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ABSTRACT

Establishing structure—activity relationships is crucial to understand and optimize the
activity of peptide-based inhibitors of protein—protein interactions. Single alanine
mutagenesis provides limited information toward this goal. To guide multiple
simultaneous peptide modifications with retention of biological activity, we used synthetic
combinatorial alanine-scanning libraries—in which each position was varied with either
the wild type residue or alanine— with an affinity selection platform to study the mutational
tolerance of protein—ligand interactions. Applying this platform to a peptide binder to the
oncogenic protein MDM2, several multi-alanine-substituted analogs that retained low
nanomolar affinity were discovered, including a 13-mer binder with seven alanine
substitutions at non-hotspot positions. These binders served as templates for further
modifications, generating cysteine-substituted, perfluoroaryl-stapled peptides with sub-
nanomolar affinity and ten-fold improved proteolytic stability. The alanine substitution
tolerances for peptide ligands of the 12ca5 antibody and 14-3-3 regulatory protein were
also reported, demonstrating the general applicability of this new platform. We envision
that deep combinatorial alanine scanning will be a powerful tool for structure—activity
optimization of potential peptide therapeutics.

INTRODUCTION

Protein—protein interactions (PPIs) drive many aspects of biological function and are
heavily involved in disease progression. The extensive (1,000-5,000 A2), shallow and flat
PPI interface challenges the development of PPl modulators using small molecules~3.
Peptides, on the other hand, can mimic the native binding epitope to recognize the PPI
interface with high binding affinity and specificity. Recent advances in affinity selections
and biological display methods have accelerated the generation of peptide-based PPI



inhibitors'*. To improve biophysical and pharmacological properties, iterative
optimization is necessary. This process involves various structural modifications, for
example, side chain modifications or macrocyclization to develop better analogs®®.
Modifying peptides while maintaining their binding affinity is crucial for hit-to-lead drug
development, thus calling for a deep understanding of structure—activity relationships
(SAR)".

Alanine scanning informs SAR of peptides by systematically substituting each residue
with alanine. This approach characterizes alanine tolerable residues and irreplaceable
‘hotspot’ residues essential for activity. Hotspots are identified by point alanine mutations
that give rise to inactive mutants®. The alanine tolerable residues are often subjected to
structure modifications without impacting the bioactivity. When multiple modifications
happen simultaneously, non-additive combination effects emerge®™*3, leading to
unforeseen boosts or disruptions in activity. Complementary to single-point alanine
scanning, shotgun alanine scanning is widely employed in protein mutagenesis to
interrogate the pairwise and higher order combination effect of multi-point mutations4-18,
As an example, the phage-displayed y-receptor protein library was constructed by varying
eleven residues to wild type (WT) or alanine!®?°. The library was subjected to bioactivity
assays to select for active strains, which presented a specific ratio of wild type to alanine
at each residue. Pairwise analysis showed the frequency of most double alanine
mutations followed a normal distribution when the two mutated residues were located in
discontiguous regions'#21, In the case of peptides, however, an alanine mutation at one
residue may affect the tolerance of an alanine mutation at a neighboring residue. An
analysis of the combined effects of multi-site modifications is thus critical at revealing the
comprehensive peptide SAR landscape.

We aimed to establish a platform to rapidly identify multiple sites in peptide-based lead
compounds that tolerate modification while maintaining bioactivity. Toward this goal, we
introduce here label-free combinatorial alanine library affinity selection (Figure 1A) based
on our recent in-solution enrichment strategy for the discovery of PPI inhibitors??. Label-
free peptide libraries were synthesized by the split-and-pool solid phase peptide synthesis
(SPPS) method. The peptide library was incubated with the target protein and subjected
to high-performance size-exclusion chromatography (HPSEC) to separate bound and
unbound ligands. The bound variants were decoded by liquid chromatography-tandem
mass spectrometry (LC-MS/MS)?3. This in-solution affinity selection is a powerful
alternative to on-bead screening and provides fine control over the selection conditions.

The strategy was applied to the PMI peptide inhibitor of oncoprotein mouse double
minute2 homolog (MDM2). The PMI sequence (TSFAEYWNLLSP-NH:2) with high affinity
(dissociation constant, Ka = 7.7+4.5 nM) against MDM2 was discovered by phage
display?*?® (Figure 1B and C). MDM2 is an E3 ubiquitin ligase of the transcription factor
p53 that responds to stress by promoting DNA repair, cell cycle arrest, senescence and
apoptosis?®. MDM2 recognizes the N-terminal p53 transactive domain (p53%7-28, see
Figure 1B for amino acid sequence) and promotes the ubiquitin-mediated p53
degradation. Disrupting p53—MDM2 binding is a strategy to restore p53 activity and
promote apoptosis of cancer cells. For instance, a p53 epitope-derived hydrocarbon-



stapled peptide (ATSP-7041) has entered phase Il clinical trials?’. Aided by the
combinatorial alanine scanning technique developed here, we identified several PMI
analogs with simultaneous multi-alanine substitutions that maintained high affinity for
MDM2. In some cases, we found the multi-alanine PMI variants lead to active Cys
substituted peptide macrocycles.
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Figure 1. Combinatorial alanine scanning enables identification of alanine-containing
peptide binders to proteins of interest. A) A chemically synthesized combinatorial alanine
library was generated by split-and-pool solid phase peptide synthesis. The library was
cleaved, deprotected, solid phase extracted, and incubated with protein targets. The
peptide—protein complex eluate was separated from unbound peptides by size-exclusion
chromatography. Bound peptide binders were dissociated from the protein and then
sequenced by Q-TOF liquid chromatography-tandem mass spectrometry (LC-MS/MS). B)
Chemical structure of p5317-2 peptide (ETFSDLWKLLPE-OH) and PMI
(TSFAEYWNLLSP-NH2). C) Crystal structure of the PMI-MDM2 complex
(TSFAEYWNLLS-NH2, PDB entry 3LNZ)?.

RESULTS

The combinatorial alanine scanning platform was developed to identify alanine-containing
peptide binders of the target protein (Figure 1). A PMI-derived combinatorial alanine
library was prepared by split-and-pool SPPS. During synthesis, each position was evenly
pooled to give either the wild-type amino acid or alanine, resulting in a library of 4,096
peptide variants. A C-terminal lysine is included to improve de novo LC-MS/MS
sequencing. Prior to affinity selection, the library solution was incubated with MDM2 in
Tris buffer pH = 7.5 to reach equilibrium. The peptide—protein complexes were enriched



by HPSEC where the early protein fraction eluted. Bound peptides were dissociated from
the protein, sequenced by LC-MS/MS and analyzed with the PEAKS software suite?3.
Identified sequences were filtered based on the library design?3. To identify non-specific
binders in the PMI-based library, we screened in parallel against the 12ca5 clone of anti-
hemagglutinin antibody, for which no sequences were enriched.

Single position SAR analysis

Positional alanine substitution frequency (Figure 2A) can be used to differentiate binding
hotspots from non-essential residues. Unique alanine mutant peptides were recovered
from the affinity selection (Figure 2B). For each position, the alanine frequency was
determined by dividing the number of alanine mutations to the total number of identified
sequences, averaging by three replicates (Naverage = 79). Four positions Phe3, Tyr6, Trp7
and Leul0 are of low alanine frequency (Ala% <10%), consistent with hotspots
determined by point alanine mutagenesis?®.

To provide quantitative data on residue-specific contributions to binding affinity, positional
alanine frequencies from the combinatorial scanning were converted to changes in Gibbs
free binding energy (AAGscanning). This calculation assumes that the ratio of WT to Ala for
each position (nwr/na.) approximates the ratio of equilibrium association constants Kawr
t0 Kaam, Such that AAGscanning IS given by: AAGaawt = RT In(Kawt/Kaaia) = RT In(nWT/nNa)lg. By
comparing the AAGaa-wt values calculated from combinatorial scanning reported here
(AAGscanning) to the AAGbinding Values previously measured by point alanine mutagenesis?>,
we found the two correlated linearly (r> = 0.88, Figure S1). In particular, the AAGscanning
values of the four hotspot residues (Phe3, Tyr6, Trp7 and LeulO) all >1.0 kcal/mol,
consistent with the conventional definition of hotspot®. Therefore, the combinatorial
alanine scanning informs on SAR at the single position level.

While AAGscanning for each position derived from the combinatorial scanning correlated
well with the previously reported AAGuinding Values, the slope was found to be 0.36. This
significant deviation from 1.0 suggests a numerical discrepancy between the AAGscanning
and AAGyinding and indicates that combinatorial alanine scanning tends to underestimate
the effect of individual alanine point mutations. This observation may result from the
cooperative effect of alanine substitutions that compensate the energy cost of alanine
substitutions.
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Figure 2. Combinatorial alanine scanning of peptide PMI combined with affinity selection
mass spectrometry identifies novel multi-alanine substituted variants. A) The alanine
tolerance was indicated by the single position alanine substitution frequency on the y-axis.
Residues displaying low alanine substitution frequency (Phe3, Tyr6, Trp7 and LeulO)
correspond to the hotspot residues. The x-axis indexes the PMI sequence from the N- to
the C-terminus. Ala4 is excluded. (B) A subset of identified sequences from the affinity
selections. (C) The pairwise alanine tolerance is indicated by a substitution frequency
matrix. Each box represents the pairwise alanine substitution frequency (Ala-Ala%) of two
residues, calculated as the ratio of number of observed simultaneous pairwise alanine
substitutions to the total number of identified sequences, expressed as Ala-Ala% =
[(Nala,al)/Nwotal] x 100%. At 95% confidence level, twenty out of fifty-five total possible
pairwise substitution frequencies are non-additive of single alanine frequencies. Non-
additive pairs are marked with asterisks (*). Ala4 is excluded.

Pairwise SAR analysis reveals non-additive Ala-substituted pairs

To identify pairs of non-additive Ala substitutions that might contribute to binding, a
pairwise alanine substitution frequency matrix was generated®!* (Figure 2C). The
pairwise alanine substitution frequency (Ala-Ala%) was computed by dividing the number
of simultaneous pairwise alanine substitutions by the total number of identified sequences
for each pair. Each box in the matrix presents a distinct pair of residues. For example, the
residue pair (Thrl, Ser2) located in the first row and the second column of the matrix
shows that 29% of the decoded sequences contained simultaneous (T1A, S2A)
substitutions.

A statistical test showed that a number of Ala-Ala%’s were not a mere product of two
single Ala%’s but were statistically different from simple combinations. A moderate non-
additive combination effect was revealed by comparing the observed pairwise alanine
substitution frequency (Ala-Ala%)observed to the product of single alanine frequencies (Ala-
Ala%)addiive. The theoretical additive double-mutant frequencies were computed from
large sets (1,000 sets) of randomly-generated and independent alanine-substituted
sequences, in which the randomization of each position is weighted by its positional
alanine substitution frequency4. Each set contains hypothetical peptides sequences that
follow the positional SAR. If a non-additive combination effect is present, (Ala-



Ala%)observed Would not be equal to (Ala-Ala%)additive. TO assess the statistical significance
of the deviation, we compared the observed (Ala-Ala%)observed t0 the theoretical (Ala-
Ala%)addiive. The difference (Ala-Ala%)observed—(Ala-Ala%)addiive Was compared to the
standard deviation (o) of the theoretical additive values calculated from the random sets
of sequences and assessed by the z-test (Figure S2). To normalize for randomness, the
statistical test was averaged by three replicate selections.

At 95% confidence (|z score|>1.96c), nineteen out of fifty-five (34%) pairwise Alanine
substitution probabilities are statistically distinct from a simple combination of the
corresponding two single alanine substitution probabilities (marked with asterisks in
Figure 2C). Among these nineteen non-additive pairs, fourteen show negative
cooperativity while five show positive cooperativity (Figure S2). Fourteen out of the
nineteen pairs occur at non-hotspot residues, therefore, the non-additive combination
effect is primarily observed elsewhere in the sequence.

Pairwise SAR validation

We envisioned the positions displaying high pairwise substitution frequencies in our
combinatory alanine library (Figure 3A, extracted from Figure 2C, and Figure 3D) would
tolerate double mutations. To validate the correlation between pairwise substitution
frequencies and binding affinity of double-mutants, a series of (i, i+4) pairwise alanine
substituted peptides were prepared by automated fast-flow peptide synthesis?8. (i, i+4)
positions are chosen for subsequent macrocyclization?®. The binding constant was
determined by performing a competition assay with biolayer interferometry (BLI).
Replacing the above average-frequency (i, i+4) alanine-substituted pairs to alanine has
minor impact on the binding affinity (Figure 3B; PMI, Ka=7.7£4.5 nM).

Pairwise alanine-tolerated positions prompt sites amenable to further modifications, i.e.,
stapling. Side chain stapling is used for reinforcing helical structure and improving peptide
stability toward proteases®-32. To leverage the pharmacological properties of the
identified MDM2 binders, a hexafluorobenzene-mediated cysteine arylation reaction was
employed to generate (i, i+4) stapled PMI analogs (peptides 9-16)33. BLI competition
assays showed that the three highest frequency (i, i+4) pairwise alanine substitutions
(peptides 4, 5 and 8 in Figure 3C) gave rise to the three highest affinity (i, i+4)
perfluoroaryl-stapled peptide binders at the corresponding positions. Peptides 12 and 13
showed slightly attenuated binding, and 16 exhibited a comparable binding to the parent
PMI inhibitor (Ka = 7.7+4.5 nM). This result indicates that peptides stapled at high (i, i+4)
alanine frequency positions can maintain low nanomolar binding affinity to MDM2.



A) (i, +4) alanine substitution frequency B) (i, +4) alanine-substituted peptides C) (i, i+4) perfluoroaryl-stapled peptides
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Figure 3. High-frequency alanine pairs observed in the affinity selection show high
tolerance for double mutations. A) (i, i+4) pairwise alanine substitution frequency
extracted from Figure 2C. B) Binding affinity of (i, i+4) pairwise alanine-substituted
peptides. C) Binding affinity of (i, i+4) perfluoroaryl stapled peptides. The three most
potent stapled peptides correlate with the three highest frequency pairwise alanine
substitutions. Therefore, the (i, i+4) pairwise alanine substitution frequencies accurately
indicate retention of high affinity in peptide binders substituted at the corresponding
positions. Binding dissociation constants (Kd) were determined by a competition assay
using BLI. D) Representative chemical structures of (i, i+4) pairwise alanine-substituted
peptide and (i, i+4) perfluoroaryl stapled peptides. C* = cysteine stapled with
hexafluorobenzene. X = wild type residue or alanine. A = alanine.

Multiple alanine-substituted peptides retain potent binding affinity

Raising the selection stringency, a small number of potent multiple alanine-substituted
binders were identified (Figure 4A, see Sl for selection condition). Using a smaller
amount of the library increased the ligand—protein binding threshold, and consequently
reduced the number of identified peptides. Although the seven non-hotspot residue
substitutions can assemble a considerable number of unique combinations, only a
fraction of these were observed in the identified sequences. Peptides with different
alanine content were individually synthesized, and their binding affinity was validated by
a competition assay using BLI. Several peptides exhibited low nanomolar binding affinity.
Triple alanine sequences frequently occurred in the most stringent selection (Figure S3).
They retained or even enhanced the protein—ligand binding interaction (Figure 4A).

The experimentally measured binding affinities of multi-alanine substituted PMI analogs
generally do not correlate well with the theoretical binding affinities (Figure 4A). The
theoretical binding affinity (Kd') was calculated by adding AAGreinding, the residue-specific
energy contribution of alanine mutations, of all substituted positions for a given peptide



(Figure S4) and using the reported affinity of PMI (Ka = 3.2+1.1 nM?°). Comparing the
theoretical and measured binding affinities, peptides 17, 22 and 24 displayed ten-fold
higher experimental Kq values, while peptides 31, 32, 33 and 34 exhibited ten-fold lower
experimental Kq values relative to the calculated K4’ (Figure 4A). The theoretical Kqd’ given
by simple addition of positional AAGuinding can thus deviate significantly from the measured
Kd, and generally does not accurately predict high-affinity multi-alanine substituted PMI
variants.

Remarkably, peptide 34 has all of its non-hotspot residues substituted to alanine, while
still maintaining a binding affinity comparable to PMI (Figure 4B). Single alanine
mutagenesis predicts the Kq of peptide 34 to be 10-fold weaker than PMI, while peptide
34, shows a Kq of 4.7+2.4 nM. Rigid molecular docking of peptide 34 to MDM2 using
AutoDock Vina3* (except the side chains of the peptide, which were kept flexible) also
shows that the calculated binding affinity was improved upon Ala substitutions at all seven
non-hotspot residues, with a AAG of —3.4 kcal/mol for PMI and —2.5 kcal/mol for PMI-Lys
(Figure 4C, 4D and Sb).

Even though it is generally accepted that multiple alanine substitutions are detrimental to
binding affinity?®, in our hands multi-alanine-substituted MDM2 binding peptides could be
identified in the enriched sequences. A cooperative effect may take place when several
alanine residues are introduced into the peptide. A modest propensity of alanine to
stabilize helical structures may also account for the binding enhancement, as PMI forms
an alpha-helix when co-crystallizing with MDM22%. These multi-alanine-substituted
peptides can provide templates for further structure modifications.



A) Validation of multiple alanine-substituted peptides

Number of Theoretical Measured
alanine* K, (nM)** K, (nM)

PMI TSFAEYWNLLSP 0 3.2+1. 4 7.7¢4.5

Name Sequence

17 TSFAEYWAALSPK 2 0.5 32+4.2
18 TSFAEYWNALSAK 2 1.8 2.9+1.6
19 TSFAEYWNALAPK 2 3.1 8.8+1.9
20 TSFAEYWNALAAK 3 22 6.2+1.8
21 ASFAEYWAALSPK 3 1.0 2.0+1.8
22 TSFAEYWAALSAK 3 0.4 4.9+2.7
23 TAFAEYWNALSAK 3 15 3.7¢1.5
24 ASFAEYWAALAPK 4 1.2 59+11

25 TSFAAYWAAILSAK 4 24 2.2+0.8
26 TAFAEYWAALI SAK 4 3.0 1.0+1.0
27 AAFAEYWAALSPK 4 8.2 9.9+3.3
28 ASFAEYWNALAAK 4 4.1 4.7+1.5
29 ASFAEYWAAILAAK 5 0.8 2.3+1.2
30 ASFAAYWAAI SAK 5 46 1.9+1.9
31 AAFAEYWNALAAK 5 34 3.2+2.6
32 TAFAAYWAALAAK 6 24 3.4+2.1
33 ASFAAYWAAI AAK 6 5.5 67+14
34 AAFAAYWAALAAK 7 46 4.7+2.4

B) Peptide 34

OH
H o] H (o] H o q (o] H (o] H o} H o]
H,N%HJYN%SJY«%N N%EJYN:Jku N%HLWN:JLNHQ
: 0'\:0: 0‘/NH0: o * 0‘\H

NH,
A A F A A Y w A A L A A K

C) Molecular docking of PMI-K-MDM2 D) Molecular docking of 34-MDM2




Figure 4, Multiple alanine-substituted peptides exhibit nanomolar binding affinity. By

raising the selection stringency, alanine-substituted peptides were identified, and A) a
subset of the peptides were resynthesized and validated. Dissociation constants (Ka)
were determined by competition assay using BLI. *Ala4 is not considered. **Theoretical
Ka (Kd’) was calculated by adding the residue-specific energy contributions of individual
alanine mutations (detailed calculation described in Figure S4). ***The reported Kqg of
PMI?5, B) A 13-mer peptide 34 with seven alanine substitutions was identified (Kd =
4.7+2.5 nM). Molecular docking results of C) PMI-K (gray) and D) peptide 34 (yellow)
bound to MDM2 (cyan).

Multi-alanine substituted variants tolerate stapling

To test the tolerance of multi-alanine-substituted peptides for subsequent modifications,
we applied the (i, i+4) perfluoroaryl-stapling strategy to alanine sites of the multi-alanine-
substituted peptides 22, 25, 27, 29 and 30 (Figure 5). Three stapling positions, (4, 8), (5,
9) and (8, 12), were chosen based on the tolerance for pairwise substitutions. The highest
affinity (Ka = 0.7£0.5 nM) was found with the (8,12) perfluoroaryl-stapled peptide 40.
Except stapled peptide 35, stapled peptides 36, 37, 38 and 39 showed comparable
binding affinity to PMI.

To assess the stability of stapled peptides, we performed a protease digestion assay
using Cathepsin G (Figure S6A), which cleaves hydrophobic residues in serum3®, Three
stapled peptides were selected for assessment. Compared with the unmodified PMI-NH:2
peptide (ti2 = 1.5 min), the half-life of stapled peptides 36, 38 and 39 increased to 11, 20
and 23 mins respectively (Figure S6B). Noticeably, the 7-alanine-substituted peptide 34
(to2= 20 min) also showed improved stability, but the 6-alanine-substituted peptide 32 (t12
= 2.5 min) did not.
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: Parent Parent
Name Sequence Stqpllng Measured peptide peptide
sites Ky (nM)
name Ky (nM)
35 AAFC*EYWC*ALSP (48 316127 27 9.9+3.3
36 ASFC'EYWCALAA (458 4.4+1.9 29 2.3+1.2
37 TSFAC'YWAC*LSA (99 1.6+1.3 25 2.2+0.8
38 ASFAC'YWAC*LSA (99 1.5+1.1 30 1.9+1.9
39 ASFAEYWCALAC* (812) 3.3+2.1 29 2.3+1.2
40 TSFAEYWC'AL SC* (812) 0.7£0.5 22 4.9+2.7
Peptide 39 F, [
OH F f
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H H H H H H
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Figure 5. Perfluoroaryl-stapled and alanine-substituted peptides 35-40 with low nano-
molar binding constant were generated at tolerable (i, i+4) stapling sites (Figure 3C) on
potent PMI analogs 22, 25, 27, 29 and 30. C* = cysteine stapled with hexafluorobenzene.

To expand this platform to other protein targets the combinatorial alanine scanning was
used to discover peptide binders of antibody 12ca5 and the signaling protein 14-3-30.
The epitope used for 12ca5 has the sequence YPYDVPDYA,; the previously characterized
protein 14-3-30 binder 14-3-3.6 was used for 14-3-30 and its sequence can be found in
Figure 6B. A beta-alanine spacer was used between the library construct and the C-
terminal lysine. The combinatorial alanine scanning of YPYDVPDYA (K4 = 4 nM) showed
no alanine substitution at Asp4, Asp7 and Tyr8, which were previously reported as the
hotspot residues of the epitope (Figure 6A)%°. The combinatorial alanine scanning of
peptide 14-3-3.6 (Ka = 3 nM) showed no alanine replacement at phosphoserine 5 and
nitro-phenylalanine 9 (Figure 6B), consistent with the close interactions these two
residues have with 14-3-30, as seen in the co-crystal structure3. Remarkably, multiple
alanine-substituted binders were identified under the most stringent condition as shown
in the subset of sequences (Figure 6).
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ﬁ El"ltl'y A subset of identified sequences
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22 . N=31 2 Cha A pB-Ser A pSer Nph PB-Ser B-Ser Nph
E§ 50% WT 3 Cha Cha B-Ser Om pSer A A  pB-Ser Nph
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Lo}
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Figure 6. Combinatorial alanine scanning is applicable to peptide binders for antibody
12ca5 and regulatory protein 14-3-30. A) Alanine substitution frequency at each position
of the 12ca5 binder HA epitope (sequence: YPYDVPDYA). (B) Alanine substitution
frequency at each position of the protein 14-3-3c binder 14-3-3.6 construct (sequence:
Cha, Cha, B-Ser, Orn, pSer, Nph, B-Ser, B-Ser, Nph); abbreviations: Cha, cyclohexyl
alanine; B-Ser, beta-homoserine; Orn, ornithine; pSer, phosphoserine; Nph, 4-nitro
phenylalanine. Wild-type alanine is excluded from the bar graph.
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DISCUSSION

We developed a label-free combinatorial alanine affinity selection platform to establish
mutational tolerance, inform structure—activity relationships, and facilitate the optimization
of peptide-based PPl modulators. Using various statistical analyses and peptide
modifications, several sequence activity relationships were inferred. At the single
substitution level, the determined alanine substitution frequencies differentiated between
hotspot and non-hotspot residues of the MDM2 peptide binder PMI. At the double
substitution level, statistical analyses of the pairwise alanine substitution frequencies
identified a moderate but significant non-additive combination effect. In the pairwise
alanine substitution frequency matrix, positions with high Ala-Ala% tolerated double
modifications. This matrix informed further modifications to retain affinity, validated by
binding experiments with (i, i+4) doubly-alanine-substituted peptides and (i, i+4) stapled
peptides.

Moreover, a handful of multiple alanine-substituted binders were found to maintain their
binding affinity, thus revealing a new multi-alanine-substituted peptide binding modality.
This discovery occurred when alanine was combinatorically introduced to peptide libraries
that underwent affinity selections. The multi-substituted peptides can further tolerate
cysteine-based stapling and still retain nanomolar binding affinity, despite the fact that
stapling can potentially change the binding affinity of peptides?°.

This study shows the potential of the combinatorial alanine scanning platform to identify
multiple positions within a sequence that can simultaneously accommodate further
modifications, for example, incorporating non-canonical amino acids. As a demonstration,
we synthesized several perfluoroaryl-stapled and alanine-substituted peptide binders,
which showed low nanomolar binding affinity to MDM2. The PMI-derived stapled peptides
have increased protease resistance compared to the parent inhibitor. These high affinity
stapled peptides may further be modified at the remaining alanine residues and provide
a starting point in the development of the next generation of therapeutics targeting the
oncogenic p53—MDM2 interaction.

Our study demonstrates a broad alanine tolerance landscape of peptide-based binders,
provides insights into the cooperativity of combinatorial substitutions, and reveals a higher
order binding modality with new multi-alanine-substituted sequences. This modality can
guide peptide ligand optimization through chemical stapling and improve the throughput
of hit-to-lead optimization processes. We envision that combinatorial alanine scanning
can be a valuable tool for determining the feasible structural modifications of therapeutic
peptide leads and enhancing their biophysical properties.
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