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A Polyproline Type Il Peptidomimetic Disrupts a Grb2
SH3C Domain Protein-Protein Interaction Implicated

in Breast Cancer

James Luccarelli, Philip C. Simister, Andrew D. Hamilton, Stephan M. Feller,*

and Sam Thompson*

Given the essential role of protein—protein interactions (PPIs) in
cellular signaling pathways, their selective modulation is of great
therapeutic interest. Mimicry of secondary structural protein
elements has emerged as a promising strategy, with various scaf-
folds reproducing recognition surfaces of a—helical and g-strand/
sheet proteins. A critical PPI, controlling cell growth and prolifer-
ation in breast and other cancers, occurs between growth factor
receptor-bound protein 2 (Grb2) and a polyproline Il (PPII) helix
embedded in Gab2. Herein, the first example of a general
approach for nonpeptidic mimicry of extended PPIl helices is

1. Introduction

Protein—protein interactions are key modulators of cellular
states, and pharmacologic mediation of these interactions is
a promising strategy for treatment of currently intractable human
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presented and it is demonstrated that the scaffold may be func-
tionalized to recapitulate the binding characteristics of crucial
hydrophobic and cationic Gab2 hot-spot side-chains. The ratio-
nally designed peptidomimetic binds Grb2 at the same position
as Gab2 (protein-observed nuclear magnetic resonance (NMR))
with affinities comparable to the native peptide sequence (sur-
face plasmon resonance (SPR)). With the addition of a new
PPII minimalist scaffold, these studies further validate the use
of diverse secondary structure peptidomimetics in disrupting
therapeutically relevant PPIs.

disease.”) Despite the urgent need for small molecules that can
selectively modify protein—protein interactions (PPIs), the first
molecule working by this mechanism was not FDA-approved
until 20165 Although PPI interaction surfaces are generally
broad and lack distinct binding pockets, frequently clusters of
amino acid side-chains, or “hot-spots” are crucial in determining
selectivity and affinity for a cognate partner.** In many cases,
these side-chains are projected from a secondary structural
protein element, prompting researchers to develop synthetic
scaffolds to mimic the spatial and angular orientation of their
side-chain residues. Much work has been directed toward
a-helical®® and g-strand®'? mimics of this type, with constructs
demonstrating efficacy against a range of biologic targets
including islet amyloid polypeptide,"*~'>" HIF-1a/p300"%'” and
Bcl-«L."®" Despite these successes, there is a pressing need
for an expanded toolkit of scaffolds to reproduce the diversity
of secondary structures found at protein interaction surfaces.

Extended polyproline type Il (PPIl) helices, structures that are
heavily represented in intracellular signaling domains, have
received comparatively little attention from a peptidomimetic
perspective.?°-22 Compared to the a-helix, PPl helices are more
extended (~9 A per turn vs 5.4 A) and feature a threefold axis of
symmetry (Figure 1a,c). Current PPIl mimics rely on derivatives of
proline residues,*?* or the incorporation of structurally opti-
mized Pro-Pro dipeptide mimics.[2>-2%

An important therapeutic target mediated by a PPII structure
is that of the Gab2 multisite docking protein,*® which interacts
with the C—terminal SH3 domain (SH3C) of Grb2 through two
epitopes with Arg-x-x-Lys (x =any residue) motifs embedded
within PPIl and 3;, helices.2" This interaction links cell-surface
receptors, such as Her2, to intracellular signaling cascades, con-
tributing to cell growth and proliferation in breast cancer,?
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Figure 1. Rational design of nonpeptidic multivalent PPl mediators. Groups
of side-chains projected from one face of protein secondary structural ele-
ments constitute critical “hot-spots” on the recognition surfaces. Canonical
secondary structures with examples of their corresponding minimalist pep-
tidomimetics; a) a-helix, b) g-strand, and c) PPII helix.

acute lymphoblastic leukemia,®® and other malignancies.®*
Truncates of the Gab2a/b peptides identified the strongest pep-
tide binders of Grb2: a 20mer of Gab2a (GST-tagged, residues
348-367; PPIl conformation), and a 15mer of Gab2b (residues
508-522; mixed PPII/3,, conformation).*" To date, low-affinity
small molecules discovered through virtual screens have shown
the ability to bind to Grb2 SH3C and to disrupt Gab2 binding, but
more selective and potent inhibitors await development.2>7

a-Helical peptidomimetics based on a benzoylurea
foldamer®**" have shown micromolar inhibition of the
Bcl-xL-Bak interaction, while maintaining selectivity against other
protein targets.'®' Given these successes, we hypothesized that
this scaffold might be adapted to reproduce the positions and
vectors of amphiphilic side-chain combinations projected from
the PPII helix of Gab2a, and thus provide a platform from which
to optimize inhibition of the Grb2-Gab2a PPI.

In contrast to mimicry of the j, i+ 3/i+ 4, and i+ 7 residues
along one face of an o-helix, the scaffold reproduces the i
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i+ 1/i+ 2, and i + 3 residues of the PPII helix (Figure 1c and 2b,c).
Thus, the target peptidomimetic 1 reproduces the positions and
angular projection of the critical Arg354 (i) and Lys357 (i + 3) res-
idues of Gab2a, with the central isobutyl group providing a hydro-
phobic mimic of Pro356 (i + 2) and the C-terminal iso-butyl amide

(a) Grb2-Gab2a PPI Gab2a sequence:
APPPRPPKPSQA

Kd 58 uM (by ITC)

Gab2a

(c) Side-chain projection

i+2 =30 ;
Pro // A?g
-\\
// i+3
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(d) Benzoylurea peptidomimetic

' [\ ] Arg NH
, 2

MeY “H

Me 0
[+2
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07" "NH,3
NH i+3
Lys

Figure 2. a) Grb2/Gab2a PPI (PDB 2W0Z), b) side-chain projection from
polyproline type Il helix of Gab2a peptide, c) schematic side-chain projection,
d) benzoylurea peptidomimetic 1, and e) superimposition of low energy
conformation (see main text) of mimetic and Gab2a peptide, RMSD 0.52 A
for the Gab2a C, and C; positions of the i, i+ 2, and i + 3 side-chains and
the corresponding positions of mimetic 1.
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potentially mimicking Pro352 (i-2 orange; Figure 2c/d). The highly
flexible alkoxy groups, bearing the Arg and Lys mimics, make mean-
ingful a priori modeling of global conformation challenging, espe-
cially in a competitive solvent such as water. However, there are
extensive solid- and solution-phase spectroscopic data of variously
substituted benzoylureas, which provides a common conforma-
tional model for the backbone, the side-chain vectors, and thus
a basis for the atomic positions that mimic C, and C; for j, i+ 2,
and i + 3 of Gab2a. The resulting conformational model of mimetic
1, with the C-terminal amide and the C, and more distal atoms of
Arg and Lys fitted manually, gives an root mean square deviation
(RMSD) for the six pairs of C, and C; atoms of 0.52 A (Figure 2e, and
see Supporting Information).

The synthesis of mimetic 1 was based on a modified version
of our previous methods®® using two variously functionalized
monomer units. The first, a secondary amide 3, was deprotonated
using KHMDS and the resultant nitrogen-centered anion was
added to an isocyanate 4 to give benzoylurea 5 (Scheme 1A).
The use of a strong base necessitated two orthogonal protecting
group strategies: i) N-N-diprotection of one of the amine side-
chains with two Boc groups, ii) introduction of the other amine
side-chain in a masked form as an azide. Following benzoylurea
formation the azide group was reduced via hydrogenation and
the resulting amine was transformed into a guanidinium group
with N,N'-diBoc-1H-pyrazole-1-carboxamidine 6, thus providing a
mimic of Arg354. Global removal of Boc groups with TFA was fol-
lowed by purification by rp-HPLC (see Supporting Information)
to give PPIl helical mimetic 1.

A Polyproline type Il benzoylurea mimetic
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Scheme 1. Synthesis of A) PPIl benzoylurea mimetic 1, and B) control com-
pound 2. Reagents and conditions: (a) 3, KHMDS (1.1 equiv), THF, —78°C,

4, 2 h, 86%; (b) conditions X, Y, Z, 87% over three steps; (c) Mukaiyama'’s
reagent (2-chloro-1-methylpyridinium iodide, 1.2 equiv), DIPEA (2.5 equiv),
CH,Cl,, 40°C, 20 h, 81%; (d) conditions X, Y, Z, 60% over three steps; condi-
tions X: Pd(OH),/C (10 wt%), H,, EtOH, r.t,; conditions Y: reagent 6 (N,N'-di-
Boc-1H-pyrazole-1-carboxamidine, 1.2 equiv), DIPEA (2.5 equiv), CH,Cl,, 69 h;
conditions Z: CH,Cl,/TFA (1:1 v/v), 1h, 99%. HMDS = bis(trimethylsilyl)amide,
equiv = equivalent, THF = tetrahydrofuran, DIPEA = N,N-diisopropylethylamine,
TFA = trifluoroacetic acid.

ChemBioChem 2025, 00, €202500343 (3 of 5)

Binding of 1 to Grb2 was assessed using surface plasmon res-
onance (SPR). Grb2 protein was covalently bound to a dextran-
coated chip by NHS-ester coupling, and 1 was flowed over the
surface until equilibrium binding was reached (Figure 3, and
see Supporting Information). Using a 1:1 binding model the equi-
librium binding affinity was 83 4+ 6 uM, which compares favorably
with the affinity of the Gab2a 12mer (161 + 6 uM). Aggregation
prevented measurement of binding at compound concentrations
in excess of 50 pum.

To better characterize the binding mode and site of the pep-
tidomimetic, we performed nuclear magnetic resonance (NMR)
studies of >N Grb2 upon binding of 1 and identified a series
of focal, dose-responsive chemical shift changes that colocalize
to a region of Gab2a binding (Figure 4, and see Supporting
Information).®" Notably, the absence of other surface chemical
shift changes is consistent with minimal promiscuous binding,
whilst a lack of perturbations in the hydrophobic core of the pro-
tein is consistent with preservation of global folding. To assess if
this measured binding is due to nonspecific interactions with the
cationic side-chains of 1, a control molecule 2 was synthesized
displaying the same Arg and Lys side-chains, based on a benza-
mide scaffold designed for a-helix mimicry™®" that does not
match the spatial projection of Gab2a side-chains (Figure S1,
Supporting Information). A similar synthetic approach, based
on the coupling of two prefunctionalized aromatic monomers
7 and 8, was employed to that used for mimetic 1, except that
Mukaiyama’s reagent affected fragment union via amidation
(Scheme 1b and Scheme S4, Supporting Information).#>4%
This construct bound extremely weakly to Grb2 by SPR
(Figure S2, Supporting Information). >N Grb2 NMR titration
experiments with 2 indicated that the most significant shifts
are to the core of the protein, including, for example, 121
(Figure S3, Supporting Information), with no large contiguous
surface binding sites. Overall, this indicates that control mole-
cule 2, despite having the same cationic side chains as 1, fails
to bind to Grb2.

In conclusion, we have synthesized the first example of a
rationally designed nonpeptidic scaffold mimicking an extended
recognition surface of the PPII helix. Decoration of this backbone
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Figure 3. SPR binding results: a) raw sensograms for molecule 1; b) fits of
binding data for mimetic 1 (red) and Gab2a peptide (blue). These indicate
K4 values of 83 +6 and 161 + 6 pM, respectively.
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Figure 4. NMR analysis of 1/Grb2 interaction: A) "H-">N HSQC spectrum of uniformly *N-labeled Grb2 in the absence (red) and presence (blue) of 6.5
equivalents of mimetic 1; B) dose-dependent chemical shift change of the indole ring of residue W98 of Grb2 upon titration of increasing amounts of 1;
Q) chemical shift changes for Grb2 with the significance threshold of 0.015 ppm indicated by the red dashed line; and D) mimetic 1 overlayed on the
X-Ray diffraction structure of Grb2 (PDB 2W0Z), with residues found to shift significantly in the HSQC experiment highlighted in red: mimetic 1 has
significant interactions with the same region of the Grb2 protein that binds the Gab2a peptide. Bruker AVIl 700 MHz (TCI cryoprobe), 298 K, 90:10 H,O:
D,0, 35 mM phosphate buffer pH 7.2 + 45 mM NaCl 4 3.0 mM DTT (see Supporting Information).

with hydrophobic and hydrophilic side-chains provided a
peptidomimetic that binds the Grb2 target orthosterically at
comparable affinities to the native Gab2a peptide (Ky 83 uM).
Since an a-helical mimetic displaying the critical Lys and Arg
side-chains on one face did not engage the target, there are
promising grounds for improving affinity for Grb2, and other,
therapeutically relevant PPIl targets while maintaining a high
degree of specificity, which will form the basis of our future work.

Acknowledgements

The authors thank the Universities of Oxford (JL, ADH, ST) and
Southampton (ST), Oxford Cancer Research Centre Development
Fund and the Rosetrees Trust (PCS and SMF), Cancer Research
UK, and DFG RTG 2467 (project no. 391498659, SMF), NIMH grant
R25MH094612 (JL), and the Wessex Medical Research (ST) for
funding.

Conflict of Interest

The authors declare no conflict of interest.

ChemBioChem 2025, 00, €202500343 (4 of 5)

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Her2 - mimic - protein—protein interactions - secondary
structures - SH3 domains

T. Pawson, P. Nash, Genes Dev. 2000, 14, 1027.
M. R. Arkin, Y. Tang, J. A. Wells, Chem. Biol. 2014, 21, 1102.
D. R. Green, Cell 2016, 165, 1560.

[4] M. C. Smith, J. E. Gestwicki, Expert Rev. Mol. Med. 2012, 14, e16.

[5] O. Keskin, B. Ma, R. Nussinov, J. Mol. Biol. 2005, 345, 1281.

[6] V. Azzarito, K. Long, N. S. Murphy, A. J. Wilson, Nat. Chem. 2013,
5,161,

[71 M. K. P. Jayatunga, S. Thompson, A. D. Hamilton, Bioorg. Med. Chem. Lett.
2013, 24, 717.

[8] N. Sawyer, A. M. Watkins, P. S. Arora, Acc. Chem. Res. 2017, 50, 1313.
[9] N. Angelo, P. Arora, J. Am. Chem. Soc. 2005, 127, 17134.
[10] E. A. German, J. E. Ross, P. C. Knipe, M. F. Don, S. Thompson,
A. D. Hamilton, Angew. Chem. Int. Ed. 2015, 54, 2649.
[11] T. Yamashita, P. C. Knipe, N. Busschaert, S. Thompson, A. D. Hamilton,
Chem. - Eur. J. 2015, 21, 14699.
[12] W. A. Loughlin, J. D. A. Tyndall, M. P. Glenn, T. A. Hill, D. P. Fairlie, Chem.
Rev. 2010, 110, PR32.

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH


http://doi.org/10.1002/cbic.202500343

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202500343

[13]
[14]
[15]
[16]
(7]
[18]
[19]
[20]
[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

J. A. Hebda, I. Saraogi, M. Magzoub, A. D. Hamilton, A. D. Miranker, Chem.
Biol. 2009, 16, 943.

|. Saraogi, J. A. Hebda, J. Becerril, L. A. Estroff, A. D. Miranker,
A. D. Hamilton, Angew. Chem. Int. Ed. 2010, 49, 736.

O. V. Kulikov, S. Kumar, M. Magzoub, P. C. Knipe, I. Saraogi, S. Thompson,
A. D. Miranker, A. D. Hamilton, Tetrahedron Lett. 2015, 56, 3670.

B. B. Lao, I. Grishagin, H. Mesallati, T. F. Brewer, B. Z. Olenyuk, P. S. Arora,
Proc. Natl. Acad. Sci. 2014, 111, 7531.

G. M. Burslem, H. F. Kyle, A. L. Breeze, T. A. Edwards, A. Nelson,
S. L. Warriner, A. J. Wilson, ChemBioChem 2014, 15, 1083.

J. M. Rodriguez, N. T. Ross, W. P. Katt, D. Dhar, G. Lee, A. D. Hamilton,
ChemMedChem 2009, 4, 649.

R. M. Brady, A. Vom, M. J. Roy, N. Toovey, B. J. Smith, R. M. Moss, E. Hatzis,
D. C. S. Huang, J. P. Parisot, H. Yang, I. P. Street, P. M. Colman,
P. E. Czabotar, J. B. Baell, G. Lessene, J. Med. Chem. 2014, 57, 1323.

B. K. Kay, M. P. Williamson, M. Sudol, FASEB J. 2000, 14, 231.

J. Luccarelli, S. Thompson, A. D. Hamilton, Protein-Protein Interactions Drug
Discovery (Ed: A. Domling), Wiley-VCH, Weinheim 2013, pp. 101-128.
J.-B. Garsi, B. Komjati, G. Cullia, I. Fejes, M. Sipos, Z. Sipos, E. Fordés,
P. Markacz, B. Balazs, N. Lancelot, S. Berger, E. Raimbaud, D. Brown,
L-M. Vuillard, L. Haberkorn, C. Cukier, Z. Szlavik, S. Hanessian, ACS
Med. Chem. Lett. 2022, 13, 949.

R. Zhang, J. S. Madalengoitia, J. Org. Chem. 1999, 64, 330.

Y. A. Fillon, J. P. Anderson, J. Chmielewski, J. Am. Chem. Soc. 2005, 127,
11798.

J. Zaminer, C. Brockmann, P. Huy, R. Opitz, C. Reuter, M. Beyermann,
C. Freund, M. Miller, H. Oschkinat, R. Kihne, H. Schmalz, Angew.
Chem. Int. Ed. 2010, 49, 7111.

R. Opitz, M. Mdiller, C. Reuter, M. Barone, A. Soicke, Y. Roske, K. Piotukh,
P. Huy, M. Beerbaum, B. Wiesner, M. Beyermann, P. Schmieder, C. Freund,
R. Volkmer, H. Oschkinat, H.-G. Schmalz, R. Kiihne, Proc. Natl. Acad. Sci.
2015, 112, 5011.

C. Reuter, R. Opitz, A. Soicke, S. Dohmen, M. Barone, S. Chiha, M. T. Klein,
J.-M. Neudorfl, R. Kiihne, H.-G. Schmalz, Chem. - Eur. J. 2015, 21, 8464.
M. Barone, M. Mdiller, S. Chiha, J. Ren, D. Albat, A. Soicke, S. Dohmen,
M. Klein, J. Bruns, M. van Dinther, R. Opitz, P. Lindemann, M. Beerbaum,

[29]

[30
[31

[32

[33

[34
[35

[36

[37

[38
[39

[40
[41
42

[43

K. Motzny, Y. Roske, P. Schmieder, R. Volkmer, M. Nazaré,
U. Heinemann, H. Oschkinat, P. ten Dijke, H.-G. Schmalz, R. Kiihne, Proc.
Natl. Acad. Sci. 2020, 117, 29684.

J.-B. Garsi, P. M. Aguiar, G. Berger, T. Maris, S. Hanessian, J. Org. Chem.
2024, 89, 4283.

P. C. Simister, S. M. Feller, Mol. Biosyst. 2011, 8, 33.

M. Harkiolaki, T. Tsirka, M. Lewitzky, P. C. Simister, D. Joshi, L. E. Bird,
E. Y. Jones, N. O'Reilly, S. M. Feller, Structure 2009, 17, 809.

M. Bentires-Alj, S. G. Gil, R. Chan, Z. C. Wang, Y. Wang, N. Imanaka,
L. N. Harris, A. Richardson, B. G. Neel, H. Gu, Nat. Med. 2005, 12, 114.
S. Gu, W. W. Chan, G. Mohi, J. Rosenbaum, A. Sayad, Z. Lu, C. Virtanen, S. Li,
B. G. Neel, R. A. Van Etten, Blood 2016, 127, 1803.

A. Toto, D. Bonetti, A. De Simone, S. Gianni, Oncotarget 2017, 8, 82344.
P. C. Simister, J. Luccarelli, S. Thompson, D. H. Appella, S. M. Feller,
A. D. Hamilton, Bioorg. Med. Chem. 2013, 21, 4027.

F. Malagrino, A. Coluccia, M. Bufano, G. L. Regina, M. Puxeddu, A. Toto,
L. Visconti, A. Paone, M. C. Magnifico, F. Troilo, F. Cutruzzola, R. Silvestri,
S. Gianni, Cells 2020, 9, 2435.

M. Bufano, M. Puxeddu, M. Nalli, G. La Regina, A. Toto, F. R. Liberati,
A. Paone, F. Cutruzzola, D. Masci, C. Bigogno, G. Dondio, R. Silvestri,
S. Gianni, A. Coluccia, Bioorganic Chem. 2023, 138, 106607.

J. M. Rodriguez, A. D. Hamilton, Angew. Chem.-Int. Ed. 2007, 46, 8614.
G. Lessene, B. J. Smith, R. W. Gable, J. B. Baell, J. Org. Chem. 2009, 74,
6511.

S. Thompson, A. D. Hamilton, Org. Biomol. Chem. 2012, 10, 5780.

J-M. Ahn, S.-Y. Han, Tetrahedron Lett. 2007, 48, 3543.

0. V. Kulikov, S. Thompson, H. Xu, C. D. Incarvito, R. T. W. Scott, |. Saraogi,
L. Nevola, A. D. Hamilton, Eur. J. Org. Chem. 2013, 3433.

J. T.Ernst, J. Becerril, H. S. Park, H. Yin, A. D. Hamilton, Angew. Chem. Int. Ed.
2003, 42, 535.

Manuscript received: April 24, 2025
Revised manuscript received: May 15, 2025
Version of record online:

ChemBioChem 2025, 00, €202500343 (5 of 5)

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH


http://doi.org/10.1002/cbic.202500343

	A Polyproline Type II Peptidomimetic Disrupts a Grb2 SH3C Domain Protein-Protein Interaction Implicated in Breast Cancer
	1. Introduction


