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Abstract

Adaptor proteins play a crucial role in signal transduction by facilitating the assembly of protein complexes at
specific subcellular domains. These multifunctional molecules contain multiple binding modules that enhance the
efficiency and flexibility of cellular signaling pathways, thereby orchestrating complex responses. Among these
proteins, Grb2 (growth factor receptor-bound protein 2) emerges as a key regulator owing to its unique “sandwich”
structure. Despite lacking intrinsic enzymatic activity, recent investigations have revealed that Grb2 acts not merely
as a passive bridge but also utilizes intramolecular allosteric communication to modulate binding specificity. In
this study, we compared the kinetic binding properties of SH2-SH3 belonging to Grb2 with Gab2 and the same
experiment with bound states of the SH2 domain using two different peptides that mimics the physiological
ligands of SH2. Our results demonstrate that the SH2 domain plays a critical regulatory role, exhibiting remarkably
distinct behaviors in free and bound states, and depending on the ligand it binds to. This suggests how selectivity
can be modulated by intradomain allostery. In vitro functional assays measuring the activation levels of the target

protein further supported our hypothesis.
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Introduction

Many molecular pathways are mediated by adaptor pro-
teins. This class of macromolecules typically lacks intrin-
sic enzymatic or catalytic activity and facilitates the
recruitment of protein-binding partners to specific sub-
cellular domains. Adaptor proteins are essential cellular
components that govern intricate signaling pathways in
time and space with precise specificity and facilitate the
transmission of information from extracellular signals to
intracellular effectors [1-4]. They exert their functions
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thanks to their modular nature, typically comprising
multiple protein-binding modules [5-7]. These features
confer the ability to bring multiple signaling molecules
into proximity, thereby ensuring the efficiency and flex-
ibility of signaling and allow orchestrating complex signal
transduction pathways.

Grb2, also known as growth factor receptor—bound
protein 2, is a central player among adapter proteins,
playing a pivotal role in regulating signaling cascades
from cell surface receptors to cellular responses in sev-
eral oncogenic signaling pathways [8—12]. Grb2 is at the
core of a complex network of signals, it plays a key role
in regulating essential cellular processes like growth, dif-
ferentiation, and survival [13-16]. This crucial adaptor
protein is well-known for its ability to connect the epi-
dermal growth factor receptor tyrosine kinase (RTK) to
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the activation of RAS and its downstream kinases such
as that of the protein kinese B, also known as Akt [8-10,
17].

The human Grb2 protein, with a molecular weight of
25 kDa, comprises 217 amino acids and exhibits a distinc-
tive “sandwich structure” [18]. This dynamic structure
includes a central SH2 domain composed of 93 amino
acids from 60 to 152 can interact directly with recep-
tor tyrosine kinases and non-receptor tyrosine kinases
such as ligand with phospho-tyrosine consensus motif
pYxNx flanked by two Src homologous 3 (SH3) domains
on each side. The SH3 domains in Grb2, comprising the
carboxyl-terminal SH3 (C-SH3) domain (residues 1-58)
and the amino-terminal SH3 (N-SH3) domain (residues
156-215), are both capable of recognizing proline-rich
sequences, such as PxxP motifs, and function as a linker
between the SH2 domain and downstream proteins.

Adaptor proteins are often shallowly considered as
passive adaptors mediating intermolecular binding. But,
more detailed analyses of their functions have revealed
that complex communication pathways may occur
between their consistent domains, thereby invoking the
concept of ‘allosteric communication pathways’ [19-21].
The classic concept of allostery suggests that a detect-
able conformational change regulates the affinity for a
specific ligand [22, 23], but allosteric communication can
even occur without any obvious change in conformation
[24] and, therefore, allostery should be addressed primar-
ily from an energetic rather than a structural perspective
[25-27]. In the case of Grb2 we have recently demon-
strated that an allosteric network, at interface between
C-SH3 domain and the SH2 domain, regulates the bind-
ing selectivity of C-SH3 domain [28]. These findings rein-
force the idea that allostery serves as a key regulatory
mechanism in Grb2, particularly involving the SH2 and
C-SH3 domains [14, 29, 30]. In this context, it is notewor-
thy that while the sequence identity of these two domains
is highly conserved across mammals, the N-SH3 domain
appears to be structurally dispensable and is sometimes
truncated or absent in certain species [14], suggesting a
degree of evolutionary flexibility in the modular organi-
zation of Grb2.

To scrutinize in detail the allosteric communication
pathways, we investigated here the interaction between
the C-SH3 domain and its adjacent SH2 domain in Grb2,
along with a peptide mimicking a segment of Gab2
(Grb2-associated binding protein 2), a scaffolding protein
implicated in cellular signaling and cancer progression
[31-33]. To gain deeper insight into the role of the SH2
domain, we compared previous experimental data on
the SH2-SH3 interaction with Gab2 [28] and conducted
analogous experiments in which the SH2 domain was in
a bound state, using two phospho-tyrosine peptides that
mimic its physiological ligands. Our findings reveal that
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the selectivity of the C-SH3 domain is not only influenced
by the presence of the SH2 domain but also by whether
SH2 is in its free or bound state. Moreover, we found
that the specific ligand bound to SH2 dictates distinct
responses in SH3, highlighting a nuanced communica-
tion pathway between these domains. To further investi-
gate the biological relevance of these findings, we carried
out experiments on HEK293 cell line and discovered that
the two phospho-peptides induce different effects on the
Akt activation. This result is particularly surprising given
the high structural similarity of the peptides, suggesting
that even subtle variations in SH2 binding can lead to
distinct downstream signaling outcomes. These findings
provide new insights into the intricate regulatory mecha-
nisms governing SH2-SH3 interactions and their impact
on critical signaling pathways.

Results and discussion

An intriguing question emerging from the study of adap-
tor proteins is whether their modular structure influences
the molecular mechanisms governing the binding of their
constituent domains. The case of Grb2 is particularly
insightful, as (i) this protein serves as a crucial target for
various types of human cancers and (ii) the comparison
between the functional behavior of its isolated domains
with more complex constructs revealed the presence of
detectable energetic communication between its cen-
tral SH2 domain and the C-terminal SH3 domain [28].
To further investigate this phenomenon, we resorted to
examine the binding properties of the tandem SH2-SH3
with Gab2 and conducted the same experiments under
conditions where the SH2 domain was pre-bound to two
distinct ligands, namely two peptides mimicking alter-
natively the physiological partners Shp-2 and Irs-1. This
approach offers the possibility to explore whether ligand
binding to SH2 introduces an additional layer of fine reg-
ulation affecting the interaction with the C-terminal SH3
domain.

Different SH2 ligands exert a specific effect on the
contiguous SH3 domain

We conducted kinetic binding experiments using a
stopped-flow apparatus. This involved rapidly mixing a
fixed concentration of SH2-SH3 (2 uM) with increasing
concentrations (ranging from 2 to 14 pM) of a peptide
mimicking Gab2, corresponding to residues 503 to 524
(Gab2s05—s5.4). The experiments were alternatively carried
out the presence of two peptides mimicking physiologi-
cal partners Shp-2 and Irs-1 corresponding to residues
529-551 and 885-906, respectively. The binding kinet-
ics traces were followed spectroscopically by measuring
the change in fluorescence upon binding of Trp 194 and
Trp 195 residues of C-SH3 Grb2, as reported previously
[34]. All kinetic traces were fitted to a single-exponential
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equation to determine the observed rate constants kg,
which were then plotted as a function of Gab2;3—s,, con-
centration. The data were analyzed using a linear equa-
tion, where the slope and y-intercept correspond to the
microscopic association k,, and dissociation kg rate con-
stants, respectively. The binding affinity was calculated as
Kp = kg ! kg,

A superposition between the observed kinetics of bind-
ing to Gab2 of SH2-SH3 in the absence and in the pres-
ence of Shp-2 and Irs-1 is reported in Fig. 1. Notably,
while the presence of Irs-1 does not significantly alter the
binding kinetics, the inclusion of Shp-2 leads to subtle
yet detectable changes in the kinetic parameters. Spe-
cifically, the overall dissociation constant K, increases
from 2.3+0.5 uM to 4.3+0.8 pM. This finding suggests
that ligand binding to the SH2 domain can influence the
interaction of the SH3 with Gab2 in a manner that is not
merely passive, but rather dependent on the identity of
the ligand.

Mapping the communication between domains via double
mutant cycles
The results depicted in Fig. 1 are particularly intriguing as
they imply that SH2 binding exerts a regulatory effect on
SH3, and that this modulation is not uniform across dif-
ferent ligands. Instead, it appears that distinct ligands can
differentially influence the functional coupling between
SH2 and SH3, pointing to a mechanism of fine regulation
beyond a simple allosteric interaction. Understanding the
molecular underpinnings of these effects demands fur-
ther investigation, particularly to dissect the nature of the
energetic coupling between the domains.

A powerful approach to probe these interactions lies in
the so-called ‘double-mutant cycle analysis’ [26, 35, 36],
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which allows for a quantitative assessment of how pertur-
bations in the SH2 domain impact SH3 binding affinity
and kinetics. In principle, a double mutant cycle assumes
that when a perturbation is introduced in two non-inter-
acting residues, X and Y, the effects of each single per-
turbation are additive in a double mutant where both
perturbations are present [37]. Consequently, the change
in free energy upon mutating residue X, which is associ-
ated with any structural or functional behavior of a given
protein, can be expressed as AAGp yy_py. Analogously,
the change in free energy associated with the residue Y
will be equal to AAGp.yy_,p.x- If the mutations are inde-
pendent of each other, the double mutant containing
both X and Y will exhibit an additive effect of the indi-
vidual perturbations and:

AAGp_xy—P = AAGp_xYy-P-Y
+ AAGp_xy—-p-X

On the other hand, a non-zero value of AAAGyy would
arise from.

AAAGxy = AAGp_xy—p — AAGp_xy—p—Y
— AAGp_xy—p-X

And would correspond to the coupling free energy of
interaction between X and Y. In the case of binding
experiments performed by stopped-flow analysis, it was
shown previously that a reliable value of AAAGyy should
exceed the quantity of 0.4 kcal mol™ [26, 35, 37].

In the case of Grb2 allostery, therefore, a double-
mutant cycle may be performed by measuring the effects
of the presence of the Shp-2 or Irs-1 ligand (perturbation
1), while performing extensive site-directed mutagenesis

e S
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Fig. 1 Kinetic binding experiments between Grb2 and a peptide mimicking Gab2s;_s,,. (A) A schematic representation of the stopped-flow experi-
ments performed in this work: SH2-SH3 of Grb2 versus a physiological ligand of C-SH3, Gab25y;_s,,.The SH2 domain was pre-bound to two distinct
ligands, two peptides mimicking the physiological partners of SH2, Shp-2, and Irs-1. (B) Kinetic binding experiment performed on Grb2 SH2-SH3 with
Gab2sy;_s,4 in the absence or in the presence of Shp-2 (fuchsia) and Irs-1 (dark-green)
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on the C-SH3 domain (perturbation 2). Hence, we engi-
neered 19 site-specific variants of C-SH3, which were
then expressed, purified, and analysed through stopped-
flow binding experiments, in the absence and in the pres-
ence of Shp-2 and Irs-1. The design of these mutants
adhered to well-established principles of double-mutant
cycles, as detailed previously [26]. In particular, the
mutational approach involved the selective deletion of
hydrophobic side chains, a mutation type that offers clear
interpretability.

The pseudo-first order binding plots of the different
variants of SH2-SH3 in isolation and in the presence of
an excess of the Irs-1 and Shp-2 peptides are reported in
Figs. 2 and 3 respectively and the calculated parameters
are reported in Table 1. Importantly, the values obtained
are highly consistent with was previously obtained with
alternative experimental techniques [38]. To address
the allosteric communication between the SH2 and
SH3 domains quantitatively, we determined coupling
free energies AAAG by employing thermodynamic and
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kinetic parameters obtained from binding experiments
reported in Figs. 2 and 3, by applying the following
equations:

AAAG = AAG eqSH2 —_ SH3 WTGabZ(Shp72)
— AAG eq SH2 — SH3 mutGab2(Shp72)

AAAG = AAGeq SH2 — SH3 W Gab2(Irs—1)
AAG eq SH2 — SH3 mutGabQ(Irs—l)

The AAAG of all mutants are shown in Table 2. Inter-
estingly, we found that seven residues (Y160A, A163G,
H184A, S189A, V210A, T211S, V213A) showed a
detectable AAAG upon mutation, with values of
AAAG >0.4 kcal mol’}, in the presence of Shp-2. On the
other hand, in the presence of Irs-1, no value exceeded
0.4 kcal mol™. These finding indicate the specific ligands
of the SH2 domain exert a different effect on the SH3 and
that different ligands modulate the functional coupling
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Fig. 2 Kinetic binding experiment between Grb2 SH2-SH3 WT and its site-directed mutants versus Gab2sy;_s,4 in the absence or in the presence of
Shp-2.Kinetic binding experiments were carried out using a stopped-flow apparatus by mixing a constant concentration of Grb2 SH2-SH3 WT or its site-
directed mutants with increasing concentrations of Gab2sp;—s,4 (black-filled circles), as reported in [28], in the absence (black) or in the presence (fuchsia)

of saturating concentrations of the peptide mimicking Shp-2
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Fig. 3 Kinetic binding experiment with Grb2 SH2-SH3 WT and its site-directed mutants versus Gab2s; _s,, in the absence or in the presence of Irs-1. Ki-
netic binding experiments were carried out using a stopped-flow apparatus by mixing a constant concentration of Grb2 SH2-SH3 WT or its site-directed
mutants with increasing concentrations of Gab2sy3—s,4 (black-filled circles), as reported in [28], in the absence (black) or in the presence (fuchsia) of saturat-

ing concentrations of the peptide mimicking Irs-1 (dark-green)

between SH2 and SH3 in a specific manner, reinforcing
the hypothesis of the presence of a fine regulatory mech-
anism within Grb2, which depend on the type of ligand
bound to SH2.

To map differences between the allosteric networks
upon ligand binding of SH2, the AAAG obtained with
Shp-2 were subtracted with AAAG with Irs-1 to obtain
a AAAAG. This approach, previously introduced to study
the communication between the PDZ and GK domains of
PSD-95 [39, 40], allows visualizing the structural localiza-
tion of the allosteric network, which is reported in Fig. 4.
Notably, the identified network comprises residues that
establish a connection between the binding site of the
SH3 domain and the SH2 domain, thereby facilitating
allosteric communication between these regions. Impor-
tantly, it should be noticed that, as recalled above, allo-
stery may occur even in the absence of conformational
changes and should be therefore primarily ascribed to the
energetic connections between probed residues.

It is of particular interest to analyze the sign of the cal-
culated AAAG obtained for Shp-2. With the exception of

the variant 1183V, displaying in any case a low value of
AAAG, we observed a consistently positive AAAG value,
indicating that the allosteric effects mediated by Shp-2
are more pronounced in the wild-type protein compared
to any of the probed mutations. This suggests that the
wild-type sequence is inherently optimized to facilitate
the propagation of allosteric signals between the SH2 and
SH3 domains. The diminished allosteric effects observed
in the mutants imply a disruption in the communication
network, further reinforcing the notion that the wild-type
sequence has evolved to maximize allosteric coupling.
This observation is in line with previous findings on PDZ
[41] and SH2 [42] domains, underscoring the functional
significance of sequence conservation in allosteric regu-
lation. To further monitor whether ligand binding to
SH2 correspond to any conformational changes in SH3,
we computed an AlphaFold model of the SH2-SH3 tan-
dem and superposed it with the crystal structure of iso-
lated SH3 (Figure S1). Interestingly, the structure of the
SH3 domain in the tandem is essentially identical to the
crystal structure of SH3. This finding confirms that the
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Table 2 Coupling free energies between Grb2 SH2-SH3 and Shp-2 and Irs-1

Mutants AAAG Shp-2 AAAG Irs-1 AAAAG

T159S 0.14+0.2 -0.28+0.2 042+03
Y160A 0.82+0.2 0.04+0.2 0.79+0.3
V161A 0.39+0.2 0.14+0.2 025403
A163G 0.69+0.2 0.07+0.2 062403
L164A 0.38+0.2 0.21+0.2 017403
F182A 0.20+0.2 -037+0.2 0.58+0.3
1183V 0.18+0.2 -039+0.2 022+03
H184A 047402 0.11+0.2 035+03
S189A 0.70+0.2 031+02 039403
A197G 0.05+0.2 -0.12+0.2 0.16+03
H199A 021402 0.01+02 020403
T202S 0.20+0.2 -0.03+£0.2 022403
V210A 062402 0.34+02 0.28+0.3
T211S 051402 0.03+0.2 048+0.3
V213A 0.50+0.2 0.31+02 0.18+03

Parameters were calculated as described in the text

allosteric behavior detected in our work involves minimal
conformational changes.

Probing the different allosteric effects of Shp-2 and Irs-1
phospho-peptides on HEK293 cell line

The results highlighted above suggest a fascinating sce-
nario whereby the allosteric pathways within Grb2 are
mediated in a different manner by specific ligands of its
central SH2. In this context, it is crucial to note that pre-
vious experiments on Grb2 have demonstrated its pivotal
role on the activation of the PI3K-Akt pathway [9, 10, 17,
43, 44]. Notably, such activation has been suggested to be
synergically activated both by the recognition of phopho-
peptides, at the level of the SH2 domain of Grb2 [45-47],
and by proline rich segments, such as those displayed
by Gab2 and involved in the recognition of the C-SH3
domain (Fig. 5) [2, 48, 49]. Hence, in an effort to provide
a validation of our kinetic experiments and to assess their
physiological relevance, we performed experiments by
exposing HEK293 cell line to the two respective phos-
pho-peptides, mimicking Shp-2 and Irs-1, while moni-
toring their effects on the PI3K-Akt signaling pathways.
These experiments aimed to determine whether the allo-
steric regulation observed by stopped-flow analysis trans-
lates into distinct downstream signaling outcomes within
a cellular context. To this end, HEK293 cells were treated
with either the Shp-2-mimicking or Irs-1-mimicking
peptide, and the activation states of Akt protein was
evaluated through quantitative Western blot analysis,
using phosphorylation-specific antibodies as readouts
for protein activation. To test efficient peptide uptake,
performed fluorescence experiments on cell lysates pre-
viously threated with dansyl-labelled Irs-1 and Shp-2
peptides. In both cases, we could observe that the fluo-
rescence of the dansyl group could be clearly detected in

the cell lysates, with a clear-cut increase in fluorescence
as compared to the control. The experimental details are
described in the Materials and Methods section.

Given that our biophysical data suggests a ligand-spe-
cific modulation of the SH2-SH3 interaction, we hypoth-
esized that these differences might manifest in divergent
pathway activation profiles. Our results revealed that
stimulation with the Irs-1 mimicking peptide induced a
dose-dependent increase in Akt (Ser473) phosphoryla-
tion at concentrations of 1 (+87%, Fig. 5, B), 5 (+152%,
Fig. 5, B), and 10 (73%, Fig. 5, B) uM, strongly activating
the Akt protein (Fig. 5, A and B). Considering the dose
response results, we selected the intermediate dose of 5
uM, that confirmed a significant activation of Ser473-
Akt protein induced by Irs-1 peptide (142%, Fig. 5D and
E). The Shp-2 [5 uM] peptide showed no significant dif-
ference in terms of Akt activation compared to control
(Fig. 5, D and E). While the phosphorylation levels of
Akt with Shp-2 remained significantly lower compared
to those induced by Irs-1 (162%, Fig. 5D and E), suggest-
ing that Shp-2 binding to the SH2 domain of Grb2 likely
exerts a more modulatory role, possibly favoring other
signaling pathways, rather than directly promoting Akt
activation. Remarkably, these experiments corroborate
the kinetic analysis, reinforcing the concept that ligand-
specific binding to the SH2 domain of Grb2 differentially
modulates downstream signaling. Indeed, the stronger
Akt activation induced by the Irs-1 peptide aligns with
its enhancement of SH3-Gab2 interaction observed in
kinetic assays, whereas the modulatory role of the Shp-2
peptide is consistent with its dampening effect on SH3
binding affinity. A schematic representation summarizing
this ligand-specific allosteric modulation and its impact
on downstream signaling is reported in Fig. 6, providing a
visual synthesis of the proposed model.
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Allosteric path

Binding site

Fig.4 Allosteric communication within SH2-SH3 Grb2. The image has been obtained by using UCSF Chimera software. (PDB:1GRI). The coupling free en-
ergies (AAAG) obtained with Irs-1 were subtracted from those of Shp-2 to calculate (AAAAG) allowing visualization of the effect on the allosteric network
in SH2-SH3 upon binding of SH2. Mutated residues are represented as spheres. Fuchsia spheres showed a detectable AAAAG with a value > 0.4 kcal mol™".
Blue spheres highlight mutations that abrogate binding with Gab2s;_s,, [28]
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Fig. 5 Effect of Irs-1 and Shp-2 peptide treatment on Akt activation. (A) Representative Western blot images and densitometric analysis of (B) Akt pro-
tein levels and activation (evaluated as the p-Akt/AS473/Akt ratio) in HEK cells treated with Irs-1 and Shp-2 peptides at different doses [1, 5, and 10 pM],
respectively. (C) Depicted treatment on HEK293 cells with Shp-2 and Irs-1 peptides, followed by AKT activation analysis via Western Blot. (D) and (E) Rep-
resentative Western blot images and densitometric analysis of (D) Akt protein levels and activation (evaluated as the p-Akt/AS473/Akt ratio) in HEK cells
treated with Irs-1 and Shp-2 peptides at dose of 5 uM. All densitometric values are expressed as a percentage of the control (Ctr), set as 100%, and were
normalized to total protein load. Data are presented as mean + SEM from at least three independent experiments. Statistical analysis was performed using
one-way ANOVA followed by Bonferroni’s post hoc test: *p <0.05 Ctr vs. Irs-1, °p <0.05 Irs-1 vs. Shp-2

Conclusions

The results reported in this work reinforce the hypoth-
esis that Grb2 is not merely a passive adaptor, but an
active integrator of signaling inputs through ligand-spe-
cific allosteric modulation. In particular, our kinetic and
mutational work allow providing a structural depiction
on how the SH2 domain can transmit distinct allosteric
cues to the SH3 domain depending on the identity of its
bound ligand. This modulation was further validated in a
cellular context, where Irs-1 and Shp-2 peptides elicited
differential effects on Akt activation, despite their struc-
tural similarity. These findings underscore the functional
importance of intramolecular communication within
modular adaptor proteins and highlight the specificity
with which seemingly subtle molecular interactions can
influence cell signaling outcomes. Future work on similar
adaptor proteins will shed light on the general nature of
these effects.

Materials and methods
Protein expression and purification
SH2-SH3(residues 53—-217) of the Grb2 protein (Uniprot
P62993) was inserted into a pET28b + plasmid vector.
Constructs containing site-directed variants of SH2-SH3
were generated by utilizing the gene encoding Grb2-SH2-
SH3 wild type as a template. Site-directed mutagenesis
was performed using the QuikChange Lightning Site-
Directed Mutagenesis kit from Agilent Technologies,
according to the instructions of the manufacturer.

Peptides mimicking the region 503 to 524 (YSRG-
SEIQPPPVNRNLKPDRKAK) of Gab2 and peptides
mimicking the region of Irs-1 885-906 (LHPPEPKSP-
GEpYVNIEFGSDQS), and Shp2 529-551 (EEEQKSKRK-
GHEpYTNIKYSLAD) were purchased from Genscript
Biotech Corp (purity > 90%).

SH2-SH3 WT and all the mutants of the Grb2 protein
was expressed and purified as previously reported (Di
Felice et al.,2024).
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Fig. 6 Ligand-specific allosteric modulation of Grb2. The image offers a simplified sketch summarizing the interactions mediated by Grb2 and leading
to the activation of Akt. In particular, both the SH2 domain, via its interaction with phosphorylated ligand such as Shp-2 or Irs-1, and the C-SH3 domain,
via its interaction with Gab2, act synergically as promoters for the activation of the Pi3k/Akt pathway. As demonstrated in this work, while the interaction
with Irs-1 does not significantly affect the affinity for Gab2, binding to the Shp-2 peptide increases its K, in a detectable manner

Stopped-flow binding experiments

Kinetic experiments of binding were performed on a sin-
gle-mixing SX-18 stopped-flow instrument from Applied
Photophysics, recording the change of fluorescence emis-
sion. The excitation wavelength used was 280 nm while
the fluorescence emission was collected using a 320 nm
cutoff glass filter. The binding experiments were carried
out at 10 °C in pseudo-first order condition mixing a con-
stant concentration of SH2-SH3 Grb2 in the wild-type
and mutated forms (2 pM) versus increasing concen-
trations of Gab2); 5,, WT (ranging from 2 to 14 uM),
in the absence or in the presence of saturating concen-
trations (10 fold excess of Kp) of Shp-25,9 55, and Irs-
1gg5_906- For all measurements the buffer used was 50 mM
Hepes, 0.5 M NaCl, pH 7.0. In all cases, an average calcu-
lated from 5 to 8 independently acquired kinetic traces
was satisfactorily fitted with a single exponential equa-
tion to obtain the observed rate constant kobs. Depen-
dences of kobs as a function of the concentration of Gab2
domain were fitted with the following linear equation:

Koss= kon [GAB2] + kg

Cell culture and treatment

HEK293 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with high glucose (Aurogene,
Rome, Italy AU-L0103-500), supplemented with 10%
fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO,
USA; F7524) and 1% penicillin-streptomycin solution
100 % (100 IU/ml penicillin and 100 pg/ml streptomycin;
Aurogene, Rome, Italy; AU-L0022-100). Cells were main-
tained at 37 °C in a humidified atmosphere containing
95% air and 5% CO,. For experiments with Irs-1 gg: g6
and Shp-2 5,4 55 cells were seeded at a density of 8 x 10*
cells per well in 24-well plates pre-coated with a poly-
L-lysine solution (Sigma-Aldrich, St. Louis, MO, USA,
P4707) and treated with different concentrations of each
peptide ([1 uM], [5 uM], and [10 uM]) for 24 h in DMEM
supplemented with 1% FBS. At the end of the treatment,
cells were harvested for biochemical analysis as described
below.

To verify peptide uptake, HEK293 cells were plated
at the density of 80.000 cells per well. Upon reaching
70-80% confluence, they were treated with a single dose
of dansylated peptides (Irs-1 and Shp-2) at a concentra-
tion of 5 uM for 24 h, consistent with the dose used in
the experimental treatments, described above. All the
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analyses were compared to untreated cells (control). At
the end of the incubation, cells were washed for 3 times
with PBS to eliminate non-internalized peptide and were
lysate with RIPA buffer supplemented with protease
inhibitors (Sigma-Aldrich, St. Louis, MO, USA, P4707).
Lysates were centrifuged forl5 min at 12.000 rpm, 4 °C
and transferred to flat-bottom plates for fluorescence
analysis. Fluorescence was measured using a Spectra-
Max® reader (Molecular Device) set at 320 nm for exci-
tation and 540 nm for emission. The results revealed a
significant increase in danysl fluorescence in cells treated
with the Irs-1(17 + 3 10° Rel.FL.Un.) and Shp-2 (5+1 10°
Rel.F1.Un.) peptides compared to control (1+03 10° Rel.
FLUn.) indicating substantial intracellular accumulation
of the peptides over time.

Samples preparation

Total protein extracts were prepared in radioimmuno-
precipitation assay (RIPA) buffer (pH 7.4) containing 50
mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate, 1 mM EDTA, 0,1% SDS, phospha-
tase and protease inhibitors (Sigma-Aldrich, St. Louis,
MO, USA 1:100, P8340 and P5726, respectively). Then,
samples were homogenized by 20 strokes of a Wheaton
tissue homogenizer, sonicated, and centrifuged at 14
000 rpm for 30 min at 4 °C to remove debris. Supernatant
was collected and total protein concentration was deter-
mined by the BCA method according to manufacturer’s
instructions (Pierce, Rockford, IL, USA, 23227).

Western blot

For Western blot analysis, 15 pg of proteins were sepa-
rated by 4-15% gradient sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE), using
Criterion TGX (Tris-Glycine extended) Stain-Free
precast gels (Bio-Rad, Hercules, CA, USA) in Tris/
Glycine/SDS (TGS) Running Buffer (Bio-Rad Labora-
tories, #1610772). All the samples were loaded on the
same gel by using 26-well gel (Bio-Rad Laboratories,
5678085). Immediately after electrophoresis, the gel was
then placed on a Chemi/UV/Stain-Free tray and then
placed into a ChemiDoc MP imaging System (Bio-Rad
Laboratories, 17001402) and UV-activated based on the
appropriate settings with Image Lab Software (Bio-Rad
Laboratories) to collect total protein load image. Fol-
lowing electrophoresis and gel imaging, the proteins
were transferred via the TransBlot Turbo semi-dry blot-
ting apparatus (Bio- Rad Laboratories, #1704150) onto
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA,
#162—0115). Membranes were blocked with 5% of Blotto
Immunoanalytical Grade Non-Fat Dry Milk (SERVA,
Heidelberg, Germany, 42590.01) in TBS solution con-
taining 0.01% Tween 20 (T-TBS) and incubated over
night at 4 oC with primary antibodies (anti-Akt-phospho
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Ser473, #4058S, Cell Signaling Technologies and anti-Akt
N-terminal region, #AM1011, ECM Biosciences) diluted
1:1000 in blocking solution Subsequently, membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies diluted 1:10000 in T-TBS solution
for 1 h at room temperature (anti-rabbit IgG #L005661,
anti-mouse IgG #L005662, Bio-Rad Laboratories, Hercu-
les, CA, USA). Membranes were developed with Clarity
enhanced chemiluminescence (ECL) substrate (Bio-Rad
Laboratories, Hercules, CA, USA, #1705061) and then
acquired with ChemiDoc MP (Bio-Rad, Hercules, CA,
USA) and analyzed using Image Lab 6.1 software (Bio-
Rad, Hercules, CA, USA) that allows the normalization
of a specific protein signal by the total protein load. Total
protein staining measures the aggregate protein signal
(sum) in each lane and eliminates the error that can be
introduced by a single internal control protein. Total
protein staining is a reliable and applicable strategy for
quantitative immunoblotting. It directly monitors and
compares the aggregate amount of sample protein in each
lane, rather than using an internal reference protein as a
surrogate marker of sample concentration. This direct,
straightforward approach to protein quantification may
increase the accuracy of normalization. Total load can
be detected by taking advantage of stain-free technol-
ogy (BioRad, Hercules, CA, USA). Stain-free imaging
technology utilizes a proprietary trihalo compound to
enhance natural protein fluorescence by covalently bind-
ing to tryptophan residues with a brief UV activation.
Images of the gel or membrane after transfer can easily
be captured multiple times without staining and destain-
ing steps.

Statistical analysis

Statistical analyses were performed by using one-way
ANOVA analysis with Bonferroni multiple comparison
tests for the evaluation of differences between more than
two groups. All statistical tests were two-tailed, and the
level of significance was set at 0.05. Data are expressed
as mean+SEM per group from at least three indepen-
dent experiments and details about each test are reported
in figure legend. All statistical analyses were performed
using Graph Pad Prism 10.0 software (GraphPad, La
Jolla, CA, USA).
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