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Introduction

Modern day drug discovery has focused on the development of small molecule therapeutics. While
small molecules offer many advantages, such as economical manufacturing, lower complexity and
better bioavailability as compared to other drug modalities (e.g. antibodies and nucleic acid based
therapeutics), they can only target 2-5% of the proteome [1,2]. Biologic-based drugs (e.g. antibodies)
have a larger binding surface and therefore a higher target specificity, allowing them to access targets
that are beyond the reach of small molecules and have fewer off-target effects. However, most
biologics are large molecules that cannot cross cell membranes, which restricts their use to
extracellular targets. Peptide drugs, on the other hand, have advantages of both small molecule
therapeutics and biologic drugs, but do not have many of their disadvantages. Like biologic-based
drugs, peptides have a large binding surface to target leading to their higher specificity and fewer off-
target effects [3]. Similar to small molecules, they are smaller, have lower immunogenicity [4] and
higher bioavailability. Recent advances in cell penetrating peptide technology have enabled peptide
drugs to be designed to access intracellular targets [5]. Peptide drugs can therefore achieve the level
of bioavailability comparable to that of small molecule therapeutics and activity and safety of biologic-
based drugs which makes them prime candidates for “undruggable” targets.

The development of therapeutic peptides commonly starts with a combinatorial biology approach
that involves the generation of chemical or biosynthetic peptide libraries. Chemical peptide synthesis
is a well-established method for developing peptide libraries [6]; however, the biosynthetic approach
offers many advantages. One key advantage is the library size. Biosynthetic libraries can easily contain
as many as 10° peptides, while chemical synthesis is limited to approximately10* peptides. The most
commonly used biosynthetic selection methods are phage display [7], yeast display [8] and mRNA
display [9]. All of these methods select peptides that bind to the target protein most tightly. However,
a major limitation to these approaches is that the best binders may not be the best inhibitors of the
target protein, because binding does not always occur in the active region of the protein.

One way to solve this problem is to establish a link between binding and function by screening
peptides intracellularly for their ability to attenuate or inhibit cellular processes. None of the existing
cell-based assays has taken full advantage of this approach. Currently, the most promising in vivo
peptide selection method, called split-intein circular ligation of peptides and proteins (SICLOPPS), is
based on protein trans-splicing. This involves self-excision of an internal protein segment (intein)
resulting in a cyclized polypeptide [10]. Typically, such libraries are screened in E.coli cells using
bacterial two-hybrid system. Selection relies on disruption of a targeted protein-protein interaction,
detected through a reporter gene expression. False positive clones often result, due to fluctuations of
gene expression, mutations in the regulatory sequences and mutations in the bacterial genome.
Additionally, construct design for these peptide “processing” enzymes (inteins) is complex, generally
restricted to a reduced environment [11], and are time consuming [12].

To solve this problem, we developed a new selection system based on direct inhibition of a
cytotoxic protein (Figure 1). Peptides mimic cyclization by insertion into a protein loop, thus avoiding
the need for any processing enzymes (like inteins). This gives the flexibility of screening constrained
and linear peptides, which further increases the library size and improves the chances for identification
of the optimal peptide inhibitor. As a proof-of-concept for this new approach, we performed the
selections for a small pool of peptides (10° variants) that consisted of constrained and linear peptide
inhibitors targeting main coronavirus protease (3CL). Within five weeks, we identified an inhibitor
with an ICs of 33 UM, validating this screening approach.
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Results and Discussion
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Fig. 1. Selection System. Toxic protein is co-
expressed with a library of peptides. Peptide
variants are inserted into a carrier protein. A)
When a peptide does not inhibit the toxic protein,
host cell dies. B) If a candidate peptide binds to
and inhibits the target protein, its cytotoxicity is
neutralized and host cells survives.

survive only when a particular peptide variant
inhibits the cytotoxic protein (Figure 1). Main
protease (3CL) of SARS-CoV2 virus was chosen
as a model protein because it plays a central role
in the virus life cycle. It processes viral
polyproteins and controls the replicase complex
activity [17], which makes it very attractive target

for drug development.

Cytotoxicity of 3CL protease was confirmed
by expressing it in E.coli. We’ve built the p3CL plasmid where 3CL gene was cloned under the control
of arabinose-inducible promoter of pBAD-HisA vector (Figure 2). This plasmid was transformed in
10G strain of E.coli and streaked on the plates with 0.4% arabinose. Strain harboring p3CL plasmid
did not grow under these conditions while strains containing empty vector or mutant 3CL proteases
did which confirmed our hypothesis that toxicity of this protease was caused by its enzymatic activity.

Libraries. We inserted our peptide libraries into the first loop of ubiquitin. We selected ubiquitin
because of its small size (8.6kD), stability in Ecoli, and history of used to expressing proteins and
peptides [18]. The first loop was selected for library insertion because loops are generally tolerant to
insertions and deletions and this particular loop was previously used for insertions [19]. Ubiquitin was
co-expressed with 3CL from the same expression construct pUbi-3CL which is shown in Figure 2. In
this construct ubiquitin and 3CL genes are arranged in an operon fashion under the control of the
arabinose-inducible promoter. A Shine-Dalgarno sequence is inserted between 3CL and Ubiquitin to
ensure the expression of both genes.

The library construction method s

e o presented in Figure 3. The first peptide library

3CL P m st B was random, built with 14 degenerate codons,
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PUbi-3CL ;E’ﬂ' {'Jbiqm[m>ji| 3L recognized by 3CL, and contained
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sequences with no stop codons or frame-shifts
were fully integrated into the loop of the full-
length ubiquitin protein and served as a model
of cyclic peptides. Variants with stop codons
were expected to produce linear peptides
attached to the first beta strand of ubiquitin.

Fig. 2. Expression constructs. Expression of 3CL and
Ubiquitin is controlled by the arabinose-inducible
promoter in both constructs. 3CL is fused to GST for
the expression purposes.
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Fig. 3. Library Construction. Degenerate
sequences are introduced by PCR: A) The
sequences are amplified by degenerate
oligos: B) Mutated fragments are
phosphorylated by T4 polynucleotide
kinase and ligated using T4 DNA ligase.

Selection. Both peptide libraries were cloned in the pUbi-
3CL construct (Figure 2) and taken through five rounds of
selection in Ecoli. Selection was done by inoculating
libraries in liquid LB media with 0.4% arabinose and
incubation overnight at 37°C with shaking. Every round of
selection included 1 million clones for each library. To
weed out false positives that may result from frame-shifts,
deletions of 3CL and somatic mutations libraries were re-
cloned into the original vector (pUbi-3CL) after each
round of selection. The fifth round of selection generated
several sequences that were significantly overrepresented
in the population. We chose the most abundant peptides
for further testing. They inhibited the 3CL protease with
IC50 ranging from 100 pM to 1.2 mM. The two best
peptides were M1 (RQGLDEDLHRW) and M5
(TANAFLS). Their 1Csp was 249 and 101 M,
respectively (Table 1). Peptide M1 originated from the
random library and peptide M5 originated from the library
based on the published sequences that are recognized by

3CL. This observation demonstrates that this approach can
identify inhibitors without prior knowledge of their ligands
and can improve the inhibitory activity of known ligands.

Table 1. Peptide Inhibitors of 3CL Protease.

Peptide Peptide Sequence IC50 (UM)
Name

N=4, P<0.05
M1 GARQGLDEDLHRW linear 249+47
M5 GATANAFLSGSGSRG linear 101+17
Mb5c WRRWWRRRRTANAFLS cyclic 34+8

Selected peptide sequences are underlined

It is also important to note that peptide M5 was fully integrated in the first loop of the carrier protein
(ubiquitin) which gives it a cyclic structure. To be consistent with the structure in the original screen,
we also synthesized peptide M5 in a cyclic form (peptide M5c, Table 1) fused to a custom cell
penetration sequence (WRRWWRRRR) to improve its stability and intracellular transport. Cyclization
improved 1C50 of M5 peptide significantly from 101 to 33 uM (Table 1). These data demonstrate the
utility of this selection approach for screening both linear and cyclic peptides.

A weakness of this study is that we were able to screen only a small fraction of all available peptide
variants (1 million clones at each stage of selection). We also do not know the exact mechanism of the
inhibition yet. Despite these shortcomings, we were able to rapidly identify (in a few weeks) potent
peptide inhibitors with low uM activity (Table 1), validating this approach.
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