM
library members totaled up to 100 sequences. This is a
strongly limited set compared to the size of small molecule
fragment libraries.[32] We assumed to the first approximation
that these templated side chains can drive detectable binding
to the target due to the similarity to the spatial arrangement
of the native PPI surfaces and the solvent shielding provided
by the bulky helical scaffold.

The photo-foldamer library was successfully synthesized
by standard solid-phase peptide synthesis methods. The
helical folding propensity of the (1S,2S)-ACHC-stabilized

Figure 1. Photo-foldamer library design and screening workflow. a) General structure and helical fold of the local surface mimetic (LSM) β-peptide
library equipped with the photoreactive diazirine moiety (photo-LSM). While ACHC residues serve as a scaffold, proteinogenic side chains in the
variable R1 and R2 positions are responsible for target recognition. b) Proposed screening workflow: (i) during the incubation period, photo-LSM
can bind to the protein surface, (ii) upon irradiation with UV light, reactive carbene radical is formed, and the bound foldamer labels the target
covalently, (iii) the crosslinked foldamer-protein complex is analyzed by intact HPLC-MS.
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photo-foldamers[21,24, 33] was confirmed with 2D 1H NMR
(Figure S1) and electronic circular dichroism (ECD) meas-
urements (Figure S2). The results of the molecular dynamics
(MD) simulations (Figure S3) also supported the stability of
the folded photo-LSM helices in water.

Photo-Foldamer Library Members Show Side Chain-Dependent
Binding to Diverse Protein Surfaces

The screening experiments were performed according to the
established photoaffinity labeling protocols.[23b] Library
members were screened individually. The purified recombi-
nant protein was preincubated with photo-LSMs and
samples were irradiated with UV light (365 nm, 10 min).
Finally, each sample was analyzed with HPLC-MS (Fig-
ure 1b). Binding was detected through the mass of the
crosslinked protein-photo-foldamer products. Crosslinking
yields were calculated for each photo-LSM and represented
as heat maps.

First, a promiscuous target was used to determine the
appropriate concentration range of the diazirine-derivatized
photo-LSMs. Photo-LSM concentrations in the range of 20–
160 μM resulted in complete crosslinking for CaM, and
multiple labeling events, in accordance with our previous
results concerning (non-derivatized) LSMs (dissociation
constants in the 0.1–10 μM range).[24] CaM contains two very
similar hydrophobic attractor regions. Using lower concen-
trations and equimolar conditions (2 μM CaM, 2 μM photo-
LSM), CaM-binder photo-LSMs could still be trapped with
high crosslinking yields (Figure 2a).

Next, we have evaluated the photo-LSM library against
the prominent oncotarget STAT3, a multi-domain tran-
scription factor. To date, the overwhelming majority of
reported STAT3 inhibitors target the SH2 domain, which is
responsible for the assembly of the active dimer (required
for nuclear translocation and DNA binding),[26] with scarce
examples of targeting other areas, such as the coiled-coil or
DNA-binding domains.[34] We hypothesized that we could
achieve a more thorough coverage of the possible binding
surfaces of STAT3 due to the special geometric features of
the photo-LSM library. Considering the extended, shallow,
and often discontinuous interaction surfaces of STAT3, the
screen was performed using 2 μM STAT3 (our construct
contained the 122–688 segment of STAT3 that is 64.3 kDa)
and 160 μM photo-LSM concentrations. We identified 31
hits, which could be classified into three groups according to
crosslinking yields: low (0–5 %), medium (5–20%), and high
(>20%) (Figure 2a). The binding was side chain dependent,
and the best STAT3 ligands were ph-VY, ph-YR, ph-YQ,
ph-WR, ph-WQ, ph-EQ, ph-ES, ph-QQ, and ph-QS (the
prefix ‘ph’ denoting ‘photo’ was added to distinguish the
photo-tagged sequences). The overall binding pattern in-
dicated a strongly limited affinity for side chain combina-
tions where both proteinogenic residues (R1 and R2) were
hydrophobic. Reflecting the previous difficulties of targeting
STAT3, the hit rate was considerably lower than that of the
promiscuous CaM (Figure 2b), despite the higher ligand
concentration and the large surface of STAT3.

We screened the photo-foldamer library against another
challenging and structurally dynamic target, K-Ras G12D,
an oncogenic variant of K-Ras that resulted in a remarkably
side chain-dependent crosslinking efficiency. For 5 μM K-
Ras G12D, concentration-dependent responses were de-
tected for the photo-LSMs at concentrations of 40, 80 and
160 μM (Figure 2c-d and Figure S4). Some hydrophobic
library members (ph-LW, ph-MW) did not follow the
concentration-dependent trend, which could be explained by
the aggregation of the compounds at higher concentrations.
The best K-Ras binders were the photo-LSMs with
aromatic-polar or aromatic-valine side chain combinations:
ph-VF, ph-VW, ph-RW, ph-RF, ph-QW, ph-QF, ph-SW, ph-
SF, ph-FV, and ph-WR. Multiple labeling was detected for
ph-QW, ph-SW, and ph-RW. High crosslinking yields could
only be obtained at higher ligand excess (160 μM), but most
hits were detectable using 80 μM photo-LSM (Figure S4).

In order to validate the screening results, the binding of
selected photo-LSMs was independently tested by 1H
saturation transfer difference (STD) NMR (Figure 2e). STD
NMR confirmed the binding of the hits to STAT3 and K-
Ras G12D. Non-binders of the photoaffinity tagging proto-
col did not exhibit STD signal (Figure S5). The signals of the
proteinogenic side chains in the difference spectra indicated
that these protons are in contact with the protein. This
finding aligns well with the proposed proteinogenic side
chain dependent binding mode and the inability of the
ACHC residues to directly drive the interaction. The best
hits were studied by using isothermal titration calorimetry
(ITC). Titrations carried out with selected photo-LSMs (ph-
VW, ph-VF, and ph-RF) confirmed the binding to K-Ras.
Experimental data supported Kd values in the range of 200
to 700 μM (Figure S6).

Domain/Segment-Level Proteomic Binding Site Localization
and Functional Tests

For the two more challenging target proteins (STAT3 and
K-Ras), we relied on the identification of tryptic peptide
segments labeled by the photo-LSMs as a primary method
of binding site localization. These results were further
refined by MS/MS analyses (Table S1 and Table S2). Hits
labeled a wide array of binding sites across the STAT3
surface, involving all the available STAT3 domains (Fig-
ure 3a and Table S1). Several photo-LSMs (e.g., ph-YR, ph-
RQ, ph-SR, and ph-QW) bound to the solvent-exposed
coiled-coil region of the protein, and we identified five
different helical segments as labeling sites. Compounds
containing hydrophilic side chains, such as ph-QQ, ph-ES,
ph-SQ, and ph-EQ labeled STAT3 at the boundary of the
DNA binding and the linker domain. Hydrophilic R1 and
aromatic R2 side chain combinations (e.g., ph-QY, ph-SY,
and ph-RW) recognized the helical and disordered part of
the SH2 domain. For 10 hits, multiple binding sites were
found.

We proceeded with three photo-LSM hits that either
produced high-intensity signals in LC–MS/MS or labeled a
unique binding site and characterized them in a STAT3
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fluorescence polarization assay.[35] Each demonstrated dose-
dependent responses with IC50 values in the mid-to-high
micromolar range after irradiation (Figure 3b). Thus, by
covalently capturing members of the photo-foldamer library,

we could identify hits that bind to biologically relevant sites
on STAT3.

The PPIs of K-Ras are focused on two dynamic seg-
ments, switch I and switch II, that form the primary port for

Figure 2. a) Photo-foldamer screening results for CaM, STAT3 and K-Ras G12D. Binding patterns are represented as heat maps. Side chains of the
variable R1 and R2 positions are given at the headings of the rows and columns corresponding to the standard alpha amino acid codes. b) Hit rate
statistics for the promiscuous CaM and the challenging targets as STAT3 and K-Ras G12D. c) Hit rates for K-Ras G12D using different photo-LSM
concentrations. d) Intact MS spectra for K-Ras G12D with increasing concentrations of a representative photo-LSM ph-QW after UV irradiation. e)
STD NMR experiments confirm ph-RY, ph-ES, and ph-SY binding to STAT3; and ph-VW and ph-VF to K-Ras G12D, respectively.
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both the effector- and activator-proteins and also participate
in forming the GTPase active site. To reveal whether photo-
LSMs can recognize these critical sites, complexed and
irradiated samples of 33 screening hits were digested and
analyzed by LC–MS/MS (Table S2). Most hits labeled the
switch II region, suggesting that photo-LSMs are promising
starting points for further ligand development. Besides
switch II, the α3 and α4 helices, and to a lesser extent, β5
and α5, were also affected, indicating that the various LSMs
sampled the entire surface of the enzyme. Direct labeling
within the switch I region was not found; however, covalent
linkage observed at the nearby α5 helix suggested that the
LSMs also reached the proximity of the switch I region. The
localization pattern appeared side chain-dependent (Fig-
ure 4a). Hydrophobic compounds (ph-LW, ph-MW, ph-VW,
ph-VF) and the photo-LSMs with Arg side chain in the R2

position (ph-VR, ph-LR, ph-ER, ph-QR) were linked to the
switch II region only. More hydrophilic photo-LSMs,
typically compounds with Gln or Ser side chains (e.g., ph-
QF, ph-QV, ph-MQ, ph-SQ), could be crosslinked with each
of the three segments switch II region, α3 and α4 helices,

indicating that these sequences bind to multiple sites at the
surface of K-Ras G12D.

Having confirmed the ph-VW - K-Ras G12D interaction
using three different techniques (MS, STD NMR, and ITC),
we tested whether the binding of the foldamer segments can
exert influence over the K-Ras catalytic cycle by blocking
the binding of the guanine nucleotide exchange factor SOS1
which provides considerable enhancement to the otherwise
weak intrinsic exchange capacity of K-Ras (Figure 4b). The
presence of non-covalently bound ph-VW interfered with
the function of SOS1, reverting the nucleotide exchange rate
toward the intrinsic level (Figure 4b, left panel). The effect
was even more remarkable upon irradiation (Figure 4b, right
panel). These results support the MS-based identification of
the ph-VW binding site at switch II and the SOS1-binding
interface.

Figure 3. Segment-level LSM site localization and functional tests for STAT3. a) Binding sites of photo-LSMs on the surface of the STAT3 protein as
identified by LC–MS. Labeled sites are colored according to the colors of the STAT3 segments at the ribbon representation of the protein backbone
(PDB: 6QHD). To represent multiple sites, each cell corresponding to a photo-LSM compound (defined by the R1 and R2 groups as above) is
divided into three sub-cells, and the site with the highest intensity is marked with an asterisk. b) Representative photo-LSMs bound to different
domains showed STAT3 inhibitory activity in the fluorescence polarization assay.
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NMR-Based Residue-Level Binding Site Localization for K-Ras
G12D

In contrast to small molecular fragments, photo-LSMs span
distances in the range of 13–15 Å over target surfaces that
can be highly flexible. Thus, the spatial localization of the
binding site(s) around the MS-determined anchor residues
may need further measurements. In our case, LC–MS data
did not identify the switch I region as a covalent anchor site,
whereas the switch II region and the α3 and α4 helices were
frequently labeled. To achieve a more detailed character-
ization of K-Ras G12D binding sites, we carried out 15N
HSQC NMR-based chemical shift perturbation (CSP) meas-
urements, comparing the spectra of the covalent complexes
to that of the free protein. Binding sites were defined by the
spatial clustering of the affected target residues. First, we
determined the center of the binding sites for each photo-
foldamer using average-linkage hierarchical clustering based
on the distance of the center-of-mass coordinates of the
CSP-tagged residues. Second, we assumed that the target
displays a limited number of consensus sites prone to bind

the photo-LSM fragments. To detect the consensus sites, we
clustered all the collected binding site centers (Figure S7).
Eight consensus clusters were identified (Figure 5, Ta-
ble S3), spanning a large portion of the total surface of the
protein. The NMR-identified sites aligned well with the
anchor points revealed by MS (Figure 5 and Table S4), thus
validating the photo-foldamer screening protocol. Finally,
we considered those seven sites that were confirmed by MS:
C0, C1, C2, C4, C5, C6, and C7. Clusters C4 and C7
explicitly include amino acids of the switch I region.

Photo-LSMs could usually be assigned to multiple sites
(Figure S8 and Table S4). Hydrophobic and Trp-containing
compounds (ph-LW, ph-MW, ph-VW, ph-VF, ph-RW, ph-
QW) bound to C5, C6, and C7 sites only, which contain the
switch regions. Besides these locations, photo-LSMs with
Arg side chain in the R2 position (ph-VR, ph-LR, ph-ER,
ph-QR) could also engage the C1 site, which is a previously
untargeted small pocket distant from the switch regions.
Compounds with hydrophilic side chains in position R1 (e.g.,
ph-SF, ph-RF, ph-EV, ph-QV, ph-SV) typically recognized
clusters C2 and C4. C2 is a binding site of non-covalent

Figure 4. Segment-level LSM site localization and functional tests for K-Ras G12D. a) Photo-LSM labeled segments of K-Ras identified by LC–MS/
MS. Each cell corresponding to a photo-LSM compound (defined by the R1 and R2 groups as above) is divided into three sub-cells representing the
labeled sites colored according to the colors of the K-Ras segments at the ribbon representation of the protein. b) Foldamer fragment hits influence
the functional activity of K-Ras G12D assessed in guanine nucleotide exchange experiments. In the K-Ras-SOS exchange assay, SOS1 displaces
MANT-labeled GDP from K-Ras (black curve), preparing the enzyme for GTP binding and activation. Addition of ph-VW (blue, green and red
curves for 125 μM, 250 μM and 500 μM concentrations, respectively) slows the nucleotide exchange rate close to that of the intrinsic capacity of K-
Ras (indicated by the grey curve) especially upon irradiation (right) - despite the presence of exchange booster SOS1 – showing that ph-VW
effectively inhibits SOS1 binding.
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inhibitors located between switch II and α3. C4 residues
flank switch I and an adjacent loop.

NMR mapping confirmed that photo-LSMs located the
functionally important surface patches of K-Ras. Sites C2,
C5, C6, and C7 sample the surface grooves that harbor
peptides and small molecules that were shown to be
effective inhibitors of the enzyme. The most extended C7
consensus site overlaps with the common PPI interface of
the downstream partners, such as Raf1, PIK3CG, or
RALGDS, the guanine nucleotide exchange factor SOS1,
and the GTPase activating proteins (GAPs) (Figure S9). C7
contains the entirety of switch I, most of the switch II
residues, and the tip of the P-loop. The short P-loop is part
of the GTPase active site, where the most significant
oncogenic mutations occur. Therefore, ligands occupying
site C7 could not only be sensitized toward its mutation
state, but they might also interfere with the binding and
catalysis of the activator proteins and the downstream
partners of the enzyme. All confirmed photo-LSM hits
sampled the C7 site.

Our photo-foldamer-based approach identified physio-
logically relevant regions of K-Ras and binding sites that
were previously successfully targeted (C2, C5, C6, and C7).
Moreover, novel and untested niches were detected that
might also exert influence over its catalytic potency (C0, C1,
and C4).

Affinity Maturation by Dynamic Covalent LSM Ligation for K-
Ras G12D

The MS and NMR localization revealed that the best binder
photo-LSMs can be assigned to the surface clusters C7 and
C5, which overlap with the biologically relevant PPI
interfaces. The relative proximity of these surface patches
offered the possibility of testing the ligation of the LSMs as
a means of affinity maturation. We selected VW, VF, QF,
QW, WQ, WR, QR, and LR as candidate surface fragments
to build improved affinity dimers. The LSM dimer selection
procedure was based on an adaptive self-sorting dynamic
combinatorial library (DCL) approach. LSM fragments
were synthesized with a Gly–Gly–Cys tag to exploit the
thiol-disulfide exchange occurring in a redox buffer (GSH/
GSSG mixture) under thermodynamic control. We used K-
Ras G12D to template the dimer formation (Figure 6a).

Reaction mixtures obtained by incubation with and
without the target were analyzed with HPLC-MS. Amplifi-
cation factors (ratio of AUCs with and without K-Ras) were
determined for each library member (Table S5). In the
presence of K-Ras G12D, the formation of several dimers
was enhanced (Figure 6b, Table S5). For VW-WQ, VF-WQ,
VW-VW, VF-VW, and VF-VF, an over tenfold increase in
concentration was observed in the protein-templated sam-
ple.

Figure 5. Consensus binding sites of photo-LSMs on the surface of the K-Ras protein. The secondary structural elements that contribute to these
binding sites and the overall orientation of the protein are indicated in the top left (front side including SW2 region) and top right (back side,
opposite to the nucleotide binding site) panels. Blue and cyan colors indicate front and back side positions of the consensus sites, respectively.
Possible anchor residues ð�) of the covalently bound photo-LSMs are assigned to each binding site.
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Figure 6. Affinity maturation by dynamic covalent LSM ligation for K-Ras G12D. a) General scheme for the protein-templated dynamic
combinatorial library (DCL) optimization of LSM dimers using thiol–disulfide exchange driven to equilibrium. b) Amplification factors
(concentration ratios of the LSM dimers with and without K-Ras) obtained in the DCL experiments represented as a heat map. Rows and columns
represent the side chains of the corresponding monomeric LSM fragments. Blue and red colors indicate low and high amplifications, respectively.
c) Schematic helical representation and chemical structure of the synthesized dimeric LSM with the stable thioether linkage: VW-S-WQ. d) ITC
results obtained for VW-S-WQ. e) Selected region of the overlayed 15N HSQC spectra for the free K-Ras (blue) and for K-Ras in complex with VW-S-
WQ (red). Samples contained 20 μM K-Ras G12D and 40 μM VW-S-WQ (20 mM pH 7.4 HEPES, 50 mM NaCl, 10 mM MgCl2, 5% DMSO). f) CSP
values of K-Ras upon complexation with VW-S-WQ. Residues with significant line-broadening are labeled with a red dot. g) Residues with above-
average CSPs and line-broadenings mapped on the surface of K-Ras G12D (PDB: 4OBE). As a comparison, SOS1 and Raf1 interaction sites are
shown (residues within 4 Å from SOS1 and Raf1 in PDB structures 1NVW and 8DGT, respectively). h) In K-Ras nucleotide exchange experiments,
VW-S-WQ facilitates the displacement of MANT-labeled GDP from K-Ras, even without SOS1. The foldamer was applied at 100 μM (red curve) to
mimic the binding site coverage of SOS1 safely. Black and grey curves correspond to SOS1 (0.5 μM) and DMSO controls, respectively.
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To validate these findings, we synthesized the VW-WQ
dimer with a redox-stable thioether linkage (VW-S-WQ)
(Figure 6c) and subjected it to binding studies with K-Ras
G12D. ITC revealed a low micromolar Kd for VW-S-WQ
(Figure 6d), confirming that the DCL ligation approach
improved the affinity by two orders of magnitude. 15N
HSQC NMR spectra were acquired for the K-Ras-VW-S-
WQ complex. Compared with the control spectrum of K-
Ras G12D, chemical shift perturbations (CSPs) and signifi-
cant line broadenings were observed (Figure 6e-f), which we
mapped to the surface of the target. (Figure 6g). The VW-S-
WQ binding site encompassed the switch I and switch II
regions. Therefore, it overlaps with the catalytically signifi-
cant K-Ras interface. To test if the binding of VW-S-WQ to
K-Ras G12D has any functional relevance, K-Ras G12D -
SOS1 nucleotide exchange assay was performed in the
presence of the foldamer dimer. Surprisingly, VW-S-WQ did
not inhibit the SOS1-induced replacement of MANT-GDP
as we expected based on the low micromolar Kd, the
location of the binding site, and the previously confirmed
inhibitory potential of ph-VW (Figure 4b). Thus, we carried
out the assay without the assisting protein SOS1, which
revealed that VW-S-WQ catalyzes MANT-GDP displace-
ment from K-Ras (Figure 6h). SOS1 facilitates nucleotide
release by detaching switch I from the K-Ras core via
inserting its helix (residues 931–943) between the nucleotide
and the switch. Our findings suggest that not only does the
dimer LSM adhere to the SOS1 binding site, but its binding
mode might also be similar to that of the release factor
(Figure S10). In accordance with the observed effect, the
signals of residues from the P-loop and switch I and II were
significantly broadened in the HSQC spectra of the VW-S-
WQ – K-Ras G12D complex. The results suggest that while
the monomeric ph-VW LSM attaches to a functionally
significant patch, the dimeric variant is capable of mimicking
protein-like functions at the same site.

Discussion

We proposed that proteomimetics against challenging PPI
targets with shallow, solvent-exposed, and dynamic binding
sites can be developed by a bottom-up strategy, including a
dynamic adaptive selection that enables the sorting of
foldamer helix dimers according to their affinity.

As a first step, we combined local surface mimetic
(LSM) foldamer fragments[21] with the expedient photo-
crosslinking approach. Photoaffinity labeling is widely used
for the sensitive detection and mapping of weak interactions,
including small molecular ligand screening[23b,30b, 36] and
chemoproteomic applications.[30d,37] We anticipated that
LSMs containing two proteinogenic side chains recognize
shallow sites with sufficient affinity, and the diazirine-tagged
primary hits could be identified and localized by covalent
capturing. As a proof of concept, screening with photo-
LSMs resulted in several micromolar hits for the challenging
targets STAT3 and K-Ras G12D.

Regarding crosslinking yields, labeling with photo-LSMs
proved more efficient than reported for small molecular

fragments using similar conditions.[23b] We suppose that the
slower off-rates (koff) of the LSM fragments due to the larger
molecular weight (MW ~1000 Da) and the solvent shielding
provided by the bulky ACHC residues resulted in longer
residence times for the ligands at the protein surface leading
to improved crosslinking yields. In contrast to conventional
small molecular fragments, which are generally small and
polar, photo-LSM hits with hydrophobic side chains were
also identified. Considering that hydrophobic interactions
play a key role in the stabilization of PPIs, these surface
fragments can be viable starting points in the design of PPI
inhibitor proteomimetics.

CaM, STAT3 and K-Ras G12D bound photo-LSM sets
with different side chain combinations, proving the target
selectivity of the hit fingerprints. The heat map patterns and
the localization of the hits demonstrated that the interaction
of the photo-foldamer probes with the target proteins is
determined by the proteinogenic R1 and R2 side chains. This
was further confirmed by the signals of proteinogenic side
chains in the STD NMR spectra, indicating their proximity
to the protein. Although the rigid and bulky cyclic side
chains are essential for the helical fold of the scaffold and
solvent shielding, direct ACHC – protein contacts do not
drive the binding to the target.

Photo-LSM hits identified the functionally relevant PPI
interfaces and the known ligandable sites and revealed other
previously unexplored binding regions of the targets. LSMs
mapped several new targetable sites on STAT3. While small
molecule ligands of STAT3 typically bind to the phosphotyr-
osine binding pocket of the SH2 domain,[26,38] LSMs labeled
a slightly different site closer to the C-terminus of the
protein. Moreover, foldamers recognized different segments
in the coiled-coil domain, including the binding site of the
MS3-6 monobody,[39] and residues adjacent to that of the
covalent ligand 15-keto PGE2.

[34] As these compounds
inhibit STAT3 signaling, binding photo-LSMs to similar
regions might also have functional consequences. The
photo-LSM sites on the surface of the GDP-loaded K-Ras
G12D covered the overlapping PPI interfaces of the
effectors and downstream partners (guanine nucleotide
exchange factor SOS1, GAP, Raf1, PIK3CG or RALGDS)
of the enzyme. Additionally, LSMs located the two shallow
pockets which have proven targetable thus far: the region
between switch I and II, which is the site of the nanomolar
K-Ras inhibitor BI-2852;[40] and the groove between switch
II and α3, the binding site of the non-covalent small-
molecular inhibitors,[41] cyclic peptides,[42] and the covalent
inhibitors of K-Ras G12 C.[43] A recent sweeping study of all
possible single mutational variants of K-Ras and their
altered substrate binding potential identified four allosteri-
cally active surface pockets, including the mostly unexplored
‘pocket 3’.[44] Our photo-foldamer approach also located
these sites, where ‘pocket 3‘ overlaps with site C1 in our
work. The most important allosteric sites (G10, G15, S17,
D57, F78, P110, and V112) [44] that influence the K-Ras
interaction with all six of its protein partners are included in
our sites C5 and C7. This finding indicates that photo-
foldamers indeed explored the functionally relevant regions
of the enzyme.
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After identifying and localizing the primary hits, we
linked the corresponding proteomimetic building blocks in a
protein-templated DCL experiment. K-Ras G12D drove the
adaptive formation of dimeric LSMs, which are compatible
with its dynamic surface. Thus, the optimal combination of
the four proteinogenic side chains could be selected. The
resulting helix dimer VW-S-WQ catalyzed MANT-GDP
displacement from K-Ras G12D, even without SOS1.
Recently, Nanobody14[45] and its carefully optimized loop
mimetics[13b] were shown to enhance the SOS1-catalyzed
nucleotide exchange on Ras. While these activators acted
via an allosteric mechanism, we propose that VW-S-WQ
mimics SOS1 binding to K-Ras. The results demonstrate
that following a bottom-up approach, a low micromolar
proteomimetic compound could be generated even for such
a challenging target as K-Ras. The dimeric LSMs can be
viable chemical starting points for further medicinal
chemistry optimizations.

In systems chemistry, peptides are used as building
blocks of receptors,[19a,46] self-templating tertiary,[47]

quaternary[48] and supramolecular assemblies[19a,46, 49] rather
than as ligands. Our experiment using protein-guided DCL
with peptidic foldamer building blocks confirms that analo-
gous to small molecular ligand development, biomimetic
components can be maturated, and selecting proteomimetic
ligands with advanced functions (target binding) is feasible.
Thus, the presented bottom-up proteomimetics development
strategy provides a chemical alternative to directed evolu-
tion methods, which can explore large sequence spaces using
libraries of 106 to 1012 compounds.

The strategy can be generally applied to any protein and
enables de novo development of interaction partners with-
out any a priori structural hypothesis concerning the binding
process. In contrast, the engineering of typical proteomi-
metics requires target-specific input and relies on extensive
structure-based optimizations. Our approach generates
viable starting points for challenging proteins with shallow
and extended sites that are not targetable by conventional
drug molecules. Strikingly, high hit rate, side chain selectiv-
ity, and effective surface coverage could be achieved with
only a 100-membered two-side chain photo-foldamer set.
This finding is in line with the limited structural diversity of
the PPI interfaces,[20b,50] a similar phenomenon to the
homology of the tertiary protein structures. The evolutio-
narily conserved set of recognition elements is also reflected
in the SpotXplorer optimized fragment pharmacophore
technology, which was also developed to maximize the hit
rate and pharmacophore coverage for small molecular
fragments.[51]

Conclusion

Our results show the feasibility of the bottom-up engineer-
ing of proteomimetics. The photo-foldamer approach offers
advances in the chemical biology, medicinal chemistry and
structural biology aspects of targeting PPI sites. The method
involves the integration of foldamer chemistry with the
photoaffinity-based detection of drug-like molecules to

achieve a tractable surface mapping machinery. It allows
building modest-sized foldamer fragment libraries to screen
against shallow, dynamic, and often hydrophobic PPI
interfaces effectively. Straightforward analytical techniques,
such as MS/MS analysis and HSQC NMR measurements,
provide sufficient data for the identification of the binding
sites on the surface of the target. Thus, the approach
explores potential binding sites with high efficiency and
limited synthetic efforts. Primary hits can be optimized by
using the systems chemistry toolbox. The dimeric LSM
variant designed against K-Ras could mimic the function of
a protein interacting partner (SOS1) at a crucial target PPI.
Peptidic LSMs are synthetically accessible, versatile and
robustly designable; side chain and linking chemistries can
be varied. We believe the proposed strategy can comple-
ment the current structure-based proteomimetics design
strategies to target disease-relevant PPIs, providing a
unique, protein-mimetic platform for creating surface-com-
plementing topologies, while allowing the fine-tuning of
local interactions and anchoring sites by the interchangeable
proteinogenic amino acids.
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