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Suprastapled Peptides: Hybridization Enhanced Peptide Ligation and Enforced a-helical
Conformation for Affinity Selection of Combinatorial Libraries

Pramod M. Sabale, Mateusz Imiotek, Pierre Raia, Sofia Barluenga, Nicolas Winssinger*

Faculty of Science, NCCR Chemical Biology, University of Geneva, 30 Quai Ernest Ansermet, CH-1205 Geneva,
Switzerland.

ABSTRACT: Stapled peptides with an enforced a-helical conformation have been shown to overcome major limitations
in the development of short peptides targeting protein-protein interactions (PPI). While the growing arsenal of
methodologies to staple peptides facilitates their preparation, stapling methodologies are not broadly embraced in
synthetic library screening. Herein, we report a strategy leveraged on hybridization of short PNA-peptide conjugates
wherein nucleobase driven assembly facilitates ligation of peptide fragments and constrains the peptide’s
conformation into an a-helix. Using native chemical ligation, we show that a mixture of peptide fragments can be
combinatorially ligated and used directly in affinity selection against a target of interest. This approach was
exemplified with a focused library targeting the p-53 / MDM2 interaction. One hundred peptides were obtained in a
one-pot ligation reaction, selected by affinity against MDM2 immobilized on beads and the best binders were
identified by mass spectrometry.

INTRODUCTION

The a-helical conformation of peptide is a central motif in protein folds and numerous protein-protein interactions are
the product of an a-helix interacting with a shallow groove of its interacting partner.’2 While short peptides do not
often adopt a stable a-helical conformation, many technologies have now been reported to stabilize this
conformation by crosslinking the side chains of two residues on the same face of the helix (i and i+4 or i+7, Figure 1).38
This so-called peptide stapling approach not only improves binding affinity by locking the peptide in the appropriate
binding conformation but also reduces the proteolytic susceptibility of the stapled peptide by inhibiting the adoption
of the non-helical conformation required for protease binding. Accordingly, stapled peptides are increasingly used in
chemical biology and drug discovery. Following the pioneering work establishing the utility of stapled peptides,®*?
there has been continued interest to advance the stapling chemistry with a particular emphasis on methodologies (for
recent examples, see refs!32!) that can be applied to unprotected peptides that can be embraced in genetically
encoded libraries.?%

Herein, we report a supramolecular approach to stapling the a-helical conformation leveraged on the
hybridization of short peptide nucleic acid?®*?’ (PNA) sequences. Besides being efficacious in stabilizing the helical
conformation, this approach also enables a simple means to generate libraries by templating native chemical ligation
of two fragments.
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Figure 1. General scheme for peptide stapling. Previously reported methods of covalent peptide stapling. Proposed hybridization-
mediated ligation and suprastapling design (This work).

RESULT AND DISCUSSION

We focused our investigation on MDM2, an oncoprotein that inhibits the p53 tumor suppressor?®?°, as a prototypical
example of protein-protein interaction leveraged on a shallow cleft (located on MDM2 in the present case) interacting
with an a-helical peptide (within p53 in this case). The a-helix is an amphiphilic peptide that provides steric and
hydrophobic complementarity to the cleft leaving a face of the helix pointing away from the target protein amenable
for stapling. The choice of MDM2 as a test bed was also motivated by the extensive medicinal chemistry research from
phage display libraries,3%32 stapled peptides'® 333 and combinatorial peptide3>3 library coupled to structural data®?
28 37-38 that facilitate interpretation of the results. While the proposed suprastaple is more voluminous than the one
resulting from covalent stapling strategies, we reasoned that the bulk could be directed away from the important
interface by selecting the appropriate residues on the helix, thus avoiding a steric clash. The distance between the
terminal residues of a PNA-duplex is ca. 12 A, which lends itself best to staple the i and i+7 residues of a peptide
(Figure 2A). Based on the structural information, two different designs were envisioned, sliding the position of the
suprastaple by one residue on the peptide to shift the orientation of the suprastaple by ca. 100° (design 1 and 2,
Figure 2B). Taking the sequence of a stapled peptide reported by Spring et al.* and its unstapled control (Ctrl-1), the
peptide was split in half with the objective to assemble it using a templated native chemical ligation (NCL3°), thus
replacing the alanine (Ala) at position 5 with a cysteine (Cys) (Figure 2C). While reductive procedures are known to
convert Cys to Ala, we reasoned that a simple alkylation of Cys would be more practical and would also avoid



complications arising from oxidative disulfide formation. The first design would thus staple positions 2 and 9 while the
second design staple positions 1 and 8. Each design was prepared with two slightly different connectivities to the
suprastaple (Lys or Dap at position 1 or 2 resulting in a difference of three C-C bonds connection to the PNA). A 4-mer
PNA was anticipated to be minimally sufficient based on prior examples of peptides constrained by PNA
hybridization.?®* The control peptides were synthesized by standard SPPS, and the suprastapled peptides were
prepared by NCL (vide infra). Testing their affinity for MDM2 by SPR showed that, as previously reported?® Ctrl-1 was a
high-affinity binder (K¢ = 32.5 nM), however, the Ctrl-2 with the alkylated cysteine in lieu of Ala no longer yielded
measurable affinity. While the CD spectra of both Ctrl-1 and -2 showed partial a-helical character (Figure S1), the SPR
results indicated that modifications in Ctrl-2 abrogated binding to MDM2. Gratifyingly, suprastapling of this Ctrl-2
peptide could rescue its affinity and it was found to be a high affinity ligand for MDM2 (K4 = 12.1 nM, X = Lys), with
even better affinity than Ctrl-1, provided that design-2 was used. A suprastapled peptide based on the design-1 had
no measurable affinity, and we speculate that this is due to a steric clash between the PNA suprastapled and MDM2
surface. While the length of the nucleic acid component is short, measurement of the melting temperature of the
suprastapled peptide afforded a Tm of 67 °C, showing that the suprastapled peptide is fully hybridized at physiological
range of 20-37 °C (Figure S2). Taken together, these results indicate that the suprastaple provides a clear benefit for
binding and that design-2 is sterically compatible with MDM2 binding.
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Figure 2. A) Graphical superposition of PNA-duplex (PDB: 1pup) and a 3.613-helix B) Graphical representation of suprastapled
peptide bound to MDM2 for designs 1 and 2 generated by superposition of PNA (PDB: 1pup) aligned with the side chains
extensions of design-1 and 2 based on the co-crystal structure of Ctrl-1 and MDM2 (PDB: 5afg).’3 43 C) The sequences (with
numbering on Ctrl-1) and K4 values obtained by SPR analysis for Ctrl-1 and Ctrl-2 peptides, and suprastapled peptides (Cys*-Thio?,
Cys?-Thio?, Cys3-Thio? and Cys*-Thio?) based on design-1 and design-2. N.M.A. = No measurable affinity.

We next investigated the potential of harnessing the hybridization to facilitate the ligation of the two
components for the construction of the full-length peptide. It is well established that hybridization of reaction
components can accelerate the rate of reactions by increasing their effective concentration, making them
independent of concentration, including for a NCL.***® However, the use of this reaction to ligate diverse peptides
with a connectivity between i and i+7 in peptides has never been investigated. Gratifyingly, the reaction was found to
be fast (t12 < 3 min) and clean, affording the desired ligated product under comparable kinetics at 50 or 10 uM (Figure
3A and B). At these concentrations, the NCL unaided by hybridization of the two components yielded <10% even at
prolonged reaction times.

It has been previously shown that stapling significantly improves the proteolytic stability of peptides.!? Given
that a supramolecular staple may render the system less rigid as opposed to covalent macrocyclization, we next
investigated the proteolytic stability of the suprastapled peptide Cys*Thio? (12.1 nM affinity to MDM2) and compared
it to linear peptides Ctrl-1 and Ctrl-2. To facilitate the quantification via HPLC, the different peptides were labeled



with Cy3 to integrate the HPLC peak with a common visible range chromophore. The peptides were incubated in fetal
calf serum (FCS) at low uM range (Ctrl-1 and Ctrl-2; 2 uM and Cys*-Thio?; 1 uM) and the aliquots of the reaction were
analyzed by HPLC. While Ctrl-1 and Ctrl-2 were fully degraded to multiple products after 24 h, the suprastapled Cys*-
Thio? was still present >90% intact (Figure 3 C, Figure S3 for chromatograms).
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Figure 3. Model PNA-templated/non-templated NCL reaction. A) Ligation of complementary PNA-thioester (Thio?) and PNA-
cysteine (Cys?) conjugates vs reaction between control thioester lacking PNA (Ctrl-Thio) and PNA-cysteine (Cys?). B) Percentage
conversion of PNA-templated (Cys? and Thio?) and non-templated (Cys* and Ctrl-Thio) NCL reaction at 50 uM and at 10 uM
determined by LC-MS. C) Proteolytic stability assay for Ctrl-1-Cy3, Ctrl-2-Cy3 and Cys*-Thio?-Cy3 analyzed by RP-HPLC. The amount
of intact substrate was quantified by integration of the substrate peak observed at 545 nm (Abs of Cy3).

We next turned our attention to affinity selection of a suprastapled library and designed a library with 10
peptides terminating with a cysteine (Cys*??) and 10 containing a thioester for NCL ligation (Thio?>'?), as shown in
Figure 4. The synthesis of the cysteine component was achieved via standard SPPS initiating the synthesis with a
Mtt-protected Lys or Dap, removal of the Mtt and synthesis of the PNA (see experimental section for full synthetic
details and explicit structures).*® The thioester component was assembled by SPPS synthesis of PNA fragment and
CuAAC®®5! coupling to an in-solution synthesized C-terminus allyl protected tripeptide. The peptide was then
extended using standard SPPS by Fmoc-chemistry and finally the allyl group deprotection allowed conversion of the C-
terminus to a thioester (PhSz, PBus). The crude cleavage product was used directly in NCL without further purification.
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Figure 4. Design and synthesis of a 100-member suprastapled peptide focused library against MDM2.

Using a pilot library of 9-suprastapled peptides prepared and purified individually, we optimized the condition
for a miniaturized affinity selection and mass spectrometry decoding (Figure 5A and B). MDM2, which was expressed
as a GST fusion protein for purification, was captured on GSH magnetic beads. Excess MDM2 was washed away, and
beads were blocked with BSA. The beads (10 uL) were then exposed to the library of suprastapled peptides (25-100
nM) to reach a final screening volume of 100 pL, incubated for 1 h and washed extensively to remove unbound
compounds. To facilitate subsequent MALDI-TOF/MS detection, we found that it was critical to wash away the
surfactant (0.1 % CHAPS) with several washes with PBS. Finally, the MDM2-bound compounds were recovered using
25% AcOH solution in water (60 pL). The resulting solution could be analyzed directly by MALDI-TOF/MS using a
fraction of the solution recovered (1 pL). Deconvolution of selected compounds was possible even using concentration
as low as 25 nM in the selection step suggesting efficient pulldown of tight binders in the selection step. Serving as a
control, beads loaded with GST alone were instrumental to develop conditions in which non-specific binders were
efficiently discarded. As shown in Figure 5B, the selection against just GST did not yield any detectable library
members, while the same procedure against GST-MDM?2 fusion protein afforded a clear selection of 2 out of the 9
suprastapled peptides (namely; Cys*-Thio? and Cys'®-Thio!°). The same experiment performed in the presence of ATP
(5 mM) or crude cell lysate (0.5 mg/ml) and ATP (5 mM) afforded the same results suggesting that a complex mixture
of cellular material does not interfere with the suprastapled peptide binding its target (Figure S22).

It is well established that the interaction of MDM2 with p53 relies predominantly on three large hydrophobic
residues (Leu, Trp, Phe) along the same face of the helix. This pilot library was designed to have only two out of nine
members that have amino acids at all three positions displaying a suitable bulky hydrophobic side chain. Serving as a
positive control, Cys*Thio? containing the three required residues was indeed selected. However, the selection also
included Cys®-Thio!® which has two out of the three positions with unnatural analogs (Cba in lieu of Leu and 3,4-
difluoro Phe in lieu of Phe). Importantly, the screen could be performed using 2-4 ug of protein and 0.25-1 ng of
compounds in a small volume (100 pL).
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Figure 5. A) Protocol for the screening of the suprastapled library against MDM2- GST immobilized on GSH-magnetic beads. B-C)
MALDI-TOF/MS analyses of suprastapled peptides selection against GST or MDM2-GST using 9-member (B) 100-member (C)
libraries (*moderately enriched members [Cys3-Thio? (MW=4315.99), Cys3-Thio® (MW= 4351.98), Cys*-Thio? (MW = 4358.04)]). D)
Scattered plot of enrichment for 100-member Suprastapled peptides determined by nanoLC-MS. E) Values of dissociation constant
(Kq) of selected suprastapled peptides determined by SPR. Correlation of enrichment with association constant (K,) for selected
suprastapled peptides. F) SPR sensorgrams for best binder (Cys'°-Thio?) and non-binder (Cys3-Thio?) Suprastapled peptides with Ky
values. Peptide concentration for each line is given with appropriate color. N.M.A. = No measurable affinity.

Having validated the selection protocol, we set out to perform the selection on a library of 100 suprastapled
peptides. MALDI analysis of the protein pulldown clearly showed that the selection was efficient, with no clearly
distinguishable library members in the GST selection but a clear subset of library in the MDM2 positive selection



(Figure 5C). Noteworthy, some of the compounds in the library were designed not to bind MDM2. For example, Cys®-
Thio® (MW: 4125) which contains Ala at all three positions of the lipophilic hotspot site, should not bind to MDM2 and
it is clearly absent from the selection. The most prominent peaks correspond to Cys®-Thio? (MW: 4328), Cys'’-Thio?
(MW: 4370) and Cys'°-Thio® (MW: 4388), which have Cba and Phe/4-F Phe in those key positions. However, screening
larger library also highlighted the limitation of a MALDI-based deconvolution in which peak calling is challenging due
to the limited resolution, resulting in an overlap of isotopic envelope of different members. In order to unambiguously
elucidate the selected members, we took advantage of chromatic separation provided by nanolLC coupled to ESI-
Orbitrap/MS that allowed us to resolve 100-member library based on their retention time and HRMS. To gain
quantitative insights, the intensity of the most intense peak for each member was extracted and used to calculate
relative enrichment by comparing its relative intensity in the starting library and in the selection. The result was
plotted in a scattered plot, revealing 6 highly enriched suprastapled peptides followed by a group of moderately
enriched suprastapled peptides (Figure 5D, and Figure S4 for the raw data), while the remaining suprastapled peptides
were negatively enriched (depleted).

To unambiguously verify selected suprastapled peptides’ binding affinity, the dissociation constants (Ks) were
determined using SPR for all compounds showing positive enrichment (Figure 5 D). Cys®-Thio? displayed the strongest
affinity (Kd = 2.5 nM, Figure 5F for sensorgram) to MDM2 which is a 5-fold improvement over the suprastapled
peptide containing only naturally encoded amino acid at the key hydrophobic sites. In particular, the substitution of
Leu for Cba at position 3 (gem dimethyl for a cyclobutyl) consistently led to enhanced affinity (Cys'® vs Cys®*). However,
an even bulkier modification (Cha or hPhe vs Leu; Cys'? or Cys® vs Cys?) turned out to be detrimental. None of the
peptides with Ala in lieu of Trp at position 6 (X3) were enriched. Position 10 (X4) was tolerant to fluorine substitution
on the aryl ring (Thio? vs Thio® or Thio'®) however a Leu at that position was not tolerated with any combination at the
other positions (X1-X3). The use of Lys instead of Dap as a linker to the PNA was systematically beneficial in terms of
affinity across all suprastapled binders indicating that this connectivity provides a better conformational bias for an a-
helix. Notably, the enrichments correlated well with the corresponding association constants (Ka) of the enriched
suprastapled peptide binders for MDM2 (Figure 5E). While there is little differentiation between the top 6 hits with an
affinity below 10 nM, this outcome can be expected based on modelling.>? (Figure S5, see supporting information for
the mathematical model of selection). The selection results demonstrated that positions X4, X3, and X2 are crucial for
binding to MDM2. None of the library members with an unsuitable residue at one of these sites was enriched in the
screening. The affinities of 6 representative examples were nonetheless measured by SPR and indeed showed no
measurable affinity. The benefit of Cba and fluorinated Phe had been previously observed by Pentelute and coworkers
in libraries of unstapled peptides.3® Taken together, these results demonstrate that suprastapled peptides can rival the
conventional covalently stapled binders for MDM2, and affinity selection followed by mass spectroscopic
deconvolution offers a fast-screening platform.

All suprastapled peptides discussed until this point were individually synthesized, purified, and carefully
mixed to achieve an equimolar solution before being used for a selection. To test whether the proposed design is
amenable for the preparation of larger suprastapled peptide libraries, we aimed to generate the library in one pot. To
this end, we setup the ligation reaction between mixtures of, 10-cysteines and 10-thioesters followed by alkylation of
cysteine with iodoacetamide (Figure 6A). The crude reaction mixture was desalted using a C18 Zip Tip and used
directly in an affinity selection without any further purification. Importantly, this combinatorial suprastapled peptide
library prepared by mixing 10 Cys peptides and 10 Thio peptide, resulted in a similar abundance of the members as
with 100-member library prepared individually judged by MS analysis. No kinetic combination bias was observed,
which could be the case in the absence of the templating effect of hybridization (Figure S6 and Figure S7). Finally, the
selection performed with this combinatorial library against MDM2 gave comparable results to the selection with
individually purified suprastapled peptides. NanoLC-MS analysis revealed the same best binders (Figure 6).
Additionally, the group of moderately enriched suprastapled peptides were identified with satisfactory correlation of
other affinity groups of suprastapled peptides, despite overall higher noise (Figure S8). Overall, our results suggest
that a suprastapled peptide library accessible by PNA-templated NCL between mixtures of cysteine and thioester
members, which are in turn readily available from split and mix combinatorial synthesis, are compatible with selection
and MS analysis.

Whether such suprastapled peptides will prove to be efficiently taken up by cells across a broad peptide
sequence space remains to be investigated.>® Preliminary experiments with a Cy3-conjugate of the best binder (Cys°-
Thio?) showed cellular uptake albeit with significant amounts of the fluorescence appearing in puncta (Figure S24),
indicative of endosomal trapping, concurring prior observations with a covalently stapled peptide targeting MDM?2.13
The suprastapled peptide used in this pilot study made use of unmodified PNA and could benefit from functionalized
PNA that have been shown to enhance cellular permeability such as GPNA 45>
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CONCLUSION

In summary, we have developed a novel supramolecular peptide stapling methodology (suprastapling) based on PNA-
hybridization and validated the system by selecting binders for MDM2, a clinically relevant target. From a
supramolecular stand point, the work supplements previous examples demonstrating the formation of peptide loops*°
or defensin mimics enforced by hybridization,”® and we anticipate that this strategy can be extended to other
important biological motifs such as B-sheets and hairpins.>” From a molecular diversity perspective, the library
synthesis is facilitated by hybridization-enhanced NCL between PNA-peptide cysteine and PNA-peptide thioester
conjugates. To the best of our knowledge, this is the first example for the stitching and stabilization of a-helical
peptides by hybridization. Importantly, the suprastapled peptide (Cys*-Thio?) exhibited remarkable stability in serum.
The suprastapled peptides targeting MDM2 could be selected from libraries of 100-members using mass spectrometry
to identify the tightest binders. The selections are performed in a highly miniaturized format and can be carried out
with crude ligation products. We anticipate that larger libraries could be screened using this technology. To further
enhance the mass spectrometry quantification, the thiol alkylation following NCL could be performed with isotopically
differentiated iodoacetamides in order to screen the isotopically differentiated library in the positive and negative
selection. While this was not necessary at this stage due to the chromatographic separation of mass redundant
compounds, MS/MS analysis could be used to resolve the identity of co-eluting compounds. Last but not least, the
cysteine could be maintained unalkylated to endow cellular permeability using emerging disulfide exchange
mechanisms for cellular uptake.5®%° Collectively, our results demonstrate that the suprastapling methodology
described here is useful to synthesize peptide libraries via PNA-templated ligation reactions (e.g. NCL). While this
suprastapled is larger than traditional covalent staples, we show that at least in the case of peptides targeting MDM?2,
this can be accommodated.
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