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Abstract

Growth factor receptor-bound protein 2 (Grb2) is a modular adaptor that links activated receptor tyrosine

kinases to downstream signaling pathways through its SH3-SH2-SH3 architecture. Previous studies showed

that perturbations in the SH2 domain can influence ligand binding at the C-terminal SH3 domain, suggesting
directional allosteric communication within the protein. Here, we tested whether the flanking SH3 domains, in turn,
modulate SH2-mediated ligand recognition. Using a parallel mutational scan of the isolated SH2 domain and full-
length Grb2, combined with stopped-flow kinetics and double-mutant-cycle analysis, we found that SH2 binding
energetics remain essentially unchanged in the presence of the SH3 domains. Only three of twenty-one variants
displayed measurable coupling, and none exceeded the threshold typically associated with significant allosteric
effects. Pre-binding of the C-SH3 domain to a Gab2-derived peptide likewise produced no detectable influence on
SH2-ligand binding. These results reveal a marked asymmetry in interdomain communication in Grb2 and show
that the SH2 domain functions as a robust, largely autonomous module within the full-length protein.
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Introduction

Growth factor receptor—bound protein 2 (Grb2) is a cen-
tral adaptor protein that orchestrates the formation of
signaling complexes downstream of activated receptors.
Although it does not possess any catalytic activity, its
ability to assemble protein networks with high precision
allows the efficient transmission of extracellular signals to
intracellular pathways [1, 2].
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Grb2 participates in multiple signaling cascades initi-
ated by receptor tyrosine kinases (RTKs), most notably
the Ras—MAPK pathway, which regulates cell growth,
differentiation, and survival [3, 4]. Altered expression or
malfunction of Grb2 has been associated with oncogenic
processes, underscoring the importance of understand-
ing the molecular principles that govern its function
[5-8].

Grb2 adopts a conserved tri-domain structure com-
posed of a central Src homology 2 (SH2) domain flanked
by N- and C-terminal Src homology 3 (SH3) domains.
Through this modular architecture, the SH2 domain rec-
ognizes phosphorylated tyrosine motifs (typically pY—X—
N), while the SH3 domains bind proline-rich sequences
such as those present in Son of Sevenless (SOS) [9-11].
Although these domains can act independently, grow-
ing evidence indicates that modular signaling proteins
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frequently rely on subtle energetic communication
between domains to coordinate their activities [12, 13].

Understanding whether such communication exists
requires a careful and systematic evaluation of all possi-
ble pathways through which conformational or energetic
signals might propagate [14]. Allosteric analysis therefore
demands not only examining direct structural contacts
but also quantifying how perturbations in one domain
influence the binding properties of another [15-18]. In
Grb2, previous work has revealed that mutations in the
SH2 domain can modulate binding at the C-SH3 domain,
demonstrating that interdomain signaling can occur in
the SH2 to SH3 direction [19, 20].

Whether the reverse communication pathway exists,
however, remains unresolved. If the SH3 domains influ-
ence SH2-mediated ligand recognition, such coupling
could reflect a bidirectional allosteric network coordinat-
ing the assembly of signaling complexes. Alternatively,
the SH2 domain may maintain greater energetic robust-
ness in this direction, acting as a relatively insulated
module even within the full-length protein.

In this study, we investigate this question by probing
how the flanking SH3 domains affect SH2 binding to its
physiological partner. Using kinetic binding measure-
ments combined with double mutant cycle analysis, we
compare isolated SH2 variants with the correspond-
ing mutations introduced into full-length Grb2. This
approach enables a quantitative assessment of inter-
domain energetic coupling and allows us to determine
whether the SH2 domain behaves as a largely autono-
mous module or participates in a bidirectional allosteric
network within Grb2 [21-23].

Our findings reveal that, unlike the previously observed
SH2 to SH3 communication, the reverse SH3 to SH2
direction exhibits only minimal allosteric influence. The
SH2 domain therefore displays a notable degree of ener-
getic robustness within the full-length protein, main-
taining largely autonomous binding behavior despite the
presence or engagement of the flanking SH3 domains.

Materials and methods

Protein expression and purification

The Grb2 full-length and SH2 isolated domain con-
structs and all the site-directed variants with N-terminal
His tag were inserted into pET28b + plasmid vectors and
expressed in Escherichia coli BL21 (DE3) cells. Follow-
ing an overnight culture, 10 mL of BL21 cells were used
to inoculate 1 L of LB media conditioned with 30 pg/mL
Kanamycin. Bacterial cultures were subsequently incu-
bated at 37 °C with constant agitation (180 rpm); when
an absorbance of 0.7 to 0.8 at 600 nm was reached, 1
mM IPTG was added. The cultures were cooled to 25 °C
for 24 h to induce protein expression, and cells were
then collected by centrifugation. Bacterial pellets were
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resuspended in 50 mM Tris-HCI buffer, 0.3 M NaCl, pH
7.5, and 10 mM imidazole with the addition of antipro-
tease tablets (Complete EDTA-free, Roche) and lysed by
sonication. Cellular debris were removed by centrifuga-
tion at 11 000 rpm for 45 min at 4 °C, and the soluble
fractions were loaded onto a nickel-charged HisTrap
Chelating HP (GE Healthcare) column equilibrated with
50 mM Tris-HCI, 0.3 M NaCl, pH 7.5, and 10 mM imid-
azole. The proteins were eluted with a gradient from 10
mM to 1 M imidazole by using an AKTA-prime system
and, after collection, the buffer was exchanged to 50 mM
Tris-HCI, 0.3 M NaCl, pH 7.5, by using a HiTrap Desalt-
ing column (GE Healthcare). Protein concentrations were
estimated by measuring the absorbance of tryptophan
residue at 280 nm and calculated through the Beer-Lam-
bert equation.

The peptide mimicking the region of SHP2 530 to
551 (EEEQKSKRKGHEpYTNIKYSLAD) and the pep-
tide mimicking the region of Gab2 503 to 524 (YSRG-
SEIQPPPVNRNLKPDRKAK) were purchased from
Genscript Biotech Corp (purity > 90%).

Stopped-flow binding experiments
Kinetic binding experiments were conducted using a
single-mixing SX-18 stopped-flow instrument from
Applied Photophysics. Changes in fluorescence emis-
sion were monitored during the experiments, which were
conducted at 10 °C in pseudo-first order condition, by
rapidly mixing a constant concentration of protein (WT
and variants, 1 pM) versus increasing concentrations of
peptide (SHP2:4,_ 55, and Gab2gy;_s,, ranging from 2
to 12 pM). The SH2 domain contains in fact two trypto-
phan residues at positions 60 and 121. The displacement
method was used to obtain the dissociation rate constant
of the system under study. In this method, a solution of
a preformed complex of protein and peptide was rapidly
mixed with an excess competitor ligand. The buffer used
in all experiments was 50 mM Hepes, 0.5 M NaCl at pH
7.0. The final concentration for Grb2 Full-length, SH2
isolated construct and all variants was typically 1 uM.
The samples were excited at 280 nm, and the fluores-
cence emission light was recorded with a 320 nm cutoff
glass filter. Typically for all binding and displacement
reactions, five individual traces were averaged and then
fitted to a single exponential equation to calculate the
observable rate constant. Dependences of k,,, as a func-
tion of the concentration of peptide were fitted with the
following linear equation:

kovs = kon [Peptide] + koff (1)

Fluorescence signals were detected using a photomulti-
plier tube, and the absolute voltage values of the traces
depend on the instrumental gain settings rather than
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representing absolute fluorescence intensities. For this
reason, kinetic analyses were based exclusively on rela-
tive fluorescence changes. Inspection of the kinetic traces
indicates that the fluorescence variation associated with
binding and unbinding corresponds to more than 10% of
the intrinsic protein fluorescence. Importantly, all mea-
surements displayed an excellent signal-to-noise ratio,
allowing reliable single-exponential fitting of the kinetic
traces. Differences in absolute fluorescence amplitude
between the isolated SH2 domain and full-length Grb2
therefore do not affect the determination of kon, koff, or
their associated standard deviations.

Results

To investigate whether the flanking SH3 domains mod-
ulate the ligand-binding properties of the central SH2
domain, we designed a comparative mutational scanning
strategy. Our approach relied on generating a parallel set
of site-directed variants in two structural contexts: the
isolated SH2 domain and full-length Grb2. By examining
how identical mutations influence binding in each con-
struct, we aimed to quantitatively assess the contribution
of SH3-to-SH2 energetic communication. Accordingly,
we expressed and purified wild-type Grb2 full-length,
the isolated SH2 domain, and a comprehensive panel of
single-site variants in both constructs. Each protein was
characterized using stopped-flow fluorescence kinetics to
determine the association and dissociation rate constants
for binding to a peptide derived from SHP2 (residues
530-551). Association rate constants (k,,) were assessed
by rapidly mixing a fixed concentration of protein (1pM)
with increasing concentrations (ranging from 2 to 12 uM)
of a peptide mimicking SHP2 from residues 530 to 551
(SHP253,_551) and dissociation rate constants (k,;) were
obtained using a displacement method, as described in
the experimental section.

Binding
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All kinetic traces were fitted to an exponential equa-
tion to retrieve the observable rate constant of each
binding reaction (k) as shown in Fig. 1. In all cases, a
single exponential decay could satisfactorily fit the data.
Calculated rate constant were plotted as a function of
the different concentrations of SHP2.,,_:;; and data was
analyzed using a linear equation (Eq. 1 in the experimen-
tal section). The slope and y-axis intercept correspond,
respectively, to the microscopic association (k,,) and dis-
sociation (k) rate constants and the affinity of the inter-
action was calculated as Kp=k,;/k,,.

Binding properties of SH2 domain in isolation with
SHP253,_s5:

23 site-directed variants of SH2 domain in isolation were
expressed and purified as described in the experimental
section; and subjected to binding experiments described
above. As classically adopted in allosteric and energetic-
coupling studies, our mutational strategy relied on intro-
ducing minimal, conservative substitutions designed to
probe local contributions without substantially perturb-
ing the global fold. Accordingly, we selected side-chain
variations such as Ile—Val, Thr—Ser, Phe—Ala, Tyr—Ala,
Leu—Ala and Ala—Gly. These mutations reduce or sub-
tly alter local packing while preserving the overall struc-
tural integrity of the SH2 domain. Applying this same set
of perturbations to both the isolated SH2 construct and
the full-length Grb2 protein enabled a direct comparison
of energetic effects in the two contexts, thereby allowing
us to identify residues whose contributions are sensitive
to the presence of the flanking SH3 domains. Figure 2
shows the dependences of the binding interaction of SH2
domain variants in the context of the isolated domain in
comparison with the wild-type construct. Table 1 syn-
thesizes the binding kinetic data retrieved from the men-
tioned experiments.
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Fig. 1 Kinetic binding experiments of the SH2 Domain in isolation. Left panel — Binding trace of SH2 (1 uM) with SHP2 (12uM). Right panel - Displace-
ment trace of the preformed complex SH2-SHP2 against a competitor peptide SHP2-Dansyl
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Fig. 2 Kinetic parameters of the binding reaction of SH2 domain in isolation and its site-directed mutants with SHP25 55, Dependences of

s Values

of the binding interaction between the SH2 domain in isolation, both WT (black) and 23 site-directed variants (fuchsia) with different concentrations of

SHP245.55+. Lines represent the best fit to Eq. 1

Binding properties of Grb2 Full-length with SHP2,;,_s,

To understand the impact of the flanking SH3 domains
on the binding interaction of SH2 with SHP2:,,_s5,, we
expressed and purified the same site-directed variants
of SH2 domain, this time in the full-length construct
of Grb2. The mutants were expressed and purified as
described in the experimental section and subjected to
binding experiments described above. Figure 3 shows
the dependences of the binding interaction of the SH2
domain and variants, in the context of the full-length
protein. Table 2 synthesizes the binding kinetic data
retrieved from the mentioned experiments.

Double mutant cycle analysis

With the purpose of quantitatively characterize the ener-
getic coupling between the residues of Grb2 that inter-
fere with the binding of SH2 domain to the SHP2-like
peptide, we resorted to conduct a double mutant cycle
analysis (DMC). The double-mutant cycle approach is a

powerful method for quantifying the strength of molec-
ular interactions between side chains. This technique
relies on the combination of site-directed mutagenesis
and quantitative analysis of the biophysical properties
of a protein system. In DMC analysis two residues are
mutated separately and in combination; and the effects
of the mutations on the free energy of some processes
(e.g. folding, binding or catalysis) are measured. The dif-
ference between the effect of the double mutation, and
the sum of effects of the two single mutations provides a
measure of the energetic coupling (AAAG) between the
two residues [24-26].
The AAAG is calculated following the equation:

AAAG = AAGdouble mutation AAGsingle mutation
_ AAGsingle mutation
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Table 1 Kinetic parameters of the binding reaction of SH2
domain in isolation with SHP2+5, s,
SH2 Isolated Domain

Kon M7 's™")  Kyge (s™") Kp (MM)  AAG (kcal mol™")

wWT 7+0.1 93+0.1 1334002 -

F6IA  455+007 674+004 148+002 0.06+00]
F62A  593+007 748003 126002 -0.03+001
lesvx - - - -

A68G  560+0.13 889+006 159+004 0.10£002
A70G* - - - -

L8aA* - - - -

185V 4.95+007 603+005 122+002 -0.05+001
A9IG 4354004 595+003  137+001 0.02+00]
FOSA  7.3£02 6.8+0.8 09+0.1  -020+007
Lo7A* - - - -

VO9A  5.44+0.15 106404 1954009 0.21+003
FIOTA  584+005 489+003 084+001 -026x001
VI05A  4.39+008 5394003 1.23+002 -0.04+001
FI08A 75403 308+03  41+02  063+002
LTTTA* - - - -

A115G  63+0.1 750£008 1204002 -0.06+002
Y118A 5201 72+0.1 138+£004 002+002
FI19A  4.1+0.1 18002  43+01  066+002
L120A  6.2+02 391£06  63+02  087+002
VI22A  630+008 9.12£005 145+002 0.05+00]
VI23A 52402 273403 52402  077+002
FI25A  50+0.1 446+05  89+02  107+002
L131A  62+02 346+04 5602  080+002
Y134A 59401 135401 2304005 031+002
T1385  5.08+007 1260+£008 248+004 035+00]
V140A  601+0.08 185+04  308+008 047+002
1146V 580+0.05 5724006  099+001 -0.17+001
1151V 58+0.1 758005 1312002 -0.01+001

* These mutants were poorly expressed and could not be characterized

Hence, we quantified coupling free energies (AAAG)
obtained from binding experiments involving the vari-
ants of Grb2 full-length. Specifically, the double mutant
comprises both a protein truncation and a site-specific
mutation, whereas the single mutants correspond either
to the truncation alone or to a site-directed mutation
introduced in the Grb2 wild-type. Figure 4 provides a
simplified sketch to understand the mutations in the dou-
ble mutant cycle. All variants were analyzed in complex
with the SHP2,,_.-; peptide.

The calculated AAAG values obtained from the bind-
ing interaction of SH2 domain variants and SHP254 55,
peptide are reported in Table 3. A value of AAAG=0
represents that the mutated residues in the SH2 domain
are not influenced by the flanking C-SH3 and N-SH3
domains during binding to the SHP253,55 peptide,
whereas a value of AAAG =0 indicates that the mutated
residues in the SH2 domain are affected by the adjacent
domains. Figure 5 (A) compares the AAG measured
upon mutation of the isolated SH2 domain versus the
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full-length protein construct. It is evident that the data
set is consistent with a linear behavior and most of the
mutants are consistent with a line starting at the origin
and displaying a slope of 1. The only mutants that devi-
ate from this line are F62A, which is located at the inter-
face between SH2 and C-SH3; and F108, F119, V123, and
F125, which are located very close to the binding site, as
shown in Fig. 5 (B).

We observed small perturbations in most residues, and
only 3 of 21 residues (F62, F119, and F125) presented a
significant value of AAAG upon mutation (in the case
of binding experiments performed by stopped-flow
analysis, it was shown previously that a reliable value
of AAAG should exceed the quantity of >0.4 kcal mol™,
which represents a conservative threshold well above the
experimental uncertainty in stopped-flow—based double
mutant cycle analyses.) [27, 28].

In the present dataset, the standard deviations asso-
ciated with AAAG values are typically in the range
of +0.02-0.06 kcal mol™ (Table 3). Accordingly, the
+0.4 kcal mol™* threshold corresponds to a signal that is
at least 6-15 times larger than the experimental uncer-
tainty. Even if a more permissive criterion based on 2 SD
(=0.1-0.15 kcal mol™) were adopted, the overall con-
clusions would remain unchanged, as the vast majority
of residues would still display minimal coupling and no
extended allosteric network would emerge.

Probing the effect of C-SH3 ligands on the contiguous SH2
domain

In our previous work, we demonstrated that the C-SH3
domain of Grb2 is capable of sensing the binding state
of the adjacent SH2 domain, revealing a clear allosteric
communication pathway in the SH2 — C-SH3 direc-
tion(20). This raised the question of whether this com-
munication is bidirectional or instead asymmetric—i.e.,
whether the central SH2 domain is similarly influenced
by the binding state of its flanking SH3 domains.

To address this, we set out to test the opposite direc-
tion of communication, examining whether occupancy of
the C-SH3 domain affects the ligand-binding properties
of the SH2 domain. To do so, we compared previously
acquired kinetic data for full-length Grb2 binding to the
SHP2,,, 55, peptide with new experiments in which the
C-SH3 domain was placed in a bound state using a pep-
tide mimicking its physiological ligand Gab2g); ¢, A
schematic representation of this experimental design is
shown in Fig. 6 (A).

We considered the variants that present a different
behavior when comparing the isolated domain con-
struct versus the full-length Grb2, namely: F62A, F108A,
F119A, V123A, and F125A (Fig. 6 (B)). The pseudo-first
order binding plots of these mutants in the presence and
in absence of a saturating concentration of Gab2g; 5,, are
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Fig. 3 Kinetic parameters of the binding reaction of SH2 of Grb2 full length and its site-directed mutants with SHP2s5,_s5; Dependences of k,,,, values of
the binding interaction between Grb2 WT (black) and 26 site-directed variants of the SH2 domain (orange) in the context of the full-length protein, with

different concentrations of SHP2g5,_ss;. Lines represent the best fit to Eq. 1

reported in Fig. 6 (B) and the calculated parameters are
reported in Table 4.

In contrast with our earlier finding, the present data-
set shows no comparable influence of the SH3 domains
on SH2-mediated binding. Every single-site mutation
probed in the full-length construct produced kinetic
and thermodynamic parameters that closely matched
those obtained for the isolated SH2 domain. Importantly,
in the presence of Gab2gy;_5,,, none of the AAG values
approached or exceeded the established threshold of
0.4 kcal mol™, the conventional criterion for meaningful
allosteric coupling in stopped-flow double-mutant cycles.
The near-identity of k,,, k,» and K}, values across all

on’
variants further supports the absence of any measurable

energetic communication transmitted from the SH3
domains to the SH2 binding interface. Taken together,
these results indicate that, at variance with the previ-
ously observed communication from SH2 to C-SH3, the
reverse SH3 — SH2 direction is essentially silent, high-
lighting a clear asymmetry and a remarkable degree of
energetic robustness of the SH2 domain in its native tri-
partite context.

Discussion

Scaffolding and adaptor proteins are central organizers
of intracellular communication, ensuring that signal-
ing reactions occur with spatial and temporal precision.
Their modular architecture—typically composed of
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Table 2 Kinetic parameters of the binding reaction of Grb2 Full-
length WT and variants with SHP2:5, s,
Grb2 Full Length

kop (UM™Ts™Y)  kopr(s™) K, (uM)  AAG (kcal mol™")

wWT 62+0.1 7004006  1.13+£003 -

F6IA  586+007 730£003  1.24£002 006+002
F62A  45+0.1 972£004  217£004 037£002
l65V  7.2+0.1 4904007 068+002 -0.28+002
A68G  60£0.1 830£005 138003 0.11£002
A70G 3601 898+005 2514008 045+002
L84A  6.07+007 10.10£005 167+002 022+002
185V 43+0.1 523+002 123+003 005+002
A91G 4004008 5174002 1294003 008+0.02
FOSA  63+02 635+003 1.01£003 -006+002
L97A  6.00+0.08 11.80£008 1.97+003 031002
VO9A  69+0.1 974+008 142+003 0.13+002
FIO1A  7.55+007 500£003 066001 -030+002
VI05A 68401 5804004 085+002 -0.16+002
FI08A 6.2+02 311£07 5002  083+003
L111A  802+020 330£05 4101 073%002
A115G  7.40+0.08 706+003  096+001 -0.09+002
Y118A  7.1+03 64201 090+004 -0.13+003
FI19A  72+0. 11.6£0.1  1.60£003 020002
L120A% - - - -

VI22A  73+0.1 806+005 1.10£002 -001+002
VI23A 94402 254402 2714007 0494002
FI25A  10.1+06 257+22 2503 046x006
L131A* - - - -

Y134A  68+0.1 122401 1.80+004 026+002
T1385 7201 132+£0.1  1.84+003 028+002
V140A  65+02 175£03  27+01  048+002
1146V 7.0£0.1 568+002 081001 -0.18+002
51V 65+0.1 630£007 098002 -0.08+002

* These mutants were poorly expressed and could not be characterized

independently folded domains linked by flexible or semi-
rigid connectors—allows them to integrate multiple
inputs while distributing outputs to diverse downstream
pathways [29-31].

Grb2 exemplifies this design principle: through its
SH2 and dual SH3 domains, it nucleates the assembly
of receptor-proximal signaling complexes and couples
phosphorylated receptors to Ras activation. Understand-
ing whether these domains operate independently or
communicate energetically is therefore fundamental not
only for elucidating the biophysics of Grb2 itself but also
for understanding how signaling networks leverage mod-
ularity to achieve specificity and robustness [19, 20, 32].

In this context, our study examined how the flanking
SH3 domains influence the binding interaction mediated
by the central SH2 domain. Although allosteric interac-
tions have been described within multi-domain signal-
ing proteins, the extent of interdomain communication
can vary dramatically, ranging from strongly cooperative
to functionally insulated [33-39]. Prior work on Grb2
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AlphaFold, and the image was created with UCSF Chimera

Table 3 Coupling free energies (AAAG) of SH2 domain variants

Mutants AAAG (kcal mol™")
F61A 0.00+0.02
F62A 040+0.02
A68G 0.01+0.03
185V 0.10+0.02
A91G 0.06+0.02
FI95A 0.14+0.08
VO9A -0.09+0.03
F1I0TA -0.04+0.02
V105A -0.11+£0.02
F108A 0.20+0.04
A115G -0.03+0.02
Y118A -0.15+0.03
F119A -046+0.03
V122A -0.06+0.02
V123A -0.27+0.03
F125A -0.61+0.06
Y134A -0.04+0.02
T138S -0.07+£0.02
V140A 0.01+£0.03
1146V -0.02+0.02
1151V -0.07+0.02

demonstrated that the SH2 domain can modulate bind-
ing of the C-SH3 domain, suggesting that the protein
may possess inherent allosteric circuitry [19, 20]. Here,
by interrogating the reverse direction of information
flow, we sought to determine whether the SH3 domains
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Fig. 5 Comparison between the variants of the isolated SH2 domain and the full-length Grb2. (A) Comparison of the AAG, values upon mutation for
the isolated SH2 domain versus the full-length protein. (B) On the right, the cartoon representation, created with USCF Chimera, of sequence alignment
of the full-length Grb2 protein (PDB: 1GRI) and the SH2 domain bound to pY-X-N containing sequences (where X denotes any amino acid, and N denotes
asparagine) (PDB: 3N7Y, 1CJ1, 3N84). Structural distribution of the residues (highlighted in yellow on the SH2 domain structure) that have a different
behavior upon mutation on the isolated domain compared to the full-length protein

reciprocally tune SH2-mediated ligand recognition. Our
kinetic data indicate that, for the majority of SH2 resi-
dues examined, binding to the SHP2-derived peptide is
minimally affected by the presence of the adjacent SH3
domains. This observation situates Grb2 within a class of
adaptor proteins whose domains retain substantial ener-
getic autonomy, despite being arranged in close prox-
imity [19, 20]. Such autonomy may be advantageous in
signaling contexts where domains must bind partners
independently or in a sequential manner without impos-
ing unnecessary energetic constraints on one another
[40].

Nevertheless, our results also reveal discrete points of
communication. Double mutant cycle analysis identi-
fied three residues—F62, F119, and F125—that exhibit
significant coupling free energies when comparing the
isolated SH2 domain to the full-length protein. These
positions cluster at the SH2/C-SH3 interface or near the
ligand-binding pocket, regions structurally poised to
mediate interdomain interactions. Their sensitivity sug-
gests that interdomain communication in Grb2 is not
globally distributed but transmitted through specific
residues that act as conduits of energetic coupling. This
pattern reflects an emerging principle in modular pro-
teins: allosteric effects often propagate through sparse,
evolutionarily conserved networks rather than through

wholesale rearrangements of the domain [32, 41, 42]. The
comparison between AAG values in the isolated versus
full-length constructs further underscores this idea. The
strongly linear relationship across most variants indicates
that the SH2 domain largely behaves as an independent
folding and binding module. Deviations from this linear-
ity highlight the residues where domain—domain inter-
actions exert measurable influence, aligning with the
coupling energies observed in the double mutant cycles
[26].

We also explored whether occupation of the C-SH3
domain by its physiological partner Gab2 enhances or
reshapes this communication. In some signaling proteins,
ligand binding at one domain induces conformational
changes or shifts in domain orientation that influence
the activity of adjacent modules. Under our experimental
conditions, however, engagement of the C-SH3 domain
produced only subtle effects on SH2 binding energetics.
No variant exhibited a AAG exceeding the threshold typ-
ically associated with meaningful allosteric modulation
in stopped-flow experiments. These modest changes sug-
gest either that SH3 engagement does not substantially
perturb SH2 function or that a more complex multivalent
or membrane-associated environment—one that more
closely mimics the cellular context—may be required to
reveal stronger coupling. We note that a higher fraction
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Fig. 6 Kinetic binding experiments between Grb2 and a peptide mimicking SHP2 in absence or in presence of Gab2s3.5,4. (A) A schematic representa-
tion of the stopped-flow experiments performed in this study: full-length Grb2 protein with its physiological SH2 domain ligand, SHP245.s5;. The C-SH3
domain was pre-bound to Gab2s; 5., a peptide mimicking its physiological partner. (B) Kinetic experiments were performed on mutants that show
different behavior between the isolated SH2 domain and the full-length protein, in the absence (black) and presence (dark green) of Gab2sy; 554

Table 4 Kinetic parameters of the binding reaction of Grb2 FL
variants with SHP245,_ss; in the presence of Gab2yy; 55,
Grb2 Full Length variants in presence of Gab25,;_s,,

kop UM7's™Y) ko (s7T) Kp (uM)  AAG (kcal mol™")
F62A  64+0.1 11.50+£0.08 1.80+0.04 0.11+£0.02
F108A 69+02 423+20 6.1+0.3 -0.11£0.04
F119A  82=£0.1 13.2%0.1 1.62+003 -001+0.02
V123A 64£02 286+04 45+0.1 -0.28+0.02
F125A 88=+03 341403 39+0.1 -0.24+0.06

of poorly expressed or unstable mutants was observed in
regions of the SH2 domain enriched in a-helical struc-
ture compared to B-sheet regions. This behavior likely
reflects stricter structural constraints in the helical seg-
ments, which play a key role in maintaining the overall
fold and stability of the SH2 domain and are therefore
less tolerant to even conservative substitutions. Impor-
tantly, this reduced mutational tolerance should not be
directly interpreted as evidence of reduced allosteric
potential, but rather as a consequence of local stability
requirements. Accordingly, the limited allosteric cou-
pling observed in SH2 is more appropriately attributed to
energetic robustness than to structural rigidity.

Taken together, our findings position Grb2 as a pre-
dominantly modular adaptor in which the SH2 domain

maintains robust autonomy but retains specific points of
interdomain sensitivity. This hybrid architecture—mostly
independent but selectively interconnected—may reflect
the competing demands of signaling fidelity and regula-
tory flexibility [9, 43]. Autonomous domains allow Grb2
to interact with distinct partners simultaneously, while
limited communication could enable context-dependent
fine-tuning of affinity, especially in crowded cellular envi-
ronments or upon formation of higher-order signaling
assemblies.

Overall, this work contributes a quantitative descrip-
tion of how energetic communication is distributed
within Grb2 and underscores the importance of consid-
ering both domain independence and selective crosstalk
when interpreting the behavior of multi-domain signal-
ing proteins. Future studies incorporating additional
ligands, multivalent complexes, or structural dynam-
ics approaches may further illuminate how these subtle
energetic couplings contribute to the broader logic of sig-
nal transduction.
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