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Abstract

Sulfono-y-AApeptides recently developed in our group have been proven to be a new class of
unnatural foldamer with well-defined helical structure and demonstrated their ability to mimic
protein helical domains and disrupt biomedically relevant protein-protein interactions (PPIs).
Based the designing concept, in a recent report, we discovered two similar sulfono-y-AApeptides
V2 and V3 which were designed to mimic the VEGF N-terminal helix a1 known to directly
interact with VEGFRs. Interestingly, V2 was shown to possess the pro-angiogenic effect, whereas
V3 was proved to be a potent inhibitor for angiogenesis. We speculated that the distinct
angiogenesis signaling was due to the selective binding of the two molecules toward VEGFR1
and VEGFR2, respectively. Together with their remarkable resistance to proteolytic degradation,
relatively small sizes, and amenability to modification with diverse functional groups, V2 and V3
could serve as lead molecules for the development of potential therapeutic agents and molecular
probes. These findings highlighted sulfono-y-AApeptides as an alternative paradigm to mimic the
a-helical domain to modulate a wide variety of PPIs in the future.
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In this concept article, we briefly introduced the structure and application of homogenous
sulfono-y-AApeptides to modulate different PPIs. Most importantly, we described in detail how
sulfono-y-AApeptides mimic the critical binding domain on VEGRA (helix-a.1) to modulate
VEGF/VEGFR PPI. We have identified two active mimetics V2 and V3 potently activated

and inhibited angiogenesis with highly resistant to proteolytic degradation. Therefore, the study
further demonstrates the versatility of sulfono-y-AApeptides to mimic protein helical domain to
manipulate various PPIs.
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1. Introduction

Peptide and protein play critical roles in virtually all physiological and biological processes,
such as function as hormones, enzymatic inhibitors or substrates, growth promoters or
inhibitors, and neurotransmitters.[!] Bioactive peptides earn significant interest in diverse
areas, however, their low bioavailability and biostability limit their wide biomedical
application.[2] Peptidomimetics, which are designed to mimic the structure and function of
bioactive peptides and proteins, have demonstrated excellent applications in protein surface
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mimicry and recognition, modulation of PPIs, catalysis, etc.[3] Oligomeric peptidomimetics
attracted considerable attention because they comprise of unnatural amino acids and

are generally more resistant to enzymatic hydrolysis.[4] In the past two decades, many
peptidomimetic foldamers, such as B-peptides,®! oligoureas,[®! azapeptides,[”] peptoids, 8]
aromatic oligoamides,[®] and others, had been developed.[1% Inspired by the foldamer
concept, we designed a new class of helical peptidomimetics, sulfono-y-AApeptide (Figure
1A), and extended our effort to explore their structure and function relationship.[!1]

2. The structure of sulfono-y-AA peptides and their application

2.1 The chemical structure of sulfono-y-AA peptides

We initially developed y-AApeptides (y-substituted-N-acylated-N-aminoethyl amino acids)
as a new type of peptidomimetics, which was derived from the y-chiral PNA scaffold.[13]
They demonstrated remarkable resistance to proteolytic degradation as well as amenability
to chemical diversification, enabling them suitable candidates for various biological
applications.[* 141 Sulfono-y-AApeptides (Figure 1A), a subclass of -y-AApeptides, were
found to not only maintain the advantage of y-AApeptides, but also adopt the well-defined
helical conformations (Figure 1B).[11]

2.2 The crystal structures of sulfono-y-AA peptides

We initially discovered that the heterogeneous 2:1 a/D-sulfono-y-AA hybrid oligomers
and heterogeneous 1:1 a/L-sulfono-y-AA hybrid oligomers adopt right-handed 4.515.14
helical conformation and right-handed 443 helices, respectively, based on their crystal
structures.[1®] These results showed that peptidomimetics containing sulfono-y-AApeptides
units and a-residues could form distinctive heterogeneous foldamers, which prompted

us to believe that homogeneous sulfono-y-AApeptides comprising completely unnatural
sulfono-y-AApeptides units could also adopt defined folding conformation. Soon later, we
successfully obtained the crystal structures of homogeneous L-sulfono-y-AApeptides and
confirmed that this class of foldamers did form the well-defined left-handed 414-helix
configuration with a radius of 2.8 A, a helical pitch of 5.1 A and four side chains

per turn (Figure 1C and 1D).[6] The folding propensity of homogeneous L-sulfono-vy-
AApeptides is stable with left-handed 414-helix configuration regardless of side-chain
identity. It is noted that helical sulfono-y-AApeptides bear the similar helical pitch to
a-peptides (5.4 A). Moreover, as the helicity of sulfono-y-AApeptides is stabilized by both
intramolecular hydrogen bonding and intrinsic curvature of sulfonamide moieties on the
molecular backbone, the sulfono-y-AApeptides demonstrated more robust helical stability
than a.-peptides of the same lengths in solution.[16] Furthermore, the helical handedness
of sulfono-y-AApeptide helices could be manipulated by switching the chirality of chiral
side chains in the sulfono-y-AApeptide sequences.[1”] Therefore, sulfono-y-AApeptide
foldamers could be rationally designed to mimic the structure and function of a-helix for
biomolecular recognition and modulation of medicinally relevant PPIs.
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2.3 The application of homogenous sulfono-y-AApeptides for the inhibition of PPIs and
protein recognition

Based on atomic structures, high stability, and the robust helical folding propensity

of sulfono-y-AApeptides, we set out to employ this class of foldamer as the protein

helical domain mimetics to modulate a few well-known PPIs.[18] As sulfono-y-AApeptides
demonstrated a similar helical pitch to the a-peptides, and have exactly four side chains

per turn which is also analogous to those of a-helix (3.6), the side chains of each

helical face (e. g. 1a, 3a, 5a, 7a of Figure 1) of sulfono-y-AApeptides could mimic the

side chains of /, A4, A7 on a-helix. To this end, we designed a series of homogenous
sulfono-y-AApeptides which could project similar functional side chains to those crucial
residues of p53 helical domain involved in the interaction with MDM2. It turned out that a
series of sequences could tightly bind to MDMZ2 and disrupt MDM2/p53 effectively, with
the most potent sequence PS10 causing the analogous chemical shifts of MDM2 upon
binding compared to those induced by p53, suggesting that sulfono-y-AApeptides assumed
a similar binding mode to p53.1182] Encouraged by the findings, we moved to another PPI -
[-catenin/BCL9 PPI, in which the a-helical HD2 domain of BCL9 is involved in the binding
to B-catenin. The Wnt/B-catenin signaling pathway plays an important role in directing

cell proliferation, differentiation, and survival, and this signaling pathway depends on the
formation of B-catenin supercomplexes with BCL9 or BCL9-like proteins. Thus, disrupting
the interaction between B-catenin and BCL9 is a promising strategy to develop anti-cancer
agents. However, this PPI is considerably more challenging to inhibit than p53/MDM2 PPI
because both hydrophobic and charged residues in BCL9 are important for the recognition
of B-catenin. Nonetheless, We successfully mimicked this a.-helix region of BCL9 with
sulfono-y-AApeptides, and demonstrated sulfono-y-AApeptides were highly cell-permeable
and interacted with p-catenin specifically in the cell-based assay.[18b] Not long ago, we
adopted the design strategy of sulfono-y-AApeptides to mimic long helical hormone peptide
GLP-1, and showed that certain sequences could reproduce the functionality of GLP-1 on
multiple helical faces and effectively activated glucose uptake upon binding to GLP-1R,
which could be further developed to treat type 2 diabetes.[18c]

2.4 Homogenous sulfono-y-AApeptides successfully manipulated the angiogenic

response

Angiogenesis is the process of formation of new blood vessels from the existing vasculature.
[20] Notably, stimulation of diminished angiogenesis could be therapeutically beneficial for
ischemic heart disease, peripheral arterial disease, and wound healing, however, inhibition
of elevated angiogenesis is a promising strategy for cancer therapy, ophthalmic conditions,
rheumatoid arthritis, and other diseases.[2X] Thus, albeit challenging, precise manipulation of
contradictory pro-angiogenic and anti-angiogenic signaling is an attractive goal to achieve.

Among the various angiogenic factors, the vascular endothelial growth factor (VEGF)
family and its receptor system have been proved to be vital regulators in the cell signaling of
angiogenesis.[22] VEGF is a homodimer that binds to three VEGF-specific receptor tyrosine
kinases, VEGFR-1, VEGFR-2, and VEGFR-3, and is overexpressed in many cancer cells.
VEGF, also known as VEGFR-A, contains four subtypes, such as peptides of 121, 165,

189, and 206 amino acids in humans.[23] Among subtypes of VEGF-A, VEGF-A1g5 is most
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essential and sufficient for angiogenesis and could bind to both VEGFR-1 and VEGFR-2 to
promote angiogenesis, vascular permeability, cell migration, and gene expression.[24]

2.4.1 Design of sulfono-y-AApeptides to mimic the structure of the VEGF
N-terminal helix al—The VEGF N-terminal helix a1 (residues 16-25) is known to be
directly involved in VEGF/VEGFR PPL.[25] D’ Andrea et al.[26] designed a peptide QK
(Table 1) derived from helix a1 which was confirmed to have a good binding affinity to
VEGFR and activate angiogenesis unexpectedly. However, another peptide, MA (Table 1),
having only two amino acids different from QK, potently inhibited angiogenesis.[271 To
interrogate this dilemma, we designed a series of VEGF-mimicking sulfono-y-AApeptides
based on the crystal structure of the VEGFR-2/VEGF-A complex (PDB: 3V2A).[12] As
shown in Figure 2, there are four major binding residues (Phel7, Met18, Tyr21, and Tyr25)
located at the VEGF N-terminal a1 helix positioned on the same face of the helical binding
domain. We speculated that the Phel7, Tyr21, and Tyr25 residues could be reproduced by
the side chains at 3a, 5a, and 7a positions in sulfono-y-AApeptides (Table 1), respectively,
and Met18 may be mimicked by a hydrophobic and relatively smaller sized sulfono isobutyl
group at 4b position. For instance, V3 was shown to perfect overlay with the helix al of
VEGF (Figure 3).

2.4.2 Two sulfono-y-AApeptides V2 and V3 potently manipulate the VEGF/
VEGFR PPI—Next, we assessed the activity of V2 and V3 for the modulation of VEGF/
VEGFR PPI by multiple in vitro and cellular assays. Firstly, Circular Dichroism (CD)
studies suggested that both V2 and V3 adopted a left-handed helical conformation. The
surface plasmon resonance (SPR) assays were conducted to assess the binding affinity

of V2 and V3 toward the extracellular domains of VEGFR-1 and VEGF-2, respectively.
Interestingly, both V2 and V3 exhibited good binding affinity to VEGFRs (Table 1),
however, V2 and V3 demonstrated significant selectivity for VEGFR-1 and VEGFR-2
with the only difference between V2 (phenyl group) and V3 (indole group) is one side
chain at the position 3a to mimic Phel7. V2 bound to VEGFRL specifically, whereas V3
demonstrated much higher selectivity for VGFR2 instead.

Following that, we ran a series of assays with human umbilical endothelial cells

(HUVEC:S) to investigate the activity of these two peptidomimetics such as cell migration
assay, wound healing assay, capillary tube formation assay, western blot analysis, and
immunofluorescence assay, etc. Based on results, both V2 and QK were shown to
significantly increase the number of HUVECs migrating and stimulate capillary tube
formation, suggesting there are activators of angiogenesis. However, V3 with indole group
at 3a position inhibited the cell migration and wound healing, formation of capillary tubes,
as well as VEGFR2 mediated signaling pathway, demonstrating that V3 is a potent inhibitor
of angiogenesis. We hypothesized that the reason why the sulfono-y-AApeptides V2 and V3
could switch angiogenesis is due to their selective binding to either VEGFR-1 or VEGFR-2,
respectively. V2 and QK specific bound with VEGFR-1, the decoy receptor, amplifying

the ability of VEGF to bind with VEGFR2 to enhance angiogenesis (Figure 4). On the
contrary, as V3 is directly bound to VEGFR?2, it competitively inhibited the access of VEGF
to VEGFR2. Since VEGR-2 is the major receptor for mediated angiogenesis signaling,
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the inhibition of VEGF-A/VEGFR-2 led to the significant diminishment of angiogenic
signaling (Figure 4). Taken together, the sulfono-y-AApeptides could be rationally designed
to either activate or inhibit angiogenesis. It should also be mentioned that V2 and V3

were completely resistant to proteolytic degradation, which may augment their potential for
further application in vivo.

3. Outlook

The two peptidomimetics V2 and V3 functioned as either the activator or the inhibitor of
angiogenesis by mimicking the VEGF N-terminal helix a1 with high stability. To the best
of our knowledge, this is the first example to use the helical foldamer with the completely
unnatural backbone to target VEGF/VEGFR interface and modulate VEGF/VEGFRs PPIs.
A few future perspectives might be taken into consideration.

1. A series of in vivo studies with animal models could be carried out to demonstrate that
these two sequences possess the potential to manipulate angiogenesis in vivo. Particularly,
it would be intriguing to find out whether V3 could decrease or eradicate the solid tumor
in the mice model, and whether V2 could help to treat heart disease, these molecules could
advance to clinical trials quickly.

2. The activity of these two sulfono-y-AApeptides could be further optimized. For instance,
backbone stapling might be a promising strategy to enhance the helicity and therefore the
activity. The more potent and more selective binders of VEGFR1 and VEGFR2 could be
employed to probe mechanisms of angiogenesis more accurately thereby providing more
solid evidence for the future design of modulators of angiogenesis with the desired function.

3. There are also other VEGFs in the VEGF family (VEGF-B, VEGF-C and VEGF-D).

As our design was based on the mimicry of the helix domain of VEGF, it is anticipated

that some sulfono-y-AApeptides could be manipulated to modulate the interaction of these
VEGFs with their receptors. Development of the specific binding probes that interrogate the
interactions of these VEGFs with VEGFRs could gain insight into their functional roles.

4. Our design concept of sulfono-y-AApeptides for the mimicry of protein helical domain
could be extended to a wide variety of biomedically relevant PPIs, including both extra- and
intra-cellular targets, such as B-catenin/TCF, intrinsically disordered proprotein.

4. Conclusion

Peptidomimetic foldamer offers many opportunities to realize the function of modulating
various PPIs, with increased bioavailability and biostability compared with peptide-based
strategies. We highlighted our progress on the sulfono-y-AApeptide foldamer for the
modulation of PPI, and particularly we described our effort in the design of a few
homogenous sulfono-y-AApeptides to mimic VEGF N-terminal helix al for VEGFR
recognition. Although both V2 and V3 were tightly bound to the VEGFRs, in various vitro
assays demonstrated that V2 activated the angiogenesis, whereas V3 potently inhibited the
angiogenesis. Although the mechanism modulating the VEGF/VEGFR PPI is still unclear,
the discovery of V2 and V3 may help to understand this process. We hope that our design
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of the modulators for the VEGFRs could provide a unique strategy to design the new
generation of modulators for PPIs.
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Figure 1.
(A) Structure of sulfono-y-AA peptide building block. (B) Schematic representation of

distribution of side chains from sulfono-y-AApeptides. (C) Crystal structure of a sulfono-vy-
AApeptide. (D) Top view of (C). Reproduced with the permission of American Chemical
Society.[12]
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Figure 2.
Structure of VEGF-A/VEGFR-2 complex, PDB: 3V2A. Homodimeric VEGF-A (Green)

binding to, and dimerization of, VEGFR-2 (Yellow). Key binding residues on VEGF-A
helix-al (Phel7, Met18, Tyr21 and Tyr25) are highlighted in red. Reproduced with the
permission of American Chemical Society.[12]
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| VEGF-A
(Helix 1)

VEGF-A Mimic V3 Helix a1 - V3
Helix-a.1 Overlay

Figure 3.
(A) Binding interaction of key residues on helix a1l of VEGF-A (green) with VEGFR-2

(yellow), PDB code: 3V2A. (B) Structures of helix a1l of VEGF-A (green), sulfono-y-
AA peptide mimic V3 (teal) and overlay of key binding residues. Reproduced with the
permission of American Chemical Society.[12]
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Figure 4.

Modulation of angiogenic switch with sulfono-y-AA peptide-based mimics of VEGFR-A.
Reproduced with the permission of American Chemical Society.[12]
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Tablel.

Structures of selected sulfono-y-AA peptide helical mimics (V2 and V3) 2

Kd (uM)
Structure
VEGFR-1 | VEGFR-2
V2 0.46 2.3
V3 7.7 0.63
1ib 2b 3b 4b 5b 6b 7b 8b
QK | Ac-KLTWQELYQLKYKGI
MA | Ac-KLTWMELYQLAYKGI

aCriticaI residues for binding are shown in red and pink. Binding affinity (Kd) of sequences to VEGFR-1 and VEGFR-2 as determined by
SPR. The chemical structures of two reported peptides QK and MA are also included. Reproduced with the permission of American Chemical

Society.[lz]
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