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Combining 2D STD-NMR, computation, biochemical assays and click-
chemistry, we have identified a chromogranin-A derived compound
(5) that has high affinity and bi-selectivity for avf6 and avp8 integrins
and is stable in microsomal preparations. 5 is suitable for nanoparticle
functionalization and delivery to cancer cells, holding promise for
diagnostic and/or therapeutic applications.

Integrins avp6 and avf8 are epithelial-specific cell-adhesion
receptors, playing a fundamental role in pro-fibrotic cytokine
transforming growth factor beta (TGFB) activation in fibrosis."
They are also highly expressed during tissue remodelling, wound
healing, and cancer cell migration, invasion and growth, whereby
over-expression correlates with poor patient prognosis.>” Hence,
targeting of cells highly expressing one or both integrins through
high affinity ligands with dual specificity and reduced off-targeting
effects may represent a valid, yet poorly explored pharmacological
strategy against cancer and/or fibrosis. avf6 and ovf8 are
structurally® and functionally related,® albeit avp8>” and its
inhibition is far less studied than avB6.5™** Both integrins bind
to arginine-glycine-aspartate (RGD) containing extracellular
matrix proteins, whereby selective recognition occurs through
the LXXL/I motif contiguous to the RGD sequence (RGDLXXL/
1),>"* which folds into one-helical turn upon binding to the
receptor, thereafter engaging in specific lipophilic interactions
with the hydrophobic pocket of the B6 or B8 subunit.>">™® we
have previously shown that human chromogranin A (CgA),
a neurosecretory protein involved in the cardiovascular system,
metabolism, and tumor physiology'®?® regulation is a natural
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ligand of avf6.>" A CgA-derived peptide (residues 39-63) (1) also
recognizes avp6 with nanomolar affinity and high selectivity
(Ki: 15.5 £+ 3.2 nM) (Table 1), herewith regulating ovf36-
dependent keratinocyte adhesion, proliferation, and migration.*"
Notably, 1 harbours a degenerate RGDLXXL/I motif, with a
glutamate replacing a leucine after the RGD sequence (position
D + 1, RGDEXXL) (Fig. S1, ESIT). Prompted by this peculiarity, we
investigated the structural determinants of 1/avp6 interaction by
heteronuclear 2D-NMR STD methods and docking calculations.
Intriguingly, while 1 is highly specific for avfp6, reconstitution of
the canonical RGDLXXL motif, combined with a click-chemistry
stapling strategy results in a novel potent ligand suitable for the dual
targeting of avfp6/ovf8 for diagnostic and therapeutic purposes.
We studied the conformation of recombinant peptide 1 in
physiological conditions by homonuclear and heteronuclear
multidimensional NMR. Peptide 1 was expressed in E. coli as an
insoluble fusion partner of ketosteroid isomerase, and subsequently
cleaved with CNBr and purified by HPLC.** Recombinant *C/**N 1
displays the typical NOE pattern of the o-helical conformation
between residue E46 to K59, with both termini being unstructured
(Fig. 1a, c and Tables S1, S2, ESIT). Accordingly, the helical segment
and both termini display relatively high (~0.5) and very low (<0.3)
heteronuclear NOE values, respectively (Fig. 1d). The RGD motif
adjacent to the a-helix is relatively flexible, and thus well suited to
adapt inside the integrin-binding pocket (Fig. 1a). The first three
turns of the post-RGD helix are amphipathic, with 148, L49, 151,
L52 and E46, R47, S50 on opposite sides (Fig. 1a and b). Peptide
1 propensity to adopt an o-helical conformation is in line with
previous NMR studies on CgA,; ¢, an antifungal CgA-derived
peptide, all-helical in the helix-promoting solvent tri-fluoro-
ethanol, TFE.* To gain molecular insights into the 1/avf6 complex
and group selective information on the interaction, we performed
in the presence of the extracellular region of recombinant human
avB6 (4 pM) 1D-'H saturation transfer difference (STD) spectro-
scopy (Fig. S2a, ESIt) and heteronuclear two-dimensional STD
experiments,* exploiting isotopically labelled (**C/*°N) recombinant
peptide 1 (0.5 mM) (Fig. 2a and Fig. S2b, ESI+). The 2D-STD-"H-""N-
HSQC resolved peak ambiguities in the 1D-'H STD spectrum and
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Table 1 Inhibition constants (K;, M) and the associated standard error of the mean of compounds 1-6 for integrins as determined by the competitive
binding assay (ESI)
avf36 avfp38 a5p1 avps avp3
Code Peptide” n’ K n K n K n K n K
1 FETLRGDERILSILRHQNLLKELQD 6 155+32 6 7663 +1704 4 9206 + 1810 5 3600 + 525 4 2192 4+ 690
2 FETLRGEERILSILRHQNLLKELQD® 1 >50000 1 >50000 1 > 50000 1 >50000 1 >50000
3 FETLRGDERILSILR 4 277+74% 1 31174 1 10110 1 2039 1 1250
4 FETLRGDLRILSILRHQNLLKELQD 11 1.6 £0.3° 6 85+37 3 924 + 198 4 2405 + 592 3 1928 + 226
5 FETLRGDLRILSILRX;QNLX,KELQD 7 06+01° 6 3.24+1.2" 3 1310 + 389 4 2741 £+ 615 3 2453 £ 426
6 NAVPNLRGDLQVLAQKVART 8 0.9+0.2 6 69 + 12 5 2317 £10 5 15449 + 2418 3 26197 £+ 7387
“ Mutated residues and triazole-stapled residues (X; and X, as defined in Fig. S6a, ESI) n, number of 1ndependent experiments (each performed

with 6 different concentrations of competitor in techmcal duplicates). © K; of 2 as determined in ref. 21.
I P value versus 1: p < 0.01, two tailed ¢ test. £ P value versus 4: p < 0.05; two talled t test.

t test. ¢ P value versus 1: p < 0.001, two tailed ¢ test.
" p value versus 4: p > 0.1; two tailed ¢ test.
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Fig. 1 Solution structure of 1. (a) Representation of the 15 lowest energy
NMR structures (pdb code: 6R2X) aligned on E46—-N56 backbone atoms
with the RGD motif in orange and 148, L49, 151 and L52 in green. (b) Helical
wheel projection of residue E46—-L52 with hydrophobic residues in green.
(c) Scheme of medium and short NOEs relevant for secondary structure
identification. Height of the boxes is proportional to NOE intensities.
(d) Sequence specific backbone {*H}-">N NOEs with elements of secondary
structure indicated on the top.

provided residue-specific STD effect values. Hydrophobic amino
acids (148, 149, 151, and L52) of the post-RGD helix displayed the
strongest STD% values® (>75%), suggesting their important con-
tribution to receptor binding (Fig. 2b). Intense STD effects of the
methyl groups of branched amino acids in 2D-STD-'H-">C-HSQC
corroborated their involvement in the interaction, though signal
overlap hampered their quantification for epitope mapping
(Fig. S2b, ESIt). To exclude false positive effects, we spiked
recombinant peptide 1 with bovine serum albumin as a negative
control: no interaction occurred, and we did not observe any
STD signal (Fig. S3a and b, ESIf). 2D-STD-'H-">N-HSQC per-
formed with avf6 pre-incubated with 20 mM of EDTA resulted
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4 p value versus 1: p < 0.05; two tailed

in depletion of the STD effects, thus confirming the presence of
the electrostatic clamp between the receptor metal ion and the
aspartate side chain of the RGD motif (Fig. S3c, ESIt). This
result is in line with competitive binding assays using a peptide
with RGE instead of RGD (2), yielding a K; >50 uM (Table 1).
Next, we incorporated the 2D-STD experimental information in
data driven docking calculations (HADDOCK2.2)* to determine
the binding mode of 1 with the extracellular head of avf36 (PDB:
5FFO)."® The model highlights receptor-ligand interactions
highly reminiscent of those observed for the proTGF-f1/av6
complex (Fig. 2c and Fig. S4a, ESIt).'® On one hand, the
guanidinium of R43 forms electrostatic interactions with Asp218,,
and Asp150,,; on the other hand, the carboxylate of D45
coordinates the metal ion-dependent adhesion site (MIDAS)
and interacts with the amide of Ser127g, and Asn218gs. 148,
L49, 151, and L52, located respectively on the second and the
third turn of the post-RGD amphipathic a-helix, make extensive
hydrophobic interactions with B¢ residues of the specificity
determining loops (SDLs), including Ala126gs, Asp129s (SDL1),
Ile183p6, Tyr185gs (SDL2), and Ala217g, (SDL3) (Fig. 2c¢), thus
explaining the selectivity of 1 towards avp6 with respect to the
other av integrins (Table 1). Since in our model residue E46
points towards the receptor interior, we reasoned that the
preformed o-helix of 1 might entropically compensate the
unfavourable electrostatic contribution of the negative charge
within the hydrophobic binding pocket. Thus, we synthesized a
shorter peptide containing the hydrophobic residues important
for the interaction, without ten C-terminal residues supposed to
be crucial for the helical propensity (3). Indeed, 3 showed a
drastic reduction both in o-helical content (Fig. S5, ESIf) and
binding to avf6 (Ki: 277 £ 77 nM) (Table 1), supporting the
notion that the stability of the preformed four-turn amphipathic
helix adjacent to the RGD motif is fundamental for effective avp6
recognition.'®*® We next predicted that restoring the canonical
LXXL motif might increase the affinity of 1 for avp6. Indeed, the
replacement in position D + 1 of E46 with a leucine (4) lowered
the K; by one order of magnitude (K;: 1.6 = 0.3 nM) (Table 1).
Intriguingly, reconstitution of the LXXL motif transforms 4 into a
bi-selective ligand able to bind also avf8 (K;: 8.5 £+ 3.7 nM).
Structurally, avB6 and avB8 share a similar wide lipophilic
SDL pocket, suitable for hydrophobic interactions with the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Interaction of avp6 with 1 and 5. (a) 2D-STD-*H-'*N-HSQC
experiment performed on **N labelled peptide 1 (0.5 mM) in the presence
of recombinant extracellular avf6 (4 uM), off-resonance (left) and difference
spectra (right); asterisks indicate overlapped signals; Hsl (Homoserine lactone).
(b) Residue-specific STD%, as defined in the ESI; T asterisks indicate overlapping
signals. Residues with STD% > 75% are mapped on the 3D structure.
(c) HADDOCK model of 1 (blue cartoon) and (d) 5 (pink cartoon) in complex
with avp6. Ligand and receptor residues involved in the interaction, E46 in 1
and the triazole-containing stapled residues in 5 are shown in sticks. Sequence
and secondary structure of 1 and 5 are shown on the top. Interacting residues
are highlighted in bold.

amphiphilic helix of 4. Of note, minor changes in the shape
and in the sequence of the SDL loops, such as the presence in
SDL2 of K170 and T171 in B6 and S159 and I160 in B8,
respectively (Fig. S4c, ESIT), might explain why the presence
of E46 in the ligand is tolerated by f6 and not by B8 (Table 1).
Prompted by these results, we hypothesized that chemical
stabilization of the o-helix via stapling, ie “side-chain-to-side-
chain” cyclization,”” might further improve the binding properties
of 4. Based on a 5/avf36 model (Fig. 2d) we constrained this peptide
via a triazole-bridged macrocyclic scaffold between residues in
position 54 (propargylglycine) and 58 (azidolysine) through copper-
catalyzed azide-alkyne cycloaddition (5) (Fig. S6a and b, ESI+).””®
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Indeed, the structural constraint boosted the a-helical content of 5,
compared to 4, (Fig. S6¢c, ESIT), resulting in a significant 2 to 3-fold
increase in avp6 binding (K;: 0.6 + 0.1 nM), comparable to the
reference compound foot and mouth disease virus-derived peptide
A20FMDV?2 (6, K;: 0.9 + 0.2 nM) (Table 1).""'® Stapling maintained
nM binding to avf8 (K;: 3.2 £ 1.2 nM), thus generating, to the best
of our knowledge, the strongest bi-selective ligand for avp6/avf8
described so far.*** Importantly, peptides 1, 4, 5 and 6 were able to
recognize avf6 in its physiological context, as they bound avfB6
expressed on the cell-surface of human bladder 5637 cells and
human keratinocytes (HaCat) with a relative binding potency
similar to that observed with the purified recombinant avf6
(Fig. S7, ESIT). 5 was the most effective with an activity compar-
able to the reference compound 6 (Fig. 3a and Fig. S8, ESI{).*
Notably, both 4 and 5 were not cytotoxic in vitro (Fig. S9, ESIt).
To assess whether 5 was suitable for nanoparticle functionaliza-
tion and delivery to cancer cells, we coupled it to fluorescent
quantum dot nanoparticles via an N-terminal cysteine (5-Qdot)
and evaluated its binding to 5637 cells. Flow cytometry and
fluorescence microscopy showed that 5-Qdot, but not a control
nanoconjugate without the targeting ligand (*Qdot), bound the
cells, indicating that 5 maintains its receptor-tailored properties
also after conjugation (Fig. 3b and c). Finally, ELISA stability assays
of 4 and 5 conjugated to horseradish peroxidase (4-HRP, 5-HRP) in
human serum showed that >50% of 4-HRP and 5-HRP were still
present after 24 hours of incubation at 37 °C, supporting their
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Fig. 3 Binding of CgA-derived peptides to human bladder cancer 5637
cells. (a) Effect of 1, 4, 5 and 6 on the binding of anti-avf6 mAb 10D5 to
5637 cells. Antibody binding quantification by flow cytometry analysis
(FACS) (representative experiment, see also Fig. S8a, ESIf). Compounds
were mixed with mAb 10D5 and added to cells; mAb binding was detected
by FACS and inhibitory concentration (ICso, mean £ SEM) was determined. Each
point is in duplicate. (b) Binding of 5-Qdot or *Qdot (control) to 5637 cells as
measured by FACS. Representative FACS (left and middle) and quantification of
Qdot binding (right) (circles: mean + SD of duplicates). (c) Representative
fluorescence bioimaging of 5637 cells incubated with 5-Qdot, *Qdot or diluent.
Magnification 40x; red, Qdot; blue, nuclear staining with DAPI.
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proteolytic stability in biological fluids (Fig. S10, ESIt). Importantly,
stability assays with mouse liver microsomes showed that 5 was
more stable than 4 (¢t;, = 4.3 h and ¢, = 1.3 h, respectively,
Fig. S11, EST}).

In conclusion, NMR experiments allied to computational
and biochemical methods elucidated the molecular details at
the basis of avf6 recognition by CgA-derived peptides, giving
first hints on the interaction between avB6 and CgA.*® The
entropic gain, derived from the preformed four-turns o-helix
adjacent to the RGD motif, combined to the hydrophobic
interactions between residues in position D + 3, D + 4, and
D + 7 and the B6 subunit, largely compensate the unfavourable
electrostatic repulsion of E46 in position D + 1. Thus, the
natural avfp6 recognition motif RGDLXXL is less restrictive than
previously supposed and can be extended to RGDEXXL, provided
that the helix adjacent to RGD is preformed and presents an
extensive hydrophobic surface for avp6 interaction. Importantly,
the complex model inspired the design of novel peptides, includ-
ing a stapled one with high stability, sub-nanomolar affinity and
bi-selectivity for ovp6/ovp8 integrins. These molecules, derived
from a human protein, may represent useful and safer tools for
the ligand-directed targeted delivery of diagnostic and therapeutic
compounds and nanodevices to epithelial cancers with high
expression of avp6 and/or avf38, such as oral and skin squamous
cell carcinoma.®" Furthermore, in light of the roles of both avf6
and ovB8 in TGFP maturation and fibrosis,' the dual targeting
ability of these compounds could be also conveniently used to
develop anti-fibrotic drugs and tracer devices, thus adding to the
still limited number of small molecules able to specifically recog-
nize these integrins.
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