Downloaded via 70.235.130.126 on September 19, 2025 at 16:51:40 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/JACS

Discovery of Macrocyclic Peptide Binders, Covalent Modifiers, and
Degraders of a Structured RNA by mRNA Display

Xiyuan Yao, Kanokpol Aphicho, Shubhashree Pani, Anuchit Rupanya, Tong Lan,
and Bryan C. Dickinson*

Cite This: https://doi.org/10.1021/jacs.5c05540 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
o, 0
0>k
i _N

PN o e

Br Br  Br Br \

- o\s,o 2.0H @)

Diverse chemical space \\,;,, J o .
—cxCc— Covalent binder '_L 5

n=6,8,10,12.,

o~ 3
/ mRNA display I[DJ:- -,]CI; CIIG‘D
- Covalent degrader
Non-covalent binder

ABSTRACT: RNA targeting represents a compelling strategy for addressing challenging therapeutic targets that are otherwise
intractable through traditional protein targeting. Revolutionary approaches in RNA-focused small molecule libraries have successfully
identified RNA-binding ligands but generally remain limited in diversity and impeded by a dearth of structural insight into RNA and
RNA complexes. Cyclic peptides are potential structural mimics of evolutionary RNA-protein interacting motifs and can be
massively diversified and selected via genetically encoded libraries, offering a complementary approach. This study introduces
genetically encoded thioether cyclic peptide libraries constructed through mRNA display using a dibromoxylene linker and its
fluorosulfonyl derivative that can covalently engage RNA nucleophiles. Using an optimized mRNA display workflow for RNA
binders, we discovered high affinity, covalent and noncovalent binders for SNCA 5" UTR IRE, the upstream iron-responsive element
that post-transcriptionally regulates the expression of a-synuclein, an intrinsically disordered protein implicated in Parkinsonism and
related neurodegenerative diseases. Notably, a stringent selection strategy employing “base-paired” target analog counterselection
enhanced specificity by deenriching nonspecific electrostatic interactions mediated by polycationic residues. Further engineering hit
peptides with an imidazole tag yielded selective RNA degraders in which covalent degraders showed noticeably improved potency
from noncovalent counterparts. This work provides a prototype framework for evolution-driven, high-throughput, RNA-targeted
drug discovery using cyclic peptides.

H INTRODUCTION due to RNA conformational heterogeneity, nonspecific charge
interactions stemming from the highly anionic nature of RNA,

and limited throughput for large-scale screening of RNA
11,12

Targeting gene expression at the RNA level offers a promising
approach to manipulate hard-to-target parts of the proteome, )
expanding the druggable space of the human genome.'™* binders. o
Established programmable RNA-targeting strategies, including Curr.ent. state-of-the-art approaches for 1dent1f.yn?g de. novo
antisense oligonucleotides and guide RNA-dependent RNA RNA binding small m(.)leculles have led to success in identifying
regulatory systems, have demonstrated that targeting RNA can drug leads for targetmlg” lamportant“lg\IA functions such as
alter gene expression in cellular and animal models, often translational regulation, ™" splicing, ™" miRNA maturation,
resulting in therapeutically desired phenotypes.”™” Small

molecules targeting specific RNA structures are an alternative

aberrant gain-of-function by RNA repeats.'*™*° These

approach to target RNA with fewer delivery challenges, as Received: April 1, 2025
illustrated by the first FDA-approved splicing modifier, Revised:  August 20, 2025
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(SMA)."” However, despite these and other successes,
selective small molecule discovery for RNA targets is
substantially more challenging than targeting the proteome,
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Figure 1. mRNA display for the discovery of RNA targeting cyclic peptides. Randomized DNA libraries are transcribed into mRNA and
subsequently ligated to a puromycin oligonucleotide tag. Then peptides are displayed on mRNA during in vitro translation step. After on-bead HA
pull-down, mRNAs undergo reverse transcription to generate complementary DNA (cDNA) strands. The resulting linear peptides can then be
cyclized using either noncovalent or covalent linkers. Finally, the cyclic peptide libraries are subjected to positive selection against immobilized
target RNA in the presence of competitors. The selected cDNAs are ultimately eluted for downstream validations and subsequent rounds of

selection.

approaches often involve rational RNA-focused library design
with privileged motifs coupled with covalent-assisting high-
throughput screening platforms such as photo-cross- link1n§
based Chem-CLIP*"** and 2'- OH acylation-based SHAPE™
in in vitro or cell-based assays.'” However, because of the
limited insight into the structural diversity of RNA and RNA-
Ligand complexes, the overall chemical space derived from this
knowledge is thought to be underexplored."'

Genetically encoded display-based screens have become
popular for building larger chemical libraries to identify
binders, exploiting barcoded genotype-phenotype linkage to
simplify, increase throughput workflow, and enable evolution-
inspired selection for complex properties.”*”>° Recent
advances in constructing genetically encoded libraries have
led to the discovery of potent small molecules with high
selectivity for structured RNA targets using DNA-encoded
chemical libraries (DECL), such as r(CUG)®™®", primary
microRNA-27a,>” and Escherichia coli EMN Riboswitch.”® The
genetically encoded library of cyclic peptides offers a
potentially powerful alternative strategy,” allowing massive
sampling of the protein—surface-like conformation that
potentially mirrors natural RNA-protein interaction surfaces.”®
mRNA display has been successfully exploited to discover
potent macrocyclic peptide inhibitors for a wide range of
therapeutically relevant protein targets.”**”*° The emergence
of covalent targeting has inspired the development of mRNA
display macrocyclic peptide containing covalent warheads as a
strategy to augment potency and specificity against an even
broader array of challenging targets, buoyed by success in the
development of covalent inhibitors for targeting “undruggable”
protein targets such as KRAS."*> The fact that structured
RNAs also contain reactive hot spots amenable to covalent
modification by warheads brought in proximity by employing
alkylating agents (ex. Chlorambucil,"® alkyl halides, epox-
ide’), diazirines,” activated sulfonyl groups,” acyl imida-
zoles®® and acyl chlorides®” presents a premise for the covalent
RNA drug-target engagement.

Despite these successes, applying mRNA display for the
selection of cyclic peptide libraries against structurally dynamic
RNA targets is challenging. Unlike conventional medicinal

chemistry strategies for designing bioactive protein inhibitors,
RNA-binding molecules tend to exhibit distinct physicochem-
ical properties, including increased polarity, larger surface
areas, and more hydrogen bonding interactions.*® This raises
the question of whether similar structural preferences exist in
peptide-RNA interactions. More importantly, another consid-
eration in genetically encoded libraries is the inherent bias
introduced by degenerate codons. Certain residues, such as
arginine, serine, and leucine, are often overrepresented
compared to others. Since RNA molecules possess negatively
charged phosphate groups, peptides enriched with cationic
residues may exhibit strong electrostatic interactions, poten-
tially leading to nonspecific interactions during selection.
Encouraged by the genetically encoded discovery of linear
peptide for selective targeting RNA G-quadruplex™ and other
studies, """ we aim to develop a general cyclic peptide mRNA
display platform for targeting common and diverse RNA
structure elements including internal loops, bulges, helices, and
hairpins by carefully optimizing the library design and
employing counterselection protocols for contributing to the
groundwork for the discovery of RNA-targeting molecules.

In this study, we engineered an mRNA display platform for
selecting RNA-binding macrocyclic peptides against the iron
responsive element (IRE) region of an mRNA encoding the
intrinsically disordered protein alpha-synuclein (SNCA S’ UTR
IRE), a structured, translation-mediating RNA linked to
Parkinson’s and related diseases.** First, we explored a strategy
to install a covalent warhead on mRNA-displayed cyclic
peptides via a trireactive cyclization linker in addition to the
previously established dibromoxylene linker. Next, we
developed a prototype based on human immunodeficiency
virus (HIV) transactivation response element RNA (TAR) and
its well-established interacting peptides, allowing us to build,
test, and optimize the RINA-targeting cyclic peptide mRNA
display pipeline. Upon the success of the model system, we
moved on to our main campaign of selecting cyclic peptides
against SNCA 5’ UTR IRE. We constructed two 10'?
macrocyclic peptide libraries of varying peptide lengths, either
with or without an aryl fluorosulfonate-based covalent
warhead. We tracked the selections over the course of 10
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Figure 2. Linker design and cyclization validations. (A) Structures of m-DBX and covalent warhead functionalized derivatives, DBX-FS and DBX-
FS2. (B) Cyclization strategy for dicysteine containing peptide. (C) MALDI-TOF characterization of cyclized TBP-2 using three different linkers
(20 mM Tris HCL pH 7.8, 200 uM TCEP, 30% acetonitrile, 1 h incubation). A minor peak observed for peptide cyclization with DBX-FS2
(2021.592) indicates a loss of fluorine. (D) Structures of m-DBX cyclized TAR binding peptides. (E) Quantitative PCR analysis of recovered
cDNA after pull-down. Experiments were performed in triplicate (n = 3); **, p = 0.0028, ****, p < 0.0001.

rounds by quantitative PCR (qPCR) and high-throughput
sequencing with increasing counterselection pressure via a
competition with a base-paired SNCA 5" UTR IRE analog to
discourage nonselective RNA binding modes. This revealed
cyclic peptide sequences that putatively bind the target RNA. A
secondary screen on selected hits identified covalent and
noncovalent cyclic peptide binders that selectively bind the
SNCA 5" UTR IRE over the tested off-target RNAs with 0.6 to
17 uM afhinity. Finally, we installed an imidazole pegylated
tag"® for proximity-dependent RNA degradation on the
peptide binders, resulting in macrocyclic peptides that induce
selective RNA degradation in vitro. This work established an
RNA-targeting macrocyclic peptide discovery workflow and
highlights the potential of cyclic peptides in advancing RNA-
targeted peptide drug development.

B RESULTS AND DISCUSSION

mRNA Display Workflow for Identifying Cyclic
Peptides Binders to Immobilized RNA. Previously, we
established a thioether-linked cyclic peptide library, which led
to the discovery of potent covalent inhibitors of TEV

protease.”® In this study, we aimed to apply an analogous
pipeline involving library generation via designer linker
mediated cyclization using m-dibromoxylene (m-DBX) or its
derivative with a preinstalled RNA-reactive covalent warhead
to identify RNA-binding peptides and developed a stringent
selection strategy to enrich selective binders (Figure 1). The
general architecture of the library consisted of the peptide
coding region flanked by conserved sequences, including an
upstream T7 promoter region for in wvitro transcription
followed by a downstream GSGS linker and an HA tag for
affinity-based purification to ensure uniform, complete trans-
lation, as well as a rare codon region and binding sites for the
puromycin tag via Y-ligation*” (Figure 1). We optimized a
stepwise workflow for library construction and selection: 1.
PCR amplification and in vitro transcription of randomized
DNA library; 2. RNA ligation with puromycin conjugated
DNA oligonucleotide; 3. in vitro translation of the mRNA
display cassettes and puromycin-mediated ligation of the
nascent peptide chain; 4. HA pull-down of full-length
puromycin-linked mRNA-peptide fusions; 5. reverse tran-
scription resulting in duplex cDNA displayed peptides (to
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minimize binding interactions between the RNA sequences
displaying the peptides and the target RNA*"*"); 6. oligo-dT
cleanup to polish display quality; and 7. m-DBX-mediated
cyclization of full-length displayed peptides followed by oligo-
dT cleanup. Next, selection and regeneration of enriched
peptides (steps 8—10) are performed: 8. incubation of the
displayed cyclic peptide library with immobilized RNA target
with the competitors; 9. washing oft unbound peptides and
elution of the retained target RNA binding peptides; 10. PCR
amplification of enriched cDNA library, which is subject to
PCR and in vitro transcription to generate mRNA transcripts
for the next round of selection. qPCR is performed on eluted
cDNAs to assess the recovery rate as part of the in-process
quality control. The amplified cDNA library is subjected to
high-throughput sequencing for library characterization,
allowing elucidation of the selection outcome against the
target RNA of interest, SNCA 5" UTR IRE. We will describe
the development and optimization of this mRNA display
workflow in the next sections.

DBX and Its Reactive Analogs Enable Synthesis of
Noncovalent and Covalent RNA-Targeting Cyclic Pep-
tides. Prior work identified bis-electrophiles reagents as
biocompatible cross-linkers in the construction of genetically
encoded cyclic dicysteine-flanked peptide libraries, including
phage display and mRNA display.”” In this study, we built
upon previously developed m-DBX’' and developed its
derivatives installed with an RNA-targeting moiety (Figure
2A), with the goal of improving potency and selectivity.
Dibromoxylene fluorosulfonate DBX-FS (Compound 2) and a
dibromoxylene sulfonyl fluoride DBX-FS2 (Compound 3),
which harbor an activated fluorosulfonyl species that undergo
Sulfur(VI) Fluoride Exchange (SuFEx) chemistry®” and have
been recently shown to react with 2’-OH of RNA with varying
stability under physiological conditions,”* were synthesized
as lead RNA-targeting covalent linkers in our evaluation.

Following facile synthesis (Methods), we evaluated the
cyclization utility of m-DBX and two fluorosulfonyl-containing
linkers with two model peptides: somatostatin, a naturally
occurring 14-aa peptide with terminal-most cysteines, and
TAR-binding peptide 2 (TBP-2), a prototype linear peptide
derived from previously reported HIV TAR RNA-binding
peptide’* (Figures S1—S3 and Figure 2). MALDI-TOF mass
spectrometry revealed generalizability and a good agreement
between somatostatin and TBP-2 cyclization (Figures S1—S3
and Figure 2C). We observed that cyclization mediated by m-
DBX and DBX-FS proceeded with minimal side reaction
within S min, while prolonged incubation of up to 2 h did not
affect the structural integrity. The cyclization mediated by
DBX-FS2, however, was susceptible to rapid side reactions as
evidenced by the loss of F. We hypothesized that the sulfonyl
fluoride warhead in the cyclized product further reacts
intramolecularly with other nucleophilic residues, such as the
primary amine of lysine, resulting in the observed side product.
The uncontrollable reactivity of DBX-FS2 versus the highly
selective reactivity of DBX-FS that enabled clean and precise
cyclization were consistent with the much higher reactivity of
sulfonyl fluorides over fluorosulfonate, reported previously.”
The chemical lability of sulfonyl fluoride DBX-FS2 rendered it
unsuitable for generating covalent cyclic peptide libraries that
must remain intact before selection. Therefore, we proceeded
with m-DBX and the fluorosulfonate DBX-FS as the
noncovalent and covalent cyclization linkers, respectively, for

generating cyclic peptide libraries in our later large-scale
selection campaign against SNCA IRE.

Development and Optimization of RNA-Binding
Cyclic-Peptide mRNA Display Workflow. We aimed to
develop and optimize a streamlined in vitro translation and
cyclization of mRNA-displayed peptides using HIV TAR™ as a
model system (Figure 2D). For simplicity, we limited
cyclization to a single linker, m-DBX using previously reported
HIV TAR binding peptides.”*” We designed TBP-1 and TBP-
2 by introducing cysteine residues at both termini and
obtained DBX-cross-linked cyclic TBP-1 (DBX-cTBP-1) and
TBP-2 (DBX-cTBP-2).°>°*** (Figure 2D). Fluorescence
polarization assay confirmed the derivative peptides DBX-
c¢TBP-1 and DBX-cTBP-2 retain afhinity to TAR RNA, with
kp values of 0.3 + 0.07 yuM and 11 + 9 nM respectively
(Figure S4).

After successful verification of the model cyclic peptides, we
next sought to display them on mRNAs, in line with our
designed library construction and selection workflow (Figure
1). We subjected the mRNA transcription cassettes encoding
TBP-1 and TBP-2 to ligation with the puromycin tag, in vitro
translation, HA tag cleanup, and reverse transcription, tracking
progress at each step by visualizing on a UREA-PAGE gel
Consistent with previous reports,”" the puromycin-ligated
translation products were efficiently generated, representing
40—50% relative intensity of the shifted-up bands as compared
to the unconjugated mRNAs appearing at the original,
expected size (Figure SS, RNA+ IVTR+). Subsequent HA
pull-down showed efficient recovery of the fully translated and
ligated products of TBP-1, but not TBP-2, transcripts (Figure
SS, RNA+ IVTR+ HA Clean-up+). As expected, the cDNA-
mRNA hybrid duplex formation via reverse transcription
showed the same trend, with reduced recovery of the TBP-2
peptide—oligonucleotide fusion (Figure SS, RNA+ IVTR+ HA
Clean-up+ RT+,). We hypothesized that the loss of TBP-2 was
due to nonspecific interactions between peptide and the anti-
HA beads, likely mediated by its multiple cationic residues that
hinder HA-specific pull-down and the recovery of mRNA-
TBP-2 peptide fusion. Next, we evaluated the DBX-mediated
on-bead versus in-solution cyclization during the post-RT
Oligo dT cleanup step (Figure S6B). We found that the eluted
cDNA from in-solution cyclization was recovered at an ~300-
fold higher amount than from on-bead cyclization. Together,
this established an efficient workflow for cDNA-displayed
DBX-cyclized model TAR binding peptides.

Model Selection Evaluation and Counterselection
Strategy. We next sought to evaluate the performance of both
TBP-1 and TBP-2 peptides in the model selection against
immobilized TAR RNA. We first optimized the folding and
immobilization of 5'-biotinylated TAR RNA on streptavidin-
coated beads. Optimization of the immobilization time and
wash conditions revealed that 30 min incubation at room
temperature is sufficient to retain most RNA, and 2—3 washes
(25 mM Tris, pH 7.5, 10 mM MgCl,, 1 mg/mL BSA) can
preserve immobilized RNA on the beads, with no further RNA
elution from additional washes Figure S6C). Next, cDNA-
displayed cyclic peptides derived from TBP-1 and TBP-2 were
incubated with immobilized HIV TAR on beads in the
presence of equimolar amounts of nonspecific competitors
BSA and tRNA (1h at room temperature). We then eluted the
cDNA-displayed peptides from beads by heat denaturation.
We assessed cDNA recovery by qPCR analysis of the cDNA
eluted from the bound fraction. Critically, we observed
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Figure 3. mRNA encoded cyclic peptide library design and selection against structured 5’ UTR IRE of SNCA mRNA. (A) mRNA encoded cyclic
peptide library consists of 6, 8, 10, 12-mer dicysteine peptides cyclized with m-DBX or DBX-FS. Selections were performed against 5’-biotin
labeled SNCA IRE in the presence of competitors, including a full base-paired RNA mutant, bovine serum albumin, yeast tRNA. (B) Selection
progress monitored by quantitative PCR and high throughput sequencing. cDNA% (left axis) refers to recovery of complementary DNA from
mRNA encoded library after affinity pull-down. Total number of unique sequences (right axis) was determined by sequencing analysis after
removing redundant sequences. Donut plots represent the loop lengths distribution after round 10 for peptide sequences containing two cysteine
residues. In m-DBX library (left), 16.4% 6-mer, 17.4% 8-mer, 48.0% 10-mer, 15.4% 12-mer; In DBX-FS library (right), 14.8% 6-mer, 18.1% 8-mer,
46.3% 10-mer, 17.5% 12-mer. Selections conditions are presented in the bar graph and details in Supporting Information (Table S3).

biotinylated TAR RNA-dependent enrichment for both TBP-1
and TBP-2, with a larger fold change and cDNA recovery for
TBP-1 (Figure 2E, Figure S7), consistent with an earlier
observation of their disparate recovery in the HA pull-down
step.

To assess the competition strategy and further demonstrate
that the enrichment is target RNA dependent, we performed
the same experiment using cDNA-displayed, m-DBX-cyclized
TBP-1 in the presence of varying excess amounts of free,
nonbiotinylated HIV TAR to compete off the peptide and
immobilized TAR binding interactions. Indeed, we observed a
target-dependent decrease in cDNA recovery (Figure S8),
suggesting that the addition of excess competitor RNAs during
selection can deenrich undesirable binding interactions.

Given the successes with the RINA target-dependent
recovery of the cognate peptides of a model RNA in the
presence and absence of on-target competitors (Figure S8), we
next turned to large-scale de novo cyclic peptide mRNA display.
Our development of the trireactive linker, DBX-FS, enables
covalent targeting as a potency- and selectivity-enhancing
approach. We therefore hypothesized that base-paired RNA
counterselection could be used to identify RNA binders with
minimal or no nonspecific cationic interactions.

De Novo ldentification of Covalent and Noncovalent
Binders to SNCA 5° UTR IRE via Large-Scale mRNA
Display. To showcase our successfully developed linkers and
mRNA display workflow for enriching model RNA-binding
peptides, we initiated a large-scale mRNA display campaign
targeting an evolutionarily conserved, structured iron-respon-
sive element (IRE) of the SNCA mRNA that interacts with the
iron-regulatory protein (IRP). The SNCA IRE is located in the
5’ untranslated region (UTR) of SNCA mRNA, and regulates
this gene’s translation through an iron-dependent pathway.>®
The inhibition of the SNCA IRE-IRP interaction has been
identified as a potential therapeutic strategy to alter translation
and potentially improve SNCA-driven neuropatholgies. Since
that the secondary structures of this IRE have been
elucidated,> and previous studies have reported several
distinct chemotypes that selectively interact with the A-
bngeB’14 within the SNCA IRE, we considered this RNA
structure to be a ligandable target to test the efficacy of our
workflow.

We designed two peptide libraries, each containing
randomized codons, Cys(NNK),Cys (x = 6, 8, 10, 12),
cyclized with either m-DBX or DBX-FS, generating libraries of
up to 10" theoretical variants (12-mer) (Figure 3A). 600 ng of
ligated mRNA, composed of equal amounts (150 ng) of each

https://doi.org/10.1021/jacs.5c05540
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05540/suppl_file/ja5c05540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05540/suppl_file/ja5c05540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05540/suppl_file/ja5c05540_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05540/suppl_file/ja5c05540_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05540?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A

Name

Peptide sequence

wReads Ko (M) Ko (M) Ko (M)

Percentage of total reads (%)
in DBX-FS cyclized library

10

102 107 100 101

o

Percentage of total reads (%

in m-DBX cyclized library

)

R

A

0000000 CCCE0CI0Ce000C0000600 HNCCCo0000000

s S

HN
s 0
NH o

%
%.@

OH

uoHN". NH{'§° NH, OUHN, NH >
{?ﬁpﬂfﬁz . o "
HO o HN o ) HW—H Y <_
O ¢
HN' ® - H%}_NNZ
HN NH, /E(,?H !
H,N 2
DBX-1 R=H DBX-2 R=H
FS-1 R=; 9%.0 Fs-2 =4 %.0
ﬁo’ F fg\o’s\F
D E
1.5+
° m-DBX
gﬁ
58 ]
g&
§§1o-
LR
o 3 .
cC O
X
<
0.5 rrrrrrrrrrrrrrrrrri
TDFWAGVLPQSENI|YMRKH

W

IREWT IREBP TARWT
-1 58.4% 17.4+0.3 >100 > 100
MCPPTTTRWQPHC
- 0.2% 51+16 >100 6.4+0.01
- 0.1% 17+06 >100 3.3+0.6
MCSTTYDFRRTTRFC
- 1M1.7% 1.3+0.1 9.0+39 106+3.6
DBX-3 , 03% 06+04 >25 25+1.2
MCRYKTTSMIC
- NA 19+02 29+0.2 20+0.7
-4 0.6% - - -
MCSTTNMLPNLSC
- 60.5% 6.5+2.3 - -
]
_ "LJ" —_—
00000000 R0ee0

s
R
® 3
RN\ g
HN HN S s HN
NH O, \(E"
HN NH

®

¥ J
y J(NH: HO, 04 NH j_< Jzo
NH, HN o o] ou
O%N NHL Hoo /2:,>‘
/é o S\ m Ni
W e 35, o,
Ho—A O "oﬁ) HN " d HNﬁT—H—E/‘gN“
r°~
—~S
DBX-3 R=H DBX-4 R=H
FS-3 R=, o FS-4 R= ()
'f\ % .0 5{ :‘540
0"y 0%
[0) 20_
gﬁ .
5 E 1.5+
T O -
sk
o2 1.0
82 A
2 3 0.5
EX
<
0.0

TT T T T T T T T T T T T T T 11T
WTMFDYVNELRS I KPQAHG

Figure 4. Selection results uncovered SNCA IRE binding cyclic peptides. (A) A two-dimensional plot shows enriched sequences after last round of
selections for both libraries. (B) Cyclic peptide hits binding dissociation constants (Kp) measured on a §'-FITC SNCA IRE (IRE WT), its base-
paired mutant (IRE BP) and HIV TAR (TAR WT). Binding studies (n = 2) were performed in 20 mM HEPES, pH 7.2, 1 mM MgCl,. “~” denotes
that a binding curve could not be fitted due to fluctuating fluorescence signals (Figure S18). (C) Structures of cyclic peptide hits. (D, E) Fold
change of 20 amino acids (exclude cysteine) for SNCA IRE from round 10 by normalizing to round S. Data is normalized to translation bias for
NNK degenerate codon. Amino acids are color coded according to side chains. Positively charged are highlighted in red, negatively charged in

magenta, polar uncharged in green, and hydrophobic in purple.

sublibrary, was subjected to in vitro translation. Based on an
estimated translation efficiency of 40%, the resulting peptide
library was calculated to contain 2.3—2.6 X 10'? actual variants.
This library is expected to fully cover the theoretical diversity
of both (NNK); and (NNK); libraries and partially for the
(NNK),, and (NNK),, libraries. We synthesized the SNCA
IRE RNA with a 5'-biotin for immobilization (Figure 3A) and
commenced selection.

The first round of selection was conducted using SNCA IRE
immobilized on beads, incubated for 20 h, in the presence of
BSA and yeast tRNA as competitors (Table S3). qPCR

analysis showed a recovery of about 1% of each library after
this round, indicating some potential enrichment that can be
continued with increased selection pressure. From the second
round onward, we introduced a negative selection step wherein
libraries were incubated with empty beads (i.e., no
immobilized target RNA) before initiating the main selection,
thereby removing sequences that nonspecifically bind to the
beads. Supernatants were collected and subjected to positive
selection against the immobilized SNCA IRE. Again, we
recovered 0.3—0.2% RNA from each library, indicating that
stronger selection pressure decreased total enrichment. From
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the third round onward, we reduced the incubation time to 1 h
at room temperature. Downstream qPCR analysis showed a
continued decrease in recovery until the third round, indicating
effective depletion of nonbinders (Figure 3B, Figure S9). The
cDNA recovery stabilized between rounds three and four,
where we introduced a 5-fold excess of a “base-paired” SNCA
IRE competitor. It has been demonstrated that peptide binders
are capable of distinguishing subtle differences in atomic
positions in the RNA helix structure, and the addition of
competitor RNA with a mutation at specific positions can
direct the selection campaign for desired discrimination for
RNA binding interactions or orientations in phage display
campaign of linear peptide.’” We envisioned employing a base-
paired variant of the target RNA, a designed homologue with
all putative secondary structures mutated to be complemen-
tary, as a competitive binding partner during the selection
process would suppress nonspecific contacts while largely
retaining as many diverse chemotypes as possible to engage
distinct loops, bulges, and other distinct structural elements in
the target RNAs of interest. We therefore spiked in 5-fold
excess of the competitor base-paired, nonbiotinylated RNA
(SNCA IRE BP; Table S3) to outcompete undesired binding
interactions to the immobilized RNA target.

In the following selection rounds, we maintained a steady
amount of the SNCA IRE BP competitor and further increased
the selection stringency in round seven by reducing the
amount of immobilized on-target SNCA IRE RNA. By round
eight, we began to observe an increase in cDNA recovery for
both libraries, with an overall increasing trend over the final
three rounds. After round ten, gPCR validation of cDNA
libraries generated with and without corresponding linker
confirmed that the majority of enriched sequences are linker
dependent (Figure S10) and the cDNA libraries enriched using
5’-bio-SNCA IRE or 5'-bio-SNCA IRE BP confirmed that the
total library is SNCA IRE specific. Overall, these results
indicate potential enrichment of IRE-specific cyclic peptide
binders. Therefore, we next sought to characterize the selection
outcomes from both libraries.

Sequencing Reveals Convergent and Divergent
Evolution of Target RNA-Binding Peptides. We analyzed
selections by next generation sequencing (NGS) at each round
to track the progress of the selection. As the last three rounds
of selection showed a dramatic increase in cDNA recovery, we
speculated that significant changes in library variants and
diversity occurred in these rounds. Comparison of sequencing
reads from the last six rounds of selection revealed that as the
selection stringency increased, the number of unique peptide
sequences rapidly fell, with <2000 variants in the m-DBX
cyclized library and 1165 in the DBX-FS cyclized library
(Figure 3B). Interestingly, a small subset of sequences became
highly enriched, reflected by high sequencing read counts
(Figure 4A). By round ten, despite the two libraries being
developed from the same initial library pool, the two different
cyclization methods yielded distinct sets of enriched peptide
sequences (Figure 4A). For example, the most abundant
sequence enriched from the DBX-FS cyclized library
accounted for 60.5% of the total sequencing reads for that
library, but only 0.6% in the m-DBX cyclized library (Figure
4B). Although several top peptide hits were largely convergent
between the selection of m-DBX and the DBX-FS generated
library, the significant portion of divergently evolved peptides
points to an unexpected influence of covalence on binding

modes that result in distinct sets of unique peptides identified
from each of the two libraries.

Among the four different peptide lengths contained in the
initial libraries, sequences containing ten amino acids between
the two cysteines were the most enriched, followed by 12-mer
and 8-mer (Figures S11—S12). Although the theoretical
number of variants in the 10-mer (1 X 10%) or 12-mer (4.1
X 10") libraries exceeds the practical coverage of an mRNA
display library, we observed consistent increases in both unique
sequences and total variants for 10-mer and 12-mer peptides
over the last six selection rounds, and decreases for 6-mer and
8-mer peptides (Figure S12). This trend was observed in both
the m-DBX and DBX-FS cyclized libraries, suggesting that
distinct cyclic peptide sizes are preferred for SNCA IRE
binding. Further analysis of the cysteine content confirmed
that peptides containing two cysteines were the predominant
species in both libraries (Figure S13). Although the NNK
degenerate codon set used in library design allows for the
incorporation of cysteine, sequences containing more than two
cysteines were limited in selection outcomes. This suggests
that cyclic peptide structures are favored over alternative
structures for binding the SNCA IRE.

Biophysical Characterization of Cyclic Peptide Bind-
ers for SNCA IRE. Encouraged by the sequencing results, we
proceeded with binding affinity measurements to determine
the dissociation constant (Kp) of the enriched peptide variants.
We first sorted all peptide sequences from the last round of
each selection based on their sequencing reads. To perform
clustering analysis and visualize the peptide convergence,
molecular fingerprints of each cyclic peptide were computed
using extended-connectivity fingerprints (ECFPs) and embed-
ded in 2D t-distributed Stochastic Neighbor Embedding (t-
SNE).” ECFPs is a method for representing chemical
structures for the purpose of clustering and similarity
searching’' and recently applied to peptide library analysis.’>**
Peptides from the m-DBX library with high abundance and
located at distinct sequence families (Figure S14) were
selected for solid phase peptide synthesis. Among them,
sequences that are common between the two libraries were
cyclized with either the m-DBX or the DBX-FS linker. After
purification, we measured the binding affinities of these
peptides to SNCA IRE using fluorescence polarization (FP).
FP measures changes in molecular rotation®* upon binding,
and is widely used for studying nucleic acid-peptide®® and
nucleic acid-small molecule®® interactions. For FP experiments,
we used SNCA IRE with S’-fluorescein to track binding.

The top enriched sequence (58.4%) from the m-DBX
cyclized library (DBX-1), a C-10,,,-C peptide, exhibited a K,
of 17.4 + 0.3 uM with the SNCA IRE. DBX-1 did not show
binding as a linear peptide and, when tested against the base-
paired IRE control RNA or HIV TAR, showed unsaturated
binding, indicating only nonspecific interactions at high
concentration (Figure S15). Taken together, these results
confirm that the selection was successful and that the protocol
could enrich selective RNA binding peptides. Of note, DBX-1
contains just a single cationic residue (R), with a higher
propensity for H-donor and hydrophobic residues, in line with
the observed selectivity in binding, which does not appear to
be electrostatic driven, as with the TAR-binding peptides used
as references.

We selected two additional sequences from the selection,
DBX-2 (a C-12,,,-C peptide) and DBX-3 (a C-8,.,C
peptide), for characterization. While DBX-2 and DBX-3 had
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Figure S. Covalent peptide hits showed selective gel shift with SNCA IRE and triggers RT-stop signals. (A) The selectivity of the covalent peptide
hit FS-2 (50 uM) was assessed by denaturing PAGE using 0.5 uM SNCA IRE (IRE WT), a base-paired RNA control (IRE BP) and HIV TAR
(TAR WT). Reactions were performed in 20 mM HEPES buffer (pH 7.5), 1 mM MgCl,, and incubated at 37 °C. (B) In vitro SHAPE experiments
using NMIA were performed to identify reactive nucleotides. RNA preincubated with FS-2 (10 uM, h) showed a strong decrease in NMIA
reactivity at C43 and A24 (highlighted in red). Incubation with varying concentrations of FS-2 for 24 h resulted in prominent RT stops around
U31. Asterisks denote all possible FS-2 labeling sites from LC-MS/MS experiments. (C) Predicted 3D structure of the SNCA IRE (primer landing
site removed) and proposed docking pose of FS-2. (D) Enzymatic digestion and LC-MS/MS analysis of FS-2 labeled SNCA IRE. FS-2 modification
was identified at GpG*, G*pA, GpU*, and U*pA dinucleotides via sulfonylation at 2’-hydroxyl group. (E) Alignment of all possible digestion tri-,
tetra- nucleotide precursors revealed accessibility of the reactive warhead near the binding site.

lower percentage reads in the final selection, they also bound
SNCA IRE, with K, values of 1.7 + 0.6 and 0.6 + 0.4 uM
(Figure 4B, Figure S14), respectively. Again, no saturated
binding curves could be fitted for the base-paired RNA control.
In contrast, a 2- or 4- fold selectivity was observed for IRE WT
over HIV TAR respectively further supporting the specificity of
these interactions. This confirms that in addition to the top
variant in the selections, lower abundance sequences, including
those of different macrocycle sizes, also selectively bind the
target RNA.

Next, we shifted our attention to DBX-FS cyclized library
hits. We synthesized the DBX-1, DBX-2 and DBX-3 peptide
sequences as DBX-FS cyclized peptides (FS-1, FS-2 and FS-3),
and again measured their binding to SNCA IRE. All showed
binding, with Kp’s of 5.1 + 1.6, 1.3 & 0.1, and 1.9 + 0.2 uM,
respectively (Figures S15—S17). Of note, only FS-2 was
abundant in the DBX-FS cyclized library selection outcome,
showing that the linker change did not dramatically alter
binding. Finally, we selected the most enriched sequence from

the DBX-FS cyclized library selection (60.5% of sequences),
which was low abundance in the m-DBX library (0.6%). We
synthesized and tested this peptide both as the DBX-FS
cyclized peptide (FS-4) and as the m-DBX cyclized peptide
(DBX-4). FS-4 showed SNCA IRE binding of 6.5 + 2.3 uM
Kp, while the DBX-4 counterpart showed unstable binding
(Figure S18). Collectively, these data confirm the selections
successfully enriched unique peptides with both linkers and
that mRNA-display can enrich macrocycles that selectively
bind target RNA, without sole reliance on charge—charge
interactions. We next analyzed the sequencing data to gain
insights into the RNA binding peptide features.

NGS Analysis Reveals Features for Cyclic Peptide
Binders for SNCA IRE. Known RNA binding peptides often
rely on charge—charge interactions, with cationic residues such
as Lys and Arg dominating sequences. As a clear illustration of
this, the TAR-binding peptides used for our initial validation
each contain a majority of cationic residues. We were therefore
intrigued that the enriched peptides in the SNCA IRE
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selection, which featured a strong counterselection to enforce
selective binding, did not contain highly cationic sequences
(Figure 4B).

To better understand the global amino acid composition
that allowed target binding, we analyzed the shift in frequency
amino acid composition from round five, where sequences
were still quite random, through the subsequently more
selective six rounds of selection, ending at round ten (Figure
S19). Indeed, this analysis revealed a progressive decrease over
time in polar, charged side chain containing residues such as
Arg, His, and Lys. Similarly, highly translated residues, such as
Ser, Gly, Ala and Pro also exhibited a general decline (Figure
4D—E, Figure S19). More importantly, aromatic 7-containing
residues such as Phe, Trp, and Asp, which are capable of
potential nitrogenous base stacking interactions, tended to
increase. Overall, incorporating competitor RNAs and
stringent conditions during the selection proved to be critical
for identifying selective RNA binding peptides, which resulted
in peptide compositions that are not highly enriched for
cationic residues usually associated with nonselective nucleic
acid binding.

Covalent RNA-Binding Peptides Induce Covalent
Adduct Formation. We next aimed to test whether any of
the peptides cyclized with DBX-FS form covalent adducts with
the SNCA IRE. We selected the 11 representative sequences
from clustering analysis (Figure S14) in the DBX-FS cyclized
library and screened them for covalent adduct formation with
SNCA IRE using a denaturing electrophoretic gel mobility shift
assay. Among the 11 sequences tested, four (FS-2, FS-4, FS-16
and FS-17) exhibited selective band shifts with SNCA IRE
(peptide to RNA, 100:1) after a 4-h incubation at room
temperature (20 mM HEPES, pH 7.5, 1 mM MgCl,) (Figures
$20—S21). These results suggest a potential hit rate of 36% for
covalent cyclic peptide binders within this library. Further-
more, extending the incubation time to 24 h led to an
increased covalent adduct formation, with up to 33% of RNA-
peptide complexes with minimal shift observed with base-
paired RNA. These results indicate that the fluorosulfonyl
warhead yields covalent hits and generates covalent adducts
more efficiently compared to previous epoxide-based probes®*
that react with a self-alkylating RNA (cis epoxide probe to
RNA, 1300:1).

We selected FS-2 for further validation due to its high
reactivity and performed a time course analysis of covalent
adduct formation (Figure S, Figures S22—S23). The RNA-
peptide covalent complex is detectable within 30 min of
incubation and gradually increased over 24 h. Notably, FS-2 is
highly selective against SNCA IRE and exhibited negligible
reactivity toward the base-paired IRE or HIV TAR which was
not used in the selection. FS-2 exhibits dose-dependent RNA
labeling with ki, = 0.003611 min~" and K; = 0.000105 M
(kinee/K; = 344 M~ min™") (Figures S24—S25). Increasing
the ionic strength or adding BSA had a minimal impact on
RNA labeling efficiency (Figure S26). In comparison, three
other DBX-FS cyclized peptide hits showed weaker binding
correlated to lower reactivity, suggesting a proximity driven
binding mechanism (Figure 4B, Figure S22).

Testing warhead stability showed FS-2 remains relatively
stable at 25 °C pH 7.5 over 24 h (Figure S27) and during
scaled-up synthesis (Figure S28). However, a slowly forming
decomposition product was observed upon extended incuba-
tion (Figure S27) and became more pronounced at increased
temperature and higher pH values (Figures $29—S30). These

observations are consistent with previous findings on TBP-2
cyclization using DBX-FS2, suggesting that the fluorosulfonate
group may undergo intramolecular reactions with nucleophilic
side chain bearing residues within the cyclic peptide scaffold,
leading to the formation of bicyclic structures. Moreover,
although fluorosulfonate warheads are known to react with
common nucleophilic residues such as Tyr/Lys/Ser/His,”” FS-
2 exhibited undetectable intermolecular reactivity with these
amino acids (Figures S31—S32).

Collectively, these results demonstrate that DBX-FS cyclized
peptide libraries combined with an mRNA display can uncover
covalent binders specific to target RNA structures. And
peptides with higher binding affinity exhibit increased covalent
reactivity with RNA. We next aimed to study the binding
modes of both noncovalent and covalent peptide hits in more
detail.

Nucleotides Modified Most with SHAPE Reagents Are
Inhibited Most upon Hit Peptide Binding. To investigate
the structural dynamics of SNCA IRE, we employed Selective
2'-Hydroxyl Acylation analyzed by Primer Extension
(SHAPE),” a method widely used to detect flexible RNA
regions by covalently modifying the 2’-OH of the ribose rings
with acylating probes, such as NMIA. Analysis of the
terminated ¢cDNA products from SNCA IRE revealed that
nucleotide C43 close to the A-bulge at the bottom stem is the
most NMIA-reactive nucleotide, followed by C23 near the
apical loop and A22, A24 (Figures S33, S34, S35B). Notably,
the highest degree of modification was observed at the bottom
stem -AC- motifs, suggesting that a constrained small bulge is
likely formed at the position, making them reactive to the
SHAPE reagent.”” Unstructured loops and bulges in RNA are
common sites for perturbation during ligand binding. Previous
studies have reported that small molecules can selectively
interact with the A-bulge of SNCA IRE."*"*

We next tested how peptide binding alters SHAPE labeling
on the SNCA IRE to uncover potential sites of interaction.
Preincubating SNCA IRE with m-DBX peptide hits DBX-1,
DBX-2 and DBX-3 for 30 min at room temperature resulted in
a strong reduction in NMIA labeling for both C43 and C23
(Figures S33, S35C). This observation is consistent with DBX-
FS cyclized peptide hits, FS-2 and FS-4 (Figures S34, S35C),
suggesting that peptide binding inhibits the NMIA acylation
activity, likely due to a binding event that blocks the
accessibility of the 2'-OH toward NMIA or induced conforma-
tional constrain.”® Furthermore, the model RNA used in
SHAPE experiments, without a primer landing site (green),
was used to predict a folded 3D structure by Boltz-1.”"">
Docking poses generated with FS-2 suggest that the cyclic
peptide is likely engaged with the bottom helix structure
through multiple hydrogen bonding networks (Figure S36),
leaving the apical loops flexible and less structured. These
predicted H-bonds are mainly formed between the amides on
the peptide backbone, with key residues such as Arg, Ser, and
Thr interacting with ribonucleotide structures including
nucleobases, ribose 2'—OH and phosphate groups. The
docking poses suggest that the covalent warhead could be
positioned close to U33 and that the entire cyclic peptide fits
inside the RNA major groove. Indeed, by incubating 100 uM
FS-2 and model RNA for 24 h at 37 °C, the complex can
induce reverse transcription stop signals (RT stops) primarily
before U31 (Figure SB, Figure S37) in a concentration
dependent manner, lending evidence to this model. Altogether,
these mapping experiments lend credence to a model in which
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Figure 6. Selective RNA degradation by imidazole functionalized cyclic peptides. (A) Design strategy for imidazole functionalized cyclic peptides
for RNA degradation. (B,C) Chemical structures of cyclic peptide degraders derived from TBP-2 and three hit cyclic peptides from selection. (D,E)
Dose-dependent RNA cleavage assays analyzed by 15% denaturing PAGE. RNA (0.5 4M) was incubated with peptide degraders for 6 h at 37 °C in
20 mM HEPES buffer (pH 7.5) 1 mM MgCl, and 40 pug/mL BSA. (F,G) Quantification of full-length RNA band intensities, normalized to the no
compound control. Error bars represent the standard error of the mean from two independent experiments.

the SNCA IRE is ligandable by cyclic peptides with a possible
induced binding pocket in the bottom helix of the structure
(Figure SC).

RNA Digestion Coupled with Tandem Mass Spec-
trometry Reveals FS-2 Labeling Sites. To investigate the
covalent bond formation between FS-2 and the target RNA,
the SNCA IRE RNA was incubated with FS-2 at 25 °C
overnight. RNA samples were subsequently purified and
digested by using a nuclease cocktail. These digested samples
were then separated by reversed-phase HPLC and analyzed by
electrospray mass spectrometry. Identified precursor ions were
further fragmented with MS/MS to identify the sequence
context for adduct formation and fragmentation patterns. Four

dinucleotide adducts were detected including GpG*, G*pA,
ApU* and U*pG (asterisks denote FS-2 modified nucleotide)
and ionization up to four charged states were observed (Figure
5D, Figures S38—S40). The formation of these cyclic peptide-
nucleoside complexes could likely cause incomplete nuclease
digestion due to steric hindrance, stopping the nuclease activity
at dinucleotide adducts. MS/MS fragmentation patterns for all
four species indicate sulfonylation of the 2’-hydroxyl group,
which weakens the glycosidic bond (—O—SO;-). Moreover,
fragments generated from phosphate diester bond cleavages
further confirmed the identity of the labeled nucleoside
(Figures S41—S44).
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The fact that only guanosine and uridine were modified
among the four dinucleotides provides the sequence
information for uncovering probable labeling sites on RNA.
Assuming the modified nucleotide site is shared among the two
dinucleotide adducts observed, we found that the labeled
uridine flanking with A/G is only present as GpU*pA within
the SNCA IRE (Figure SB) near the observed RT stop sites.
Similarly, the labeled uridine flanking with guanosine could be
GpU*pG, and the labeled guanosine flanking with A/G could
likely be ApGpGpA or GpGpGpA. Mapping all these possible
digestion precursors on the RNA structure revealed that they
are within reach of the FS-2 warhead in the docking pose
(Figure SE). Overall, these observations provide direct
evidence of covalent bond formation via 2’ hydroxyl
sulfonylation.

Selective RNA Degradation Achieved by Imidazole
Functionalized Cyclic Peptide Binders. Finally, we tested
whether the peptide binders could be used for proximity-
induced RNA degradation. Previously, proximity-induced RNA
degradation has been achieved by small molecules by
recruiting endogenous nucleases,” transition-metal catalyzed
oxidation reaction,” and by small molecules functionalized
with an imidazole, mimicking RNase A and catalyzing the
direct cleavage of the RNA target."”’*”> We selected the three
top peptide hits and engineered them into potential RNA
degraders by installing imidazole-PEG; on the N-terminal side
of the peptide sequence using solid phase synthesis to generate
DBX-2-Im, FS-2-Im, and DBX-3-Im (Figure 6A—C). In
addition, we also synthesized the nonselective TAR binding
cyclic peptide TBP-2 as a putative degrader (TBP-2-Im).

We incubated TBP-2-Im with HIV TAR, the TAR BP, and
the SNCA IRE for 6 h at 37 °C, during which time we
observed a dose-dependent degradation of all three RNAs
(Figure 6D, 6F, Figure S45). This is expected due to the
nonspecific binding of the TBP-2 peptide and reaffirms that
the TBP-2-Im is a nonspecific small molecule RNA nuclease.
Next, we repeated these experiments with DBX-2-Im, FS-2-Im,
and DBX-3-Im. While DBX-2-Im only showed weak non-
specific degradation (Figure S46), both FS-2-Im and DBX-3-
Im (Figure 6E, 6G) showed significant SNCA IRE degradation
with less activity on either the base-paired IRE control or the
HIV TAR off-target RNA. We analyzed the sites of cleavage of
FS-2-Im by RNA gel, and intriguingly, we observed major
cleavage bands at C23 and C43 (Figure S47). Both nucleotides
are highly reactive with NMIA in SHAPE experiments,
suggesting the apical loop on SNCA IRE is flexible and
accessible enough for imidazole-dependent RNA degradation
but in a proximity-dependent manner as mediated by peptide
binding. Further testing of FS-2-Im under conditions of
increased ionic strength and excess BSA revealed minimal
impact on RNA degradation (Figure $48) and the compound
exhibited stability comparable to that of FS-2 (Figures S49—
S50). These data indicate that FS-2-Im and DBX-3-Im are
both small molecule RNA nucleases and that tighter binding
(by comparing DBX-2 and DBX-3) and more selective binding
(by comparing TBP-2 and FS-2/DBX-4) are essential
considerations for designing selective peptide-based RNA
degraders.

B CONCLUSIONS

In this study, we established a pipeline for discovering cyclic
peptides targeting the SNCA IRE using an mRNA display,
enabling sampling of trillions of peptide-RNA interactions. We

took advantage of established benzyl bromide as synthesis
scaffold and designed new linkers that are efficient at
cyclization with high yield. Notably, we found that covalent
peptides containing a fluorosulfonate warhead are compatible
with the in vitro selection process in line with selection using
phage display,”® leading to the successful discovery of covalent
SNCA IRE targeting peptides. Finally, we demonstrated that
cyclic peptide hits identified from the mRNA display workflow
can be further engineered into selective RNA degraders.

A major challenge in any selection, but even more so in
mRNA-based selections for RNA binders, is nonspecific
binding interactions between the negatively charged surfaces
of DNA barcodes, mRNA barcodes, or phages and attached
molecules or displayed peptides. In mRNA display, incorporat-
ing a reverse transcription step for the mRNA-peptide
conjugates before selection has been shown to reduce
nonspecific binding and increase stability.”””” Other ap-
proaches, such as the use of charge-neutralizing peptides,
have also demonstrated reduced nonspecific interactions.”* We
implemented multiple strategies to mitigate nonspecific
binding, including negative selection with empty beads,
coincubation with excess equivalents of mutated target RNA,
and the addition of blocking agents such as BSA and yeast
tRNA over extended selection rounds. Critically, we used a
very strong counterselection pressure using carefully crafted
structural analogues, specifically the base-paired structure. As a
result, we observed a progressively decreasing trend in the
enrichment of cationic residues such as arginine, histidine, and
lysine during the selections, which normally dominate the
RNA binders. From a structural standpoint, we found that
among the enriched dicysteine-containing peptides, 10-amino
acid cycles emerged as the most prevalent population for
SNCA IRE binding. This is intuitively reasonable; RNA
binding is challenging for small molecules, and the additional
contacts and flexibility associated with larger cycles yield more
potent hits.

Additional studies are needed to demonstrate the functional
consequences of hit peptide binding, through either bio-
chemical or cell-based assays. Previous work has shown that
small molecules targeting the SNCA IRE can reduce translation
level by decreasing the amount of SNCA mRNA loaded into
polysomes."” Whether the cyclic peptides identified in this
study can elicit a similar effect remains to be determined.
Future efforts could also focus on unnatural amino acid
incorporation®”? and structural modifications.*”*" These
strategies may lead to RNA targeting peptides with improved
pharmacological properties and cellular permeability.

Covalent targeting of RNA holds significant therapeutic
potential, although further optimization is needed. We
observed that increased RNA labeling and degradation activity
were correlated with stronger binding affinity, strengthening
the importance of high affinity and selective interactions for
effective covalent modification. Future efforts focused on
structural modification of the warhead to maximize labelin
efficiency and chemical stability are logical next steps.”
Furthermore, cyclic peptide binders discovered from in vitro
selection and structural validations can further be used for
subsequent peptide engineering using alternative covalent
warheads, such as alkylating reagents®™®* for labeling
nucleobases, that may not be compatible with the selection
process but offer improved reactivity and stability for labeling
RNA. Such strategies could expand the toolkit for RNA
targeted covalent therapeutics.
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Overall, this study establishes a generalizable approach for
the de novo discovery of cyclic peptide binders for structured
RNA targets. This strategy has the potential to be applied in
the development of peptide-based RNA biotechnologies and,
potentially, starting points for therapeutic development. More
broadly, this work builds on a wealth of exciting work
showcasing the potential of expanding the ligandability of the
transcriptome for downstream peptide-based RNA therapeu-
tics development.
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