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Abstract

Hydrocarbon stapled peptides are promising therapeutics for inhibition of intracellular protein-
protein interactions. Here we develop a new high-throughput strategy for hydrocarbon stapled
peptide discovery based on mRNA display of peptides containing a-methyl cysteine and cyclized
with m-dibromoxylene. We focus on development of a peptide binder to the HPVV16 E2 protein.
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Approximately 80% of the proteome is non-enzymatic and intracellular, which presents a
considerable challenge to current therapeutic development. Overall, small molecule drugs as
a class have had limited success as inhibitors of protein-protein interactions (PPls).1:2
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Thousands of these interactions (over 60% of the structures in the protein data bank) involve
an alpha-helix at the interface.3# Hydrocarbon stapled peptides have emerged as promising
therapeutic strategies for targeting these interactions, even entering clinical trials.?
Hydrocarbon stapling involves replacing two residues on a single face of the helix with
olefin containing amino acids followed by cyclization by olefin metathesis.® While a
promising strategy, the route from the peptide sequence at the interface to the final high-
affinity hydrocarbon stapled peptide hit requires significant and laborious optimization (e.g.
7.8). Moreover, in some cases, the linear peptides excised from the interface have low
inherent affinity that cannot be rescued through stapling and subsequent rational design.® A
high-throughput approach to hydrocarbon staple discovery and optimization offers a
potential solution to these problems.

There have been a few efforts to create libraries of stapled peptides, but so far the diversities
of these libraries have been limited to around 100 unique peptides.1%11 It would be very
exciting to use in vitro selection strategies (like phage display, mRNA display) to create
stapled peptide libraries, as these libraries afford the ability to create peptide libraries that
contain up to 102 members. Moreover, mRNA display allows for the direct incorporation of
ncAAs into peptide libraries for further optimization and enhancement of affinity.12-14 But
the olefin metathesis chemistry used for cyclization of the staple is incompatible with the
aqueous conditions and the numerous nucleophiles present in these display systems. To
provide bio-compatible alternatives for stapling, there has been a recent explosion in staple
chemistries focused on cysteine alkylation.1® Some of these staple mimetics endow peptides
with helical character16-18 and cell permeability.19:20 Heinis, for example, used cysteine
alkylation in order find high affinity helical binders to B-catenin! using a diverse phage
displayed library.

But one aspect that each of these new cysteine stapling chemistries has neglected is the
presence of the alpha-methyl substituent in standard hydrocarbon stapled peptides. The
alpha-methyl substituent is not always required for retaining the binding affinity of
hydrocarbon stapled peptides,22 but it does improve helicity and increase hydrophobicity—
both of these aspects can enhance the cellular activity of these peptides.18:2324 |n this paper
we investigate the properties of cyclic peptides containing alpha-methyl Cys (a—MeCys),
highlighting the importance of the alpha-methyl group for hydrocarbon staple mimicry, and
develop a system for incorporation of a—MeCys into diverse peptide libraries for discovery
of inhibitors of protein-protein interactions.

A common outcome among studies attempting to replace a hydrocarbon staple with
cysteine-bis-alkylation chemistry is a loss in affinity21:2526 and/or potency.2” We surmised
that this may be due in part to loss of the a—Me group, so we set out to determine the
consequences of replacing a hydrocarbon stapling residue with alpha-methyl Cys. We
focused on two cysteine-bisalkylation reagents commonly applied to libraries, /m-
dibromoxylene (DBX)?1:28-32 and ¢/s-1,4-dichloro-2-butene (CDB).21 We chose the
interaction of the human papillomavirus 16 (HPV16) E2 protein and human bromodomain 4
(BRD4) as our target. HPV is the causative agent of genital warts and a number of ano-
genital and oral cancers.32 This particular protein-protein interaction is essential for HPV
viral replication and transcriptional activation,3*:35 and inhibitors of this interaction could
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potentially be therapeutics as they would disrupt the viral life cycle. The crystal structure of
HPV16 E2 and a helical peptide from the C-terminal domain of BRD4 was solved by
Abbate et al.36 The linear peptide derived from BRD4, 1, showed no detectable binding to
HPV16-E2 protein at concentrations of up to 100 uM as evaluated by fluorescence
polarization (Table 1). However, when we created a hydrocarbon stapled peptide by
replacing two of the residues on the non-binding surface with a stapling residue (S5)-2-(4-
pentenyl)alanine, followed by cyclization, the Ky was 5.6 uM (Table 1 and Fig. S1 and S2
ESI). We then replaced these stapling residues with: two cysteines; one cysteine and one a—
MeCys positioned towards the N or C-terminus; or two a—MeCys residues. The Fmoc-S-
Trityl-C*-Methyl Cysteine-OH for the synthesis was prepared as described using a strategy
based on enzymatic enrichment of a malonate half-ester.37-39 Each of these peptides was
cyclized with either DBX or CDB and purified by HPLC (Table 1 and Fig. S1 and S2 ESI).

These data show some interesting trends (Table 1). First, the DBX-cyclized peptides
(peptides 7-10) were of higher affinity than the CDB-cyclized peptides (peptides 3-6), even
though the CDB cycle is sterically most similar to the hydrocarbon staple. Second, in each
case replacing even a single Cys with a—MeCys improved the affinity. Third, placing the a—
Me-Cys residue at the N-terminal Cys position (peptides 4, 8) was more beneficial than
substitution at the C-terminal (peptides 5, 9). Finally, the doubly substituted a—Me-Cys
peptides showed the greatest enhancement in affinity, and in the case of the DBX cycle
(peptide 10), this affinity approached that of the hydrocarbon stapled peptide (peptide 2).
This small magnitude of this difference in affinity is notable, as other studies with peptides
comparing hydrocarbon stapling to cysteine-bis-alkylation have shown significant negative
impacts to affinity.21:26 We also used circular dichroism to investigate the effects of the a—
Me-Cys substitution and cyclization on the helicity of the non-fluorescently labeled versions
of the peptides in aq. buffer with TFE (Fig. S3-S4 ESI). As expected both a—Me-Cys and
cyclization improved the helicity of the peptides, with peptide 10 showing the greatest
helicity. This data highlights the importance of the alpha-methyl substituent and DBX
cyclization for creation of helicity and maintenance of affinity when moving from
hydrocarbon staples to other macrocyclization strategies.

Encouraged by the promising effect of a—MeCys, we sought to develop a strategy to
incorporate this AA into in vitro translated peptide libraries. This would open access to
mRNA-displayed peptide libraries containing trillions of these staple-mimetic peptides for
the discovery of new stapled peptide inhibitors. We recently described a promiscuous
editing-deficient aminoacyl-tRNA synthetase (ValRS T222P),40 that was able to incorporate
a—MeSer and a—MeAla. Since this synthetase is also able to charge cysteine onto tRNAVa!,
41 we posited that it would be also able to charge a—MeCys. Indeed, using a MALDI AARS
charging assay,*2 we observed that this is the case (Fig. S5 ESI). Using a custom version of
the PURE in vitro translation system,*3 lacking Val and ValRS,40 but containing tRNAVa!
pre-charged with a—MeCys, we were able to achieve efficient incorporation of a—MeCys
into a template containing one (Fig. S5 ESI) or two valine codons spaced at the /, 7 + 4
positions (Figure 1A-B Fig. S6 ESI). We note that efficient incorporation required
supplementing the in vitro translation system with in vitro transcribed tRNAV2! charged with
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a—MeCys as was the case for other a—Me AAs.*0 This peptide could also be post-
translationally cyclized with DBX (Figure 1C).

We then tested for efficient incorporation of a—MeCys in response to a library of mMRNAs
(Figure 1D). The library was designed to have fixed Val codons at /, 7/ + 4 positions and a C-
terminal His-tag. We performed three in vitro translation reactions with this library, one
containing Val and ValRS, the second containing supplemented a—MeCys-tRNAV2l and the
third lacking any AA-tRNA that could recognize the Val codons. The translation lacking the
AA-tRNA had a very low yield, showing that readthrough of the vacated Val codons was
very poor. However, both the Val/ValRS and the a—MeCys-tRNAV2! translations gave high
yields, demonstrating that a—MeCys can be incorporated into peptide libraries.

To demonstrate compatibility of the a-Me-Cys/DBX cyclization with mRNA display, we
have performed a round of in vitro selection combining a naive peptide library containing
fixed a-Me-Cys residues and a peptide derived from our highest-affinity binder (10). If the
MRNA display system is working properly, this E2 binder should be captured onto E2-resin
preferentially over the naive library. Fig. 2 describes the mRNA display strategy we used to
validate this.

To distinguish the E2-binding peptide from the naive library, we incorporated a Clal
restriction site into the E2 binder coding sequence, so that its DNA would give shorter bands
on an agarose gel following Clal digestion (Fig. 3A-B). We mixed our naive library and the
E2 binder mRNAs so that the ratio was 100:1 Lib:E2 (1% E2) (Fig. 3B, Pre). We then took
this mixture through a complete MRNA display selection cycle and measured the band
intensities again (Fig 3B, Post). After the selection, we found that the ratio had changed to
2.1:1) ratio (32% E2) as evidenced by the darker lower bands on the gel, a 32-fold
enrichment of our E2 binder, proving compatibility of our stapling strategy with mMRNA
display. A similar experiment with the non-cyclized peptide showed no enrichment (Fig. S7
ESI).

Previous attempts to replace a standard hydrocarbon staple with cysteine alkylation have led
to dramatic reduction in affinity. Although we also found this to be the case (Table 1), in this
paper we have demonstrated that the inclusion of a-Me-Cys in place of cysteine can
promote helicity and rescue much of this affinity loss. As such, the a-Me-Cys/DBX
cyclization strategy promises to be interchangeable with a standard hydrocarbon staple. The
compatibility of this cyclization chemistry with mRNA display opens up a new, powerful
avenue for inhibitor discovery. mRNA display can create libraries that are 7 orders of
magnitude larger than a typical one-bead-one-compound library, and 3 orders of magnitude
higher than phage-displayed libraries. Moreover, unlike phage display, mRNA display
allows for the direct incorporation of ncAAs (like a-Me-Cys) into the peptide libraries for
further optimization and enhancement of affinity. Therefore, our work initiates a new
powerful strategy for discovery of inhibitors of PPIs with helical interfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Incorporation of a-Me-Cys by in vitro translation. (A) Sequence and cyclization of in vitro

translated peptides containing a-Me-Cys. (B) MALDI-TOF MS spectrum of an in vitro
translation of a peptide containing two a-Me-Cys residues. Expected [M+H]*: 1862.80.
Observed [M+H]*: 1862.16. (C) MALDI-TOF MS spectrum after cyclization of the peptide
in (B) with DBX. Expected [M+H]*:1964.85. Observed [M+H]*: 1964.36. (D) Peptide yield
of an in vitro translation reaction (50 pL) of library mRNAs with two fixed valine codons in
the presence of ValRS+Val, tRNAVal pre-charged with a-Me-Cys, or neither. The library
was a mixture of three degenerate MRNAS: MXX*XXX*xrefGGGHg,
MXXXX*XXX*XXXXGGGHg, and Mxref*XXX*XXGGGHg where * = a fixed valine
codon (GUA) and X’s are randomized (NNS) positions. Yield is measured by capture onto
Ni-NTA beads using 35S-Met counting after background subtraction of a control reaction
lacking mRNA.
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o

A mock selection cycle using stapled mRNA display to measure enrichment of E2 binding
peptide 10. P = puromycin. mRNAs corresponding to peptide 10 and the library mRNAs

were each ligated to a puromycin DNA sequence. These puromycin-mRNAs were then

added to in vitro translation reactions, leading to fusion of the nascent linear peptides onto
their encoding mRNAs. Each mRNA-peptide fusion was then cyclized with DBX, followed

by reverse transcription to generate the cDNA. The mRNA-peptide fusions were then
captured onto Avi-tagged HPV16 E2.44 The non-binding mRNA-peptide fusions were

washed away, and binders were then eluted with heat and amplified by PCR.
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Figure 3. In vitro selection showing enrichment of mMRNA corresponding to peptide 10.
(A) Scheme illustrating how a Clal site can be used to distinguish between DNAs encoding

the naive library (lib) or our E2-binding peptide derived from 10 (E2) (B) Agarose EtBr
stained gel showing DNAs corresponding to the library (Lib) and the E2 binder (E2) alone,
as well as a mixture of both before (Pre) and after (Post) one round of in vitro selection
(right). The ratio of Library to E2 was calculated using ImageJ by taking the top band (Lib)
and dividing it by the sum of the bottom two bands (E2).
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Table 1
Affinity data for E2 binding peptides determined by fluorescence polarization.

Each peptide was labeled at the N-terminus with beta-alanine followed by 5(6)-carboxyfluorescein
succinimide. Z=norleucine, which replaced Met in these sequences for compatibility with the olefin metathesis
chemistry. Error bars represent the standard deviation from three experiments.

Sequence Kp (UM)
1 | IDMNFQSDLLSIFEENLF|  >100
2 HyC CH, bx1.
IDZNEXSDLXSIFEEN | 0%
7
3 ox1.
IDZNFCSDLCSIFEEN | 89219
ol
4 HC 9+1.
IDZNFCSDLCSIFEEN | 20-9%1:3
5 CHy
IDZNFCSDLCSIFEEN | 202411
B o O
® | \DzNFCsDLCSIFEEN | 394414
7 P 37.1x1.1
IDZNFCSDLCSIFEEN
8 awt® & 17.31.1
IDZNFCSDLCSIFEEN
9 ol 20.2+1.1
IDZNFCSDLCSIFEEN
/@ 11.3+1.1
10 o &k
IDZNFCSDLASIFEEN
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