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SHP2 is a ubiquitous protein tyrosine phosphatase, whose activity is regulated by phosphotyrosine (pY)-
containing peptides generated in response to extracellular stimuli. Its crystal structure reveals a closed,
auto-inhibited conformation in which the N-terminal Src homology 2 (N-SH2) domain occludes the cat-
alytic site of the phosphatase (PTP) domain. High-affinity mono-phosphorylated peptides promote cat-
alytic activity by binding to N-SH2 and disrupting the interaction with the PTP. The mechanism
behind this process is not entirely clear, especially because N-SH2 is incapable of accommodating com-

Ig;};‘;ords" plete peptide binding when SHP2 is in the auto-inhibited state. Here, we show that pY performs an essen-
PD-1 tial role in this process; in addition to its contribution to overall peptide-binding energy, pY-recognition

leads to enhanced dynamics of the N-SH2 EF and BG loops via an allosteric communication network,
which destabilizes the N-SH2-PTP interaction surface and simultaneously generates a fully accessible
binding pocket for the C-terminal half of the phosphopeptide. Subsequently, full binding of the phospho-
peptide is associated with the stabilization of activated SHP2. We demonstrate that this allosteric net-
work exists only in N-SH2, which is directly involved in the regulation of SHP2 activity, while the C-
terminal SH2 domain (C-SH2) functions primarily to recruit high-affinity bidentate phosphopeptides.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
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commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cellular signaling cascades require precise spatiotemporal con-
trol of multiple binding events and thus rely on coordinated tuning
of affinities and specificities within the relevant molecular net-
works [1]. In signaling pathways based on tyrosine phosphoryla-
tion, phosphotyrosine (pY) residues, generated by protein
tyrosine kinases (PTKs), are recognized by specialized protein mod-
ules, of which Src homology 2 (SH2) domains are by far the most
prevalent and well-characterized [2,3]. SH2 domains consist of a
globular fold of approximately 100 amino acids, with a three-
stranded antiparallel B-sheet core flanked by two o-helices
(Fig. 1A) [4]. Peptides that carry a pY mark (phosphopeptides) usu-
ally bind to their cognate SH2 domains in an extended conforma-
tion, with the peptide backbone arranged perpendicularly to the
central B sheet; the pY is held in place by a network of salt bridges,
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where the invariant residue ArgBB5 (secondary-structure and
amino-acid nomenclature according to Eck and coworkers [5], Fig-
ure STA) plays a central role. Further interactions with residues
adjacent to pY confer specificity, and thus make SH2 domains mod-
erately selective, despite their structural invariance [6,7]. In most
cases, a hydrophobic patch flanked by the EF and BG loops makes
extensive contacts with phosphopeptide residues C-terminal to the
pY [8].

Interestingly, some SH2 domains have evolved the ability to
regulate the activity of catalytic domains that are part of the same
protein. Protein tyrosine phosphatase SHP2, a 70-kDa protein
encoded by the ptpn11 gene on chromosome 12 [9], is comprised
of two SH2 domains arranged in tandem (termed N-SH2 and C-
SH2), a catalytic PTP domain and a disordered C-terminal tail with
hitherto unclear function (Figure S1B) [10]. In its basal state, SHP2
is almost inactive, due to the inhibitory intramolecular interaction
of the N-SH2 and PTP domains; the binding of phosphopeptides
triggers a conformational change that opposes the binding of the
N-SH2 domain to the PTP catalytic site, thereby activating the
phosphatase (Figure S1C) [11]. Notably, bidentate peptides, with
two properly spaced pY residues, are much stronger activators
than mono-phosphorylated peptides [12,13].
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Fig. 1. Binding of SHP-2 SH2 domains to phosphopeptides of different composition. (A) The architecture of SHP2 N-SH2 bound to IRS1-pY1172 highlights the features of a
typical SH2 domain-phosphopeptide complex; secondary structure elements (black labels) and peptide residues (red labels) are named according to the scheme introduced
by Eck et al., 1993 (see also figure S1A). (B) Schematics of the three proteins involved in this study, showing the sites subject to tyrosine phosphorylation. (C) Upper left panel:
sequences of the peptides used in this study. Upper right: Kp values determined for PD-1-, IRS1- and SHP2-derived phosphopeptides binding either N-SH2 or C-SH2. The Kp
values determined by surface plasmon resonance are taken from the literature [19]; those determined by ITC were measured in this work. Lower panel: 'H,'>N-HSQC spectra
of N-SH2 and C-SH2 in the presence of increasing concentrations of peptide. The species present in each sample are indicated above the individual spectra. The protein
concentration was 200 pM and all spectra were measured on a 600 MHz spectrometer at 298 K. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

As an almost unique example of a protein tyrosine phosphatase
with positive rather than negative signaling function, SHP2 is
involved in several signaling pathways, including Ras/MAPK, PI3K
and PD-1 (Fig. 1B) [14-16]. Immune checkpoint receptor PD-1
(Programmed Death-1) recruits and activates SHP2 with two phos-
phorylated tyrosines, Y223 and Y248, embedded in the Immune
Tyrosine Inhibitory Motif (ITIM) and the Immune Tyrosine Switch
Motif (ITSM), respectively [17,18]. This interaction results in a
reduction of the functionality of T lymphocytes and may also be
exploited by cancer cells to evade immune surveillance [14]. In
other cellular pathways, phosphotyrosine sites of the IRS1 (Insulin
Receptor Substrate 1) disordered C-terminus, such as pY1172 and
pY1222, activate SHP2 [19]. IRS1 is a large scaffolding protein that
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plays a key role in transmitting signals originating from insulin and
insulin-like growth factor (IGF) [20]; nevertheless, the role of the
SHP2-IRS1 interaction is poorly characterized. Finally, the disor-
dered C-terminus of SHP2 itself also contains two phosphorylation
sites, Y542 and Y580 (Figure S1B) [9], whose role is still under
debate: they are thought to recruit other proteins, including Grb2
[21-23], but their cis interaction with the N-SH2 and C-SH2
domains of SHP2 has also been proposed [24,25].

The two SH2 domains of SHP2 have a unique feature, shared
only with the SH2 domains of the closely related tyrosine phos-
phatase SHP1, namely the presence of a glycine instead of an argi-
nine at position oA2. As a consequence, the phosphopeptides that
bind these SH2 domains carry a hydrophobic residue at position
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pY-2 (two amino acids before pY) [26,27]. Apart from this common
feature, the N-SH2 and C-SH2 domains are functionally very differ-
ent and their peptide binders have non-overlapping consensus
motifs: C-SH2 is selective for peptides with sequence (T/V/I/y)
XpY(A/s[t)X(I/V/L), while N-SH2 is more promiscuous and its bind-
ing partners can be divided into four different classes, based on
their consensus sequence [28]. Furthermore, N-SH2 is directly
responsible for the functional regulation of SHP2: in the basal state,
the DE loop of N-SH2 is deeply inserted in the catalytic pocket of
the PTP domain, blocking phosphatase activity. Phosphopeptide
binding to N-SH2 is associated with a conformational change in
the EF and BG loops, which reduces the degree of surface comple-
mentarity between the N-SH2 and PTP domains and prevents their
intramolecular interaction (Figure S1C). Conversely, C-SH2 appears
to play a role in the PTP activation only via bidentate phosphopep-
tides, which simultaneously engage both SH2 domains to ensure
maximum stimulation of SHP2 activity [17]. Unlike N-SH2, the
structure of C-SH2 is largely unaffected by peptide binding [11].

Here, we study the SH2 domains of SHP2 to understand how
small variations in protein sequence and dynamics influence bind-
ing specificity and how binding of pY-containing peptides is cou-
pled to the regulation of enzymatic activity. We select three
SHP2-binding motifs, corresponding to phosphopeptides derived
from IRS1 (pY1172 and pY1222), PD-1 (ITIM and ITSM) and the dis-
ordered C-terminus of SHP2 itself (pY542 and pY580) and rational-
ize the differences in their binding affinities. By employing a
combination of solution-state nuclear magnetic resonance (NMR)
spectroscopy and molecular dynamics (MD) simulations, we study
the structural and dynamic properties of the SHP2 SH2 domains in
isolation and in the presence of either pY or pY-containing peptides
PD-1 ITIM and ITSM, and reveal a dynamic network that couples
phosphotyrosine binding to SHP2 activation. We find that the cen-
tral B-strands BC and BD mediate a significant coupling between
the pY-binding site and the EF and BG loops of N-SH2. A similar
allosteric coupling has previously been found in an analysis of
the conformational space of peptide-bound N-SH2 [29,30]. Here
we demonstrate that pY-binding alone is responsible for activating
this allosteric network by inducing coupled dynamics of the BC, EF
and BG loops, as well as of the tip of BD preceding the DE loop.
Some conformational states induced by pY-binding disfavor the
interaction of the N-SH2 domain with the PTP domain within
SHP2, indicating that the pY-binding component of the phospho-
peptide interaction with N-SH2 is principally responsible for
increasing the fractional population of open, catalytically active
SHP2. The coupling between the pY-binding site and the EF loop
is weaker in C-SH2 than in N-SH2, in agreement with their differ-
ent roles in SHP2 activation.

2. Experimental procedures
2.1. Protein expression and purification

The DNA sequences of N-SH2 (SHP2'-'%%) and C-SH2
(SHP2196-220) \were cloned into the pETM22 expression vector
(EMBL Collection) and expressed as fusion proteins with a
cleavable Hisg-thioredoxin tag. The “superbinder” N-SH2 construct
(N-SH2 N37V/[T42A/K55V) was produced with the QuikChange
Lightning Site-Directed Mutagenesis protocol (Agilent Technologies).
All constructs were confirmed by DNA sequencing.

Recombinant protein expression was performed in Tuner (DE3)
cells (Merck): after transformation, the cells were grown at 37 °C in
2-liter flasks (250 rpm) until an optical density (ODggo) of 0.6-0.8
was reached. Afterwards, the cultures were quickly cooled in a
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water-ice mix, and protein expression was induced with 0.1 mM
isopropyl B-d-1-thiogalactopyranoside (IPTG) and continued for
20 h at 20 °C. Preparation of unlabeled samples (for ITC) was
achieved by growing the cells in Luria-Bertani broth (LB), whereas
the samples that required isotopic enrichment for NMR were pre-
pared by growing the bacteria in minimal medium containing '>-
NH4CI (1 g/l, Cambridge Isotope Laboratories) and '>C-D-glucose
(4 g/l, Cambridge Isotope Laboratories) as the sole nitrogen and
carbon sources, respectively. Once protein expression was com-
plete, the cultures were harvested, pelleted and frozen at -20 °C
until further use.

Protein purification began with the lysis of the cells by sonica-
tion in lysis buffer (1 M NaCl, 50 mM Tris-HCl, 5% glycerol, 10 mM
imidazole, 5 mM B-mercaptoethanol, pH 7.6) supplemented with
one tablet of EDTA-free cOmplete™ protease inhibitors (Roche),
100 pg of lysozyme (Roth) and 50 pg of DNAse (NEB). After cen-
trifugation (18000 g for one hour at 4 °C) and filtration through a
sterile 0.2-um syringe filter, the supernatant was loaded on a
HisTrap HP column (GE Healthcare), previously equilibrated with
wash buffer (1 M NaCl, 50 mM Tris-HCI, 5% glycerol, 10 mM imida-
zole, 5 mM B-mercaptoethanol, pH 7.6). After loading, the column
was washed with 10 column-volumes (CV) of wash buffer and the
His-tagged protein was eluted with 5 CV of elution buffer (1 M
NaCl, 50 mM Tris-HCl, 5% glycerol, 500 mM imidazole, 5 mM B-
mercaptoethanol, pH 7.6). The Hisg-thioredoxin tag was removed
by incubating the eluate with 3C protease (1:100 protease:protein
ratio) at 4 °C overnight, while dialyzing against 2 L of wash bulffer.
The following day, another HisTrap affinity chromatography was
performed and the protein of interest was retrieved in the flow-
through, which was then concentrated to a final volume of 1-
2 ml and loaded on a HiLoad 16/600 Superdex 75 pg column (GE
Healthcare), previously equilibrated with NMR buffer (100 mM
MES, 150 mM NaCl, 3 mM TCEP, 0.05% NaNs, pH 6.8). The fractions
containing the pure protein were pooled, the protein was concen-
trated to the desired concentration and either used immediately or
flash-frozen with liquid nitrogen for long-term storage at —80 °C.

2.2. Ligands

The peptides used in this study (PD-1 ITIM: FSVDpYGELDFQ,
PD-1 ITSM: EQTEpYATIVFP, IRS1-pY1172: GLNpYIDLDLYV,
IRS1-pY1222: LSTpYASINFQ, SHP2-pY542: KRKGHEpPYTNIKYS,
SHP2-pY580: EDSARVPYENVGLE) were purchased from Caslo ApS
(Lyngby, Denmark). All of them were synthesized with
N-terminal acetylation and C-terminal amidation. Stock solutions
were prepared by dissolving the lyophilized peptide in the appro-
priate buffer to a nominal concentration of 5 mM. If necessary, the
pH was corrected by addition of small volumes of 10 M NaOH.
Small aliquots of 20 pL were prepared and stored at -20 °C until
further use. In all cases, peptide concentration in the stock solu-
tions was confirmed by integration of appropriate methyl-group
proton peaks by NMR. Phosphotyrosine (O-Phospho-L-tyrosine)
was purchased from Toronto Research Chemicals (catalog number
P365000).

2.3. Isothermal titration calorimetry (ITC)

ITC experiments were carried out on a Nano ITC machine (TA
Instruments) in 100 mM MES (pH 6.8), 150 mM NacCl at 25 °C. Pep-
tides (1-1.5 mM) were titrated onto proteins (100-200 puM) in a
300-pL sample cell while stirring at 200 rpm. The data (Figure S2)
were analyzed with NanoAnalyze (v3.6.0, Ta Instruments) and the
Kp values were calculated from a single replicate using a single-
binding site model.
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2.4. NMR spectroscopy

NMR experiments were recorded on Bruker Avance Il HD spec-
trometers at 'H field-strengths of 600 MHz and 850 MHz, equipped
with cryogenic inverse HCN probe-heads (N,- and He-cooled,
respectively) and running Topspin 3.2 software. All experiments
were recorded at a temperature of 298 K. NMR samples were pre-
pared using uniformly-'>N-labelled protein at concentrations of
0.3-0.6 mM in NMR buffer (100 mM MES, 150 mM NaCl, 3 mM
TCEP, 0.05% NaN3, pH 6.8).

2D 'H-'>N correlation maps were recorded as 'H,'>N-HSQC
spectra, acquired with States-TPPI for frequency-discrimination
and with water suppression achieved via a combination of WATER-
GATE and water flip-back pulses to preserve the water magnetiza-
tion [31-33].

In all titration experiments, the protein concentration was
200 pM and the amide chemical shifts of U-'>N-labeled N-SH2 or
C-SH2 were monitored by acquiring a series of 'H,'>N-HSQC spec-
tra in the presence of increasing stoichiometric ratios of peptide.
Chemical-shift perturbations (CSPs) were calculated according to:

CSP = /5 [45 + (0.15 43)]

N[ —

where A8y and Ady denote the chemical-shift differences in the 'H
and N dimensions, respectively.

Backbone-amide °N relaxation rates (R; and Rip) were mea-
sured at a 'H field-strength of 600 MHz using established
proton-detected experiments based on a gradient-selected,
sensitivity-enhanced, refocused 'H,'>N-HSQC sequence [34-37].
The water signal was preserved using flip-back pulses and weak
bipolar gradients during the indirect chemical shift evolution time
to maintain the water magnetization along the +z axis. The relax-
ation delays were varied between 20 ms and 1.2 s for the R; exper-
iment, and between 3 ms and 100 ms for the R;, experiment. In the
R, sequence, N-H cross-relaxation pathways were suppressed by
application of 'H amide-selective IBURP-1 inversion pulses [38]
at intervals of 10 ms during the relaxation delay. In the Ry,
sequence, cross-relaxation was suppressed by application of
between one and four 'H amide-selective inversion pulses during
the >N spin-lock relaxation period [39] and the >N magnetization
was explicitly aligned with the spin-lock field [40], which was
applied at a field-strength of 2.5 kHz. Backbone-amide {'H}'>N
steady-state heteronuclear NOEs were measured using the stan-
dard method [41,42]. Water magnetization was preserved in the
reference spectrum as described above. Saturation of the amide
proton magnetization was achieved using a 5-s train of high-
power 180° pulses applied at 10.9-ms intervals [43]. The reference
and saturated spectra were recorded in an interleaved fashion,
using a long recycle delay of 15 s to ensure full recovery of the
water magnetization at the start of each increment of the reference
experiment.

Backbone-amide '°N relaxation-dispersion profiles were mea-
sured with the >N CPMG sequence of Hansen et al. [44] at static
H field-strengths of 600 MHz and 850 MHz (Figures S3&S4). Dur-
ing the CPMG period, transverse '°N magnetization is maintained
as pure in-phase coherence via the application of high-power 'H
continuous-wave (CW) decoupling, in which the exact 'H CW
field-strength is varied slightly according to the >N CPMG field-
strength so that v('H-CW) = 2-k-vepmc for all vepme (k integer).
The pulse-sequence was implemented with both 'H and °N
temperature-compensation elements so that RF heating effects
were constant for all vepyg field-strengths and for the reference
plane. With the exception of the data for the N-SH2 (apo) sample
at 600 MHz, all CPMG data-sets were measured using a constant-
time delay of 50 ms, and the CPMG field-strength was varied
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between 20 and 1200 Hz. For the N-SH2 (apo) sample at
600 MHz, the constant-time delay was 40 ms, and the CPMG
field-strength was varied between 25 and 1000 Hz.

All NMR spectra were processed/visualized with a combination
of NMRPipe v10.1 [45] and CcpNmr Analysis v2.4 [46]. Relaxation
spectra were processed with partial Lorentzian-to-Gaussian
apodization in both frequency dimensions and limited linear-
prediction in the >N dimension. Peak intensities were quantified
by lineshape-fitting with FuDA [47].

Backbone-amide R; and Ry, rates and {'H}'°N steady-state
heteronuclear NOEs were analysed within the model-free frame-
work of Lipari & Szabo [48,49] using the program TENSOR2 [50]
to fit the relaxation data to the model-free spectral-density and
extract the global rotational diffusion tensor, local order-
parameters (S?) and, where necessary, local correlation times.
The differences in the amide-specific conformational entropies
between two states A and B were calculated according to the
equation:

which holds either for uncorrelated motions of individual vectors or
for order parameters S° > 0.75 both in the presence and in the
absence of correlated motions [51,52].

CPMG relaxation-dispersion profiles were analysed using the
software package ChemEx [53]. Profiles recorded at both static
field-strengths were fitted simultaneously on a residue-by-
residue basis to a simple two-state exchange model with variable
parameters key (exchange-rate), p, (minor-state population), A,
(frequency-difference between major and minor states) and RS
(exchange-free transverse relaxation rate) and using an {Ix, Iy, Iz}
spin-operator basis-set for integration of the spin-evolution during
the CPMG element. The overall exchange contributions, R; .,, were
extracted from the back-calculated profiles as described in the
main text.

1-5;

1-S;

AS = kg log(

2.5. Homology modeling

The models for N-SH2-IRS1-pY1172, N-SH2-IRS1-pY1222,
C-SH2-IRS1-pY1172, C-SH2-IRS1-pY1222, N-SH2-SHP2-pY542,
N-SH2-SHP2-pY580, C-SH2-SHP2-pY542, C-SH2-SHP2-pY580
and C-SH2-ITIM were generated with Modeller, version 9.23
[54,55]. The template structures used for the modeling were
N-SH2-ITIM (PDB code 6ROY), N-SH2-ITSM (PDB code 6ROZ),
C-SH2-ITSM (PDB code 6R5G) and N-SH2-GAB1 (PDB code
4QSY). The root-mean-square deviations (RMSDs) from the
template structures are given in Table S1.

2.6. Molecular dynamics

Molecular dynamics (MD) simulations were performed with
the GROMACS 2019.3 software package [56,57], using the
AMBER99SB-ILDN parameter set [58]. The initial atomic coordi-
nates were taken from crystallographic (N-SH2: PDB code 1AYD,
N-SH2-pY: modified from PDB code 6ROZ) or NMR (C-SH2: PDB
code 2SHP, C-SH2-pY: modified from PDB code 6R5G) structures.
The “superbinder” N-SH2 domain (N-SH2 N37V/T42A/K55V) and
its complex with pY were generated by in-silico mutagenesis with
PyMOL (The PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC). The topology and parameters for the pY peptide
(Ac-GpYG-NH,) were obtained from the GAFF force-field [59] with
the ACPYPE server [60]. Each protein or protein complex was
placed at the center of a dodecahedral box filled with TIP3P water
molecules [61], with at least 1 nm of solvent on all sides. Long-
range electrostatic interactions were computed with the particle-
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mesh Ewald (PME) scheme [62], while short-range non-bonded
interactions were truncated at 1 nm. After solvation and neutral-
ization with an appropriate number of counter-ions, each system
was minimized once by steepest descent. Afterwards, five indepen-
dent replicas with different assignments of the initial velocities
were prepared from the energy-minimized systems. Each replica
underwent two 1-ns rounds of solvent equilibration (NVT and
NPT ensembles) to bring it to the target temperature of 310 K
and target pressure of 1 bar, while protein and peptide atomic
positions were restrained with a harmonic potential. Protein
bond-lengths involving H were constrained with LINCS [63], while
the bond-lengths and bond-angles of water molecules were con-
strained with SETTLE [64]. Temperature coupling was achieved
by velocity rescaling with a stochastic term [65] and, when neces-
sary, the pressure was fixed with the Parrinello-Rahman barostat
[66]. After solvent relaxation, each replica underwent a 250-ns
run of productive MD simulation in the NPT ensemble. After
removal of the initial 5 ns, the five trajectories were merged to
yield an aggregated 1.225-ps trajectory for analysis. Equilibration
of the structures was complete after 5 ns (Figure S5).

Free-energy landscapes (FEL) were calculated using the GRO-
MACS tool “sham”, which generates Gibbs free energy landscapes
by Boltzmann inversion of multi-dimensional distribution his-
tograms of the quantities of interest.

2.7. Correlation network analysis

The Bio3D v2.3 package [67] was used for the analysis of corre-
lated motions. Correlations of atomic displacement were calcu-
lated for each C* pair as Linear Mutual Information (LMI) values
and stored into five different matrices (one per replica, after
removal of the initial 50 ns), according to the following equation:

LMI(x;, %) = 0.5[In (det ;) +In (det C;) —In (det Cy)] where G;
and C; are the marginal-covariance matrices for the displacements
of C* atom i and for C* atoms i & j, respectively. 50 ns were
removed instead of only the 5 ns necessary for equilibration due
to hardware limitations in handling the long trajectories. A consen-
sus matrix containing average LMI values was built from the five
individual LMI matrices, in which zero values were assigned to a
C* pair if their LMI was not greater than 0.5 for all replicas and/
or if they were separated by more than 10 A in at least 70% of
cumulative trajectory frames; application of this filter required
previous calculation of a contact map that stored all inter-C*
pairwise distances [68,69]. In the construction of the correlation
network, the nodes represent C* atoms and node-pairs are con-
nected through edges that are weighted by minus the logarithm
of their LMI values. Community analysis, node centrality and
sub-optimal path calculations were performed with Bio3D.
Betweenness centrality (defined as the number of unique shortest
paths crossing a node) was used as the measure of node centrality.
The parameters for the analysis of sub-optimal paths were the
source and sink nodes, as well as the total number of paths to be
calculated, which was set to 250.

3. Results
3.1. Binding specificity: A comparison of the residues C-terminal to pY

The sequence determinants of the affinity of phosphopeptides
to SH2 domains have been the subject of numerous studies [70-
74]. Here, we use NMR spectroscopy, available structures and
homology modelling to rationalize the differences amongst a set
of six phosphopeptides that bind with different affinities to SHP2
N-SH2 and C-SH2 domains. Four of these phosphopeptides are
known activators of SHP2: PD-1 ITIM and ITSM, and IRS1-pY1172
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and -pY1222 (Fig. 1C); the other two comprise the SHP2 C-
terminal pY-motifs, containing pY542 and pY580, whose function
is still controversial.

The affinities of ITIM, ITSM, IRS1-pY1172 and IRS1-pY1222 for
SHP2 N-SH2 and C-SH2 had been determined previously, as had
the structures of N-SH2-ITIM, N-SH2-ITSM and C-SH2-ITSM
[17,19]. Here, we generated homology models of the complexes
N-SH2-IRS1-pY1172, N-SH2-IRS1-pY1222, C-SH2-IRS1-pY1172,
C-SH2-1IRS1-pY1222 and C-SH2-ITIM, as described in Methods.

IRS1-pY1172 is the strongest binder of N-SH2, followed by ITSM
(with one order-of-magnitude lower affinity) and then ITIM and
IRS1-pY1222 (with two orders-of-magnitude lower affinity). NMR
spectra indicate that neither SHP2-pY542 nor SHP2-pY580 bind
significantly to the N-SH2 domain (Fig. 1C), thus contradicting
the hypothesis that SHP2 could be auto-activated by its C-
terminal tail.

C-SH2 has the highest affinity for ITSM and IRS1-pY1222, which
both match the consensus binding sequence, followed by IRS1-
pY1172 and ITIM with affinities in the micromolar range. The
NMR spectra demonstrate no binding of C-SH2 to SHP2-pY580,
while SHP2-pY542 bound to CSH2 with a dissociation constant
Kp of 28 uM, as determined by ITC (Fig. 1C and Figure S2).

Both N-SH2 and C-SH2 interact with phosphopeptides in a two-
pronged manner, with one binding pocket, delimited by BB, BC, BD,
oA and the BC loop, hosting the pY residue, and a second
hydrophobic pocket, delimited by CD, DE, EF, BG, D and oB,
accommodating residues C-terminal to pY. The affinity of the pep-
tides for N-SH2 correlates strongly with the length of the side-
chain in position pY+1, which points towards residues T52, 154
and 196 of the second binding pocket. The homology model of
the N-SH2-IRS1-pY1172 complex shows that the long aliphatic
side-chain of I(+1) (Fig. 2A) makes a multitude of van der Waals
contacts with these residues; fewer contacts can be made by the
shorter A(+1) side-chain of ITSM and IRS1-pY1222 (Fig. 2B), while
no interactions occur with ITIM G(+1) (Fig. 2C). The T(+1) and E(+1)
residues of SHP2-pY542 and SHP2-pY580, respectively, do not
complement the hydrophobic character of the pocket. Thus, for
N-SH2, the affinity to the phosphopeptides tested here correlates
with the nature of the pY+1 amino acid.

Despite the conservation between the two SH2 domains of the
hydrophobic residues in the region contacting the pY+1 amino acid
(N-SH2/C-SH2:154/V171;196/L210), the affinities of the peptides for
C-SH2 do not show the same correlation with the length of the pY+1
side-chain. One possible explanation is that the hydrophobicity of
this region in C-SH2 is reduced by the presence of E204, whose
side-chain partially shields L210 (Fig. 2D). In N-SH2 the same
side-chain (E90/E204 in N-SH2/C-SH2) is moved away from 196 by
a salt-bridge with R47 (Fig. 2E), which cannot be formed in C-SH2
(R47|T153 in N-SH2/C-SH2). We propose that the reduced
hydrophobic character of this protein region lowers the dependency
of the binding free-energy on the nature of the pY+1 side-chain.

The side-chain of pY+2 is oriented towards the solvent and
would not appear to make significant contributions to the free
energy of binding. However, molecular dynamics simulations have
shown that an acidic amino acid at this position, as for example the
aspartic acid of the strongest N-SH2 binder IRS1-pY1172, can make
favorable electrostatic interactions with K89 and K91 of N-SH2
[30]. Both SHP2-pY542 and SHP2-pY580 have an asparagine in
position pY+2, which is required for binding to the SH2 domain
of Grb2 with a conformation different from the extended one
[75]. Thus, both the lack of a strong interaction with either N-
SH2 or C-SH2 of SHP-2 and the presence of N(+2) suggest that
the phosphorylated motifs of the C-terminal tail of SHP2 function
mainly to recruit Grb2.

A hydrophobic aliphatic residue at pY+3 is required for binding
to the SH2 domains of SHP2 (and to most SH2 domains in general)
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Fig. 2. Recognition of phosphopeptide sidechains at positions pY+1, pY+3 and pY+5. (A, B, C) Interactions between the hydrophobic cluster of N-SH2, formed by 154, L88 and
196, and the pY+1 residue of IRS1-pY1172, ITSM and ITIM, respectively. (D) Same region of the protein as in panels A-C, but for the C-SH2-ITSM complex. E204 in C-SH2
cannot form a salt-bridge with T153 (for which the corresponding residue in N-SH2 is R47) and thus shields L210 from interacting with the peptide residue pY+1. (E) Same as
panel B (N-SH2-ITIM complex), highlighting the salt-bridge between E90 and R47, which exposes 196 to the ITSM residue pY+1. (F) The pY+5 binding site of N-SH2 bound to
ITSM consists of a pentagonal arrangement of five hydrophobic residues (154, L65, Y81, L88 & 196), which also contact the side-chain of the pY+3 residue.

[5,7,76]. In agreement, all four binding phosphopeptides have an
isoleucine (IRS1-pY1222 and ITSM) or leucine (IRS1-pY1172 and
ITIM) residue at this position. In all complexes, this residue is
encapsulated in a pentagonal-shaped array of hydrophobic
residues, namely 154/V170, L65/V181, Y81/Y197, L88/M202 and
196/1210 in N-SH2/C-SH2 (Fig. 2F).

The role of the residue pY+4 is subtle: its side-chain points
towards the solvent, but is very close to the BG loop, with which
it could interact. The ITIM mutation D(+4)A causes either the asso-
ciation or the dissociation rate of the N-SH2-ITIM complex to
increase, as demonstrated by the behavior of the N-SH2 'H-'°N
NMR peaks upon titration of the peptide (transition from the
slow-exchange regime in the presence of ITIM to the
intermediate-exchange regime in the presence of the mutant ITIM,
Fig. 3B). The same mutation reduces affinity for C-SH2, as demon-
strated by the increase in the peptide:protein molar ratio necessary
to reach saturation of C-SH2 from 1:1 to 2:1 (Fig. 3B). In complex
with N-SH2, D(+4) may participate in transient electrostatic inter-
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actions with K89 and K91 of the BG loop (Fig. 3C). However, in
complex with C-SH2, these electrostatic interactions are not possi-
ble (K89/V203 and K91/T205 in N-SH2/C-SH2) and the detrimental
effect of the D(+4)A mutation cannot be rationalized in terms of
binding enthalpy. Nevertheless, the hydrophobic character of the
BG loop of C-SH2 matches the nature of V(+4) in the strongest
binding peptide ITSM (Fig. 3D), while IRS1-pY1222 with N(+4)
binds less strongly.

The interaction with residue pY+5 is particular to the SH2
domains of SHP2: this residue is invariably hydrophobic and very
often aromatic and interacts with the same hydrophobic patch that
surrounds pY+3 (Fig. 2F). The presence of a non-hydrophobic
amino acid at this position is strongly unfavorable, as demon-
strated by the reduction in affinity by two orders of magnitude
when comparing the VSPEPIpYATIDDL peptide with the ASPEPI-
PYATIDFD peptide [77].

The contribution of residues beyond pY+5 is negligible: both the
ITIM mutation Q(+6)A and extension of ITIM by two residues, W
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Fig. 3. Influence of phosphopeptide side-chains at positions pY+4 and pY+6 on binding affinities. (A) Sequences of the ITIM mutants used to study the role of amino acids at
position pY+4 and beyond pY+5. (B) 'H,'>N-HSQC spectra of N-SH2 and C-SH2 in the presence of increasing concentrations of wild-type and D(+4)A ITIM. (C) Although not
evident from the crystal structure, D(+4) may form transient electrostatic interactions with K89 and/or K91 of N-SH2; these interactions would not be possible with the D(+4)
A mutation. (D) K89 and K91 in N-SH2 are replaced by V203 and T205 in C-SH2, which makes this area substantially more hydrophobic, in agreement with the high affinity of
phosphopeptides possessing a hydrophobic residue at pY+4. (E) Overlay of 'H,'>N-HSQC spectra of N-SH2 with a 2:1 peptide:protein molar ratio; the peptide is either wild-
type ITIM or Q(+6)A ITIM. (F) Overlay of 'H,'>N-HSQC spectra of N-SH2 with a 2:1 peptide:protein molar ratio; the peptide is either wild-type ITIM or mutant ITIM containing
one (W) or two (WR) additional amino acids at the C-terminus. The protein concentration was 200 uM and all spectra were measured on a 600 MHz spectrometer at 298 K.

(+7) and R(+8), cause only minor local changes in the 'H->N NMR
spectrum of bound N-SH2 in comparison with the spectrum of N-
SH2 in complex with wild-type ITIM: the differences are localized
to the BG-loop residues K89 and K91 (Fig. 3E and 3F).

3.2. Influence of ITIM and ITSM binding on the dynamics of SHP2 SH2
domains

To establish whether the binding of either ITIM or ITSM affects
the dynamics of the SHP2 SH2 domains differently, and thus reveal
potential entropic contributions to the binding energy, we mea-
sured fast (sub-ns) and slow (200-ps-20-ms) time-scale dynamics
by NMR spectroscopy for both the N-SH2 and C-SH2 domains of
SHP2 in their apo, ITIM-bound and ITSM-bound forms.

15N R; and R, relaxation rates and {'H}'>N heteronuclear NOEs
were measured for the backbone amide groups of N-SH2, N-SH2-
ITIM, N-SH2-ITSM, C-SH2 and C-SH2-ITSM and fitted with the
Lipari-Szabo model-free formalism, as described in Methods. From
this analysis we extracted the global rotational correlation time T,
the degree of anisotropy of the rotational diffusion tensor, and the
S? order-parameter for each amide group, which is a measure of
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the magnitude of protein internal motions on the fast time-scale
(S? can vary between 0 and 1; larger internal motions correspond
to smaller values of S?). Information on some of the residues of
the apo N-SH2 BC and BG loops was missing because the corre-
sponding peaks were very weak (vide infra). The unbound, ITIM-
bound and ITSM-bound N-SH2 and C-SH2 domains can be
described as globular and approximately spherical entities with
rotational correlation times compatible with those predicted from
the monomeric state (Table S2). In the absence of phosphopeptide,
both N-SH2 and C-SH2 showed only limited internal motion on the
fast time-scale, with the exception of the long CD loop of C-SH2
(Fig. 4). The average S? order-parameter of C-SH2 (0.81) was lower
than that of N-SH2 (0.86). Addition of phosphopeptide did not sig-
nificantly perturb the overall backbone dynamics (Fig. 4), (average
values of the $? order-parameter: N-SH2-ITIM, 0.88; N-SH2-ITSM,
0.87; C-SH2-ITSM, 0.81). Nevertheless, a few subtle differences
were observed in functionally relevant areas of the two SH2
domains. To better understand these changes, we converted the
differences between the S? values of the phosphopeptide-bound
and unbound states of individual residues to the corresponding
changes in conformational entropy [52]. Despite neglecting
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Fig. 4. Fast dynamics of the N-SH2 and C-SH2 domains in their apo states and in complexes with phosphopeptides. S order parameters extracted from the fit of the '>N Ry, R,
and heteronuclear NOE data to the Lipari-Szabo model-free parametrization of fast motions. A. S? order parameters of N-SH2, N-SH2-ITIM and N-SH2-ITSM. B. S? order
parameters of C-SH2 and C-SH2-ITSM. The residue numbers are given on the x-axes. Secondary-structure elements are indicated along the sequence.

contributions from fluctuations with correlation time greater than
7. and entropy changes due to the ligand or the solvent, this anal-
ysis can reveal interesting residue-specific effects. The binding of
ITIM and ITSM was associated with an overall negative conforma-
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tional entropy change on the timescale probed by the NMR mea-
surements (up to 50 ps). This global reduction of fast motions
was more pronounced for N-SH2 compared to C-SH2 and for ITIM
compared to ITSM: AS(N-SH2-ITIM vs N-SH2) = —32.6 ] mol 'K ;
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AS(N-SH2-ITSM vs N-SH2) = —19.5 ] mol 'K~!; AS(C-SH2-ITIM vs
C-SH2) = —15.9 ] mol~'K~!; AS(C-SH2-ITSM vs C-SH2) = —3.7 ] mo
1"IK~! (overall entropy-changes were calculated as a sum of the
residue-specific entropy-changes, excluding residues with
$2 < 0.7). Locally, both ITIM and ITSM increased the conformational
entropy of the N-SH2 EF loop, while ITSM decreased that of the
same loop in C-SH2 (Fig. 5A). Moreover, binding of both peptides
rigidified the BG loop of both domains (Fig. 5A). Upon inspection
of individual sites, we observed that K89, in the BG loop of N-
SH2, showed an entropy increase in complex with ITSM but not
with ITIM. A possible explanation is that in complex with ITSM,
the area around K89 is completely dehydrated, presumably
because of the high hydrophobicity of the peptide (PDB code
6ROZ); in contrast, in complex with ITIM (PDB code 6ROY), K89
coordinates a water molecule, thus becoming less mobile
(Fig. 5B). In conclusion, the fast dynamics of the N-SH2- and C-
SH2-phosphopeptide complexes show some peptide- and
domain-specific effects, which can contribute to subtle differences
in the binding affinities.

Next, we probed the dynamics in the high-ps-ms timescale,
measuring transverse relaxation dispersion experiments on both
isolated N-SH2 and C-SH2 and their complexes with ITIM and
ITSM. We used a '>N Carl-Purcell-Meiboom-Gill (CPMG) experi-
ment, recorded at both 600 and 850 MHz, with CPMG field-
strengths varying between 20 and 1200 Hz applied for a
constant-time period of 50 ms. Under these conditions, conforma-
tional exchange dynamics can be measured with exchange rates,
kex, in the range ~50-5000 Hz. The experimental relaxation disper-
sion profiles of individual residues were fit to a two-site exchange
model using ChemEx [53]. The exchange contributions to the
transverse relaxation rates, R; .., were then calculated as the differ-
ence between the fitted transverse relaxation rates at the mini-
mum and maximum CPMG field-strengths
(Ry oy = Ro(VEin:) — R2(V33%.)). The value of the R;., parameter
can be roughly correlated with the extent of slow time-scale
dynamics at each amino-acid position.

In apo N-SH2, higher than average R; ., values were measured
for the DE and EF loops and for the tip of D before the DE loop.
In the BG loop, two amino acids showed enhanced dynamics,
together with the tip of the oB helix before the loop (Fig. 5C1
and Supplementary Figure S3). In the 'H-'>N correlation spectra,
a small number of amide groups of the BC and BG loops were
absent, probably due to fast exchange of the amide proton with
the solvent, and their relaxation dispersion could not be measured.
Overall, apo N-SH2 showed enhanced mobility on the high-pis-ms
timescale in regions that bind the peptide residues C-terminal to
the phosphotyrosine. Binding of both ITIM and ITSM diminished
the dynamics in both the DE and EF loops and the flanking BD.
The slow dynamics of the tip of B was quenched in both the N-
SH2-ITIM and N-SH2-ITSM complexes, while slow dynamics was
induced by both ITIM and ITSM in the 39KE®'K stretch (Fig. 5C1
and Supplementary Figure S3). In addition, ITIM and ITSM had dif-
ferent effects on the exchange-contributions of H85 and L88, which
were higher in the N-SH2-ITSM than in the N-SH2-ITIM complex.
By contrast, the increase of the slow dynamics of the 39KE°'K
stretch was more prominent in N-SH2-ITIM than in N-SH2-ITSM.
As for the fast dynamics, these variable effects may be due to the
different hydrophobicities of the C-terminal halves of ITIM and
ITSM.

Similar to the N-SH2 domain, exchange contributions to the '°N
transverse relaxation rates of the C-SH2 domain were quite small
overall. The peaks for a small number of amide groups of the CD
loop were absent, again probably due to fast exchange of the amide
proton with the solvent, and their relaxation dispersion could not
be measured. In the rest of the protein, the N-terminal tail, the
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DE and the EF loops and the BG loop together with the C-
terminus showed enhanced dynamics (Fig. 5C2 and Supplementary
Figure S4). The dynamics of the BG loop and the C-terminal part of
the protein were quenched by ITSM binding (Fig. 5C2 and Supple-
mentary Figure S4), in agreement with a stabilization of this region
due to the interaction with the C-terminal half of the peptide and
in qualitative agreement with the fast dynamics data (Fig. 5A). The
dynamics of the DE and EF loops were nearly unchanged in the
presence of the peptide, with the exception of V181 and G182,
which are in direct proximity to I(+3) in the hydrophobic speci-
ficity pocket and were partially rigidified by peptide binding, again
in agreement with the fast dynamics data (Fig. 5A).

In conclusion, peptide binding considerably reduces the slow
motions of the DE and EF loops of apo N-SH2, while it has a milder
effect on the less mobile DE and EF loops of apo C-SH2. By contrast,
the slow dynamics of the apo C-SH2 BG loop is quenched by pep-
tide binding, while that of the N-SH2 BG loop is changed in a
residue-specific manner. These distinct behaviors of the N-SH2
and C-SH2 domains may contribute to modulate their interactions
with phosphopeptides in different manners, according to their dif-
ferent functions.

3.3. A network of structural interactions connects the pY-binding site
with remote structural elements

Next, we asked whether pY in the phosphopeptide has a role in
inducing the structural changes of N-SH2 that are responsible for
its reduced affinity for the PTP domain, or whether it functions
solely to increase affinity. To address this question, we titrated
pY onto the SHP2 N-SH2 domain and followed the CSPs of the
TH-15N peaks (Fig. 6A). pY binds in the fast-exchange regime with
a Kp of 565 uM, as calculated by quantification of the NMR CSPs
(Fig. 6B). Binding of pY affected the chemical shifts of residues
located far from the pY-binding site, such as those in the EF and
DE loops (Fig. 6C). This observation suggests the presence of an
allosteric network, which propagates the structural changes
induced in the BC loop by pY-binding to distant regions of the N-
SH2 domain.

To further confirm the existence of this allosteric network, we
generated the N-SH2 binding-site mutant N37V/T42A/K55V, which
was demonstrated to bind pY with increased affinity (pY “su-
perbinder”, SB N-SH2) [78]. NMR titrations confirm that SB N-
SH2 binds pY with a lower Kp than wild-type N-SH2 (Kp = 160 pM,
Fig. 4, Fig. 6B). Despite the fact that all the mutations were local-
ized to the pY-binding site, comparison of the NMR spectra of
apo SB N-SH2 and apo wild-type N-SH2 showed CSPs for distant
residues (Fig. 6D), confirming the presence of an allosteric struc-
tural network connecting the pY-binding site with other structural
elements of the N-SH2 domain. Interestingly, SB N-SH2 could no
longer discriminate between ITIM and ITSM and bound both pep-
tides with similar affinities (Fig. 6E). This finding supports the pre-
vious work of Kaneko et al. [78], who proposed that a relatively
weak affinity of SH2 domains for pY alone is necessary to discrim-
inate between specific and non-specific binding partners and avoid
crosstalk between unrelated pathways.

3.4. Molecular dynamics simulations reveal the nature of the allosteric
network

To understand the nature of the allosteric network that con-
nects the pY-binding site with remote structural elements of the
N-SH2 domain, we performed molecular dynamics (MD) simula-
tions of N-SH2, N-SH2-pY, SB N-SH2, SB N-SH2-pY, C-SH2 and
C-SH2-pY. A similar study has recently been conducted on a pool
of phosphopeptide-bound conformations of the SHP2 N-SH2
domain [29,30]. Here, we focus on understanding the role of pY-
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A N-SH2-ITIM N-SH2-ITSM C-SH2-ITSM

N-SH2-ITSM

Fig. 5. Experimentally-measured dynamics of N-SH2 and C-SH2 in the apo state and in complex with ITIM and ITSM. (A) Amide-specific entropy changes measured between
apo N-SH2 and the N-SH2-ITIM complex (left), apo N-SH2 and the N-SH2-ITSM complex (centre), apo C-SH2 and the C-SH2-ITSM complex (right). An entropy increase/
decrease is represented by a red/cyan sphere. The entropy changes were calculated from the Lipari-Szabo amide order-parameters and are due to internal dynamics on the ps
timescale. (B) Differences in the hydrogen-bond network of the BG loop in the N-SH2-ITIM and N-SH2-ITSM complexes. (C) Transverse-relaxation exchange-broadening
contributions due to slow dynamics (R .,)as measured by CPMG relaxation dispersion for N-SH2 (panel C1: apo state, and in complex with ITIM and ITSM peptides) and C-
SH2 (panel C2: apo and in complex with ITSM peptide). Amide nitrogens with significant exchange-broadening are shown as spheres, and are colored yellow, orange and red
in order of increasing R, ., (according to the thresholds shown in the plots of supplementary figures S3 & S4). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Effect of pY-binding on wild-type and mutant N-SH2. (A) Overlay of 'H,'>N-HSQC spectra of N-SH2 in the presence of increasing concentrations of pY. (B) Left:
expansion of the "H,'’N-HSQC spectra, showing the amide peak of 154 of either N-SH2 or the mutant SB N-SH2 in the presence of increasing concentrations of pY. Right:
quantification of the CSPs of the spectra shown on the left and corresponding fits to extract the Kp values. (C) CSPs produced by addition of pY mapped on the structure of N-
SH2. (D) Overlay of 'H,'>N-HSQC spectra of N-SH2 and mutant SB N-SH2. (E) Left: overlay of the amide peak of G49 in 'H,’>N-HSQC spectra of mutant SB N-SH2 in the
presence of increasing concentrations of either ITIM and ITSM. The protein concentration was 200 puM in all spectra, which were measured on a 600 MHz spectrometer at
298 K. Right: quantification of the fraction of bound protein from the peak intensities of residue G49, as measured in the spectra shown on the left.

binding on the dynamics of the N-SH2 domain, independent of the
presence or nature of other interacting amino acids. In addition, we
compare the effect of pY-binding on N-SH2, SB N-SH2 and C-SH2
domains.

MD trajectories were simulated for a total of 1.225 us, as
described in Methods. N-SH2 showed limited internal mobility,
with the highest atomic root-mean-square fluctuations (RMSF)
located in the BC, DE, EF and BG loops (Fig. 7A). A few amino-
acids acted as hinges intercalated within higher-mobility seg-
ments, as for example Y63 and Y64, which separate the DE and
the EF loops, and L88, at the start of the BG loop. When a pY moiety
was bound, the RMSF of the BC, DE and EF loops increased signifi-
cantly; conversely, the RMSF of the BG loop decreased slightly.

SB N-SH2 showed increased mobility in the same regions as
wild-type N-SH2; however, the extent of motion in the EF loop
matched that of N-SH2-pY rather than that of apo N-SH2. Upon
addition of pY to SB N-SH2, the dynamics increased in the BC loop,
but remained almost unchanged in the DE and EF loops, suggesting
that the motions induced by pY binding within the DE and EF loops
of wild-type N-SH2 are already present in the apo form of the
mutant SB N-SH2 (Fig. 7A).

To study the nature of these motions, we first performed prin-
cipal component analysis (PCA) of the four trajectories. In the apo
states, the first two eigenvectors (PC1 and PC2) comprise only
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36% and 33% of the total motions for N-SH2 and SB N-SH2,
respectively. The most populated conformational states of this
subspace are shown in Figures S6A (N-SH2) and S6B (SB N-
SH2). For the pY-bound forms, PC1 and PC2 comprised 50% and
40% of the motions of N-SH2 and SB N-SH2, respectively, suggest-
ing a larger impact of pY-binding on wild-type N-SH2 than on
mutant SB N-SH2. For N-SH2-pY, the PC1 eigenvector, which
alone accounts for ~32% of the overall motion, connects two
states that show substantial differences in the orientation of the
BC, EF and BG loops and in the packing of the central p-strands
BC and BD (Fig. 7B). PC2, on the other hand, describes the motion
of the tip of the BG loop relative to the B-sheet core. Overall, the
free-energy landscape (FEL) projected onto PC1 and PC2 is popu-
lated by four major states, of which states 1 and 3 are the most
frequently sampled (Fig. 7C). These states are characterized by
three major structural features: (i) the bending of the BC loop
towards the core of the central B-sheet (measured by the distance
between K35-C* and 154-C%*); (ii) the “unzipping” of the BC and
BD strands (measured by the length of the G39-C'-N58-N and
156-C’-F41-N hydrogen-bonds); (iii) the size of the pocket hosting
the phosphopeptide residue pY+5 (measured by the distance
between L88-C* at the start of the BG loop and either Y66-C*
or G68-C* in the EF loop), which is largely dictated by the confor-
mation of the EF loop.
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Fig. 7. Analysis of the MD simulations of N-SH2-pY and SB N-SH2-pY. (A) Root-mean-square fluctuations (RMSF) calculated over the MD trajectories of N-SH2 and SB N-SH2
in their apo and pY-bound states. (B) Overlay of the two most distant configurations of N-SH2-pY along PC1. The two structures differ mainly in the conformations of the BC,
EF and BG loops, as well as in the packing of the B-strands BC and BD. (C) The free-energy landscape of N-SH2-pY mapped onto PC1 and PC2 shows two major and two minor
energy minima. The four structures representative of the four minima are shown overlaid in cartoon representation, with the structure representative of each individual
minimum in solid red and the other three structures as semi-transparent. The differences among these structures can be characterized by the interatomic distances displayed
as dotted lines on the structures. (D) The free-energy landscapes of N-SH2-pY mapped on the distances describing the size of the pY+5 binding site (Y66-C*-L88-C*) and the
unzipping of the B-strands BC and BD (G39-C'-N58-N). (E) Comparison of the free-energy landscapes of N-SH2-pY and SB N-SH2-pY mapped on the same distances as in
panel D. The free-energy landscape panels were generated with the MatLab script felandscape.m [87]. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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To investigate whether the structural parameters distinguishing
state 1 from state 3 along PC1 are inter-correlated over the entire
trajectory, we mapped FELs on pairwise combinations of the three
structural features described above. First, we chose as the first
coordinate one of the two distances reporting on the packing of
the BC and BD strands and as the second coordinate one of the dis-
tances reporting on the size of the pY+5 binding pocket. In this
mapping of the FEL, the conformational space of N-SH2-pY is
divided into three main configurations: (i) short G39-C'-N58-N/I
56-C'-F41-N distances and long Y66-C*-L88-C*/G68-C*-L88C*
distances (denoted as the vy state); (ii) long G39-C'-N58-
N/I56-C-F41-N distances and short Y66-C*-L88-C*/G68-C*-
L88C* distances (e state); (iii) long G39-C'-N58-N/156-C'-F41-N
distances and medium Y66-C*-L88-C*/G68-C*-L88C* distances
(3 state). The vy state is much more populated than the other two
states and can be further sub-divided into a y1 state with long
Y66-C*-188-C*/G68-C*-L88C* distances and a y2 state with med-
ium Y66-C*-L88-C*/G68-C*-L88C* distances (Fig. 7D). A similarly
strong correlation exists between the descriptor of the BC-loop
conformation and the packing of BC and BD. In this case, the two
major states represent (i) long K35-C*-154-C* distances and short
G39-C-N58-N/I156-C'-F41-N distances; (ii) short K35-C*-154-C*
distances and medium G39-C'-N58-N/I56-C’-F41-N distances
(Figure S7). This data suggests that pY-binding is communicated
to the EF loop through the N- and C-terminal residues of the
central B-strands BC and PBD, respectively. As a comparison, the
conformational space of apo N-SH2 is restricted to short
G39-C'-N58-N distances in combination with either medium or
long K35-C*-154-C* and Y66-C*-L88-C* distances, without any
correlation between the last two distances (Figure S6C).

The SB N-SH2-pY complex populates almost exclusively the y1
state, as shown by the FELs constructed using distances G39-C'-
N58-N and Y66-C*-L88-C* as the two coordinates (Fig. 7E).

Next, we asked whether the dynamic properties of C-SH2 differ
from those of N-SH2. We analyzed the MD simulations of C-SH2
and C-SH2-pY and found that the dynamics are dominated by
the long and flexible CD loop. C-SH2 showed a higher RMSF than
N-SH2 along the entire sequence, with binding of pY causing an
increase in the dynamics of the DE and EF loops but not of the
BC and BG loops (Figure S8A). The PCA analysis, conducted with
the exclusion of the CD loop residues T153-K166, showed a similar
separation of the protein conformations into four clusters, differing
in the width of the pY+5 binding pocket and in the packing of the
BC and BD elements (Figure S8B). However, when analyzing the
correlation between the distances indicative of the opening of
the pY+5 binding pocket and those indicative of the unzipping of
the BC and BD strands, we saw a more continuous distribution of
distances accompanied by the presence of conformations with
“closed” pY+5 binding pocket and zipped BC and BD strands (Fig-
ure S8C). This observation, together with the absence of significant
changes in the dynamics of the BC loop upon pY-binding, suggest a
much weaker coupling between the pY-binding site and the con-
formation of the EF loop than in N-SH2. This is in good agreement
with the function of C-SH2, which acts to recruit phosphopeptides
rather than to regulate the activity of the phosphatase domain.

The presence of significant correlation in the motions of differ-
ent N-SH2 structural elements prompted us to analyze the MD tra-
jectories by Correlation Network Analysis (CNA). In this approach,
protein structures are represented by abstract correlation net-
works, in which the nodes correspond to protein C* carbons and
nodes with motional correlation are connected by “edges”, which
are weighted according to the degree of correlation. In this way,
CNA reveals the relative importance of each node in the correlated
motions and allows identification of the residues with the largest
number of edges (greatest degree of centrality) as motional “hubs”.
In both N-SH2-pY and SB N-SH2-pY, residues 154, K55/V55 and 156
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are the hubs of the network, underlining the importance of the D
C-terminal part in the coordination of the internal dynamics of SH2
domains (Fig. 8A, B). Interestingly, in C-SH2-pY the centrality of
this segment is reduced, and the most connected nodes are located
very close to the C-terminus of the protein (L212-P215, Fig. 8C).

Finally, calculation of optimal and sub-optimal paths connect-
ing two selected nodes provides a visualization of how dynamic
processes are propagated through the protein. In wild-type N-
SH2, changes in the BC loop (for example to K35) are transmitted
to the EF loop (for example to Y66) through a series of backbone
hydrogen bonds between the BC loop, the C-terminal parts of pB
and BD and the N-terminal part of BC, and through another set of
hydrogen bonds between BD-156 and -Q57 and EF-D64 and -L65
(Fig. 8D for N-SH2). Residues 54-56 are crossed by all 250 paths
of this network. From the BC (K35) to the BG (L88) loop, dynamics
are propagated along BB (up to S28) to BG K99 and Y100 and from
there to other residues in the BG loop (Fig. 8E), while communica-
tion between the EF and BG loop is almost entirely mediated by the
oB helix (Fig. 8F).

In both SB N-SH2-pY and C-SH2, the communication pathways
are similar to those described in wild-type N-SH2 (Figure S9).
However, the length of the K35-Y66 and Q141-G182 sub-
optimal pathways in SB N-SH2 and C-SH2, respectively, was
greater than in N-SH2, indicating that the communication between
the BC and EF loops is less pronounced.

4. Discussion

Since their discovery, SH2 domains have represented the arche-
type of a domain with a specific function found as a modular unit
in larger proteins [79]. This well-conserved fold binds different
phosphopeptides in numerous cellular contexts, where it achieves
the necessary level of specificity thanks to a finely tuned network
of enthalpic and entropic contributions to the interaction with the
cognate phosphopeptide [80]. The regulation of binding specificity,
as well as that of the conformational and dynamic changes induced
by phosphopeptide binding, becomes even more stringent when
SH2 domains modulate the activity of an enzymatic domain within
the same protein. In the protein tyrosine phosphatase SHP2, two
SH2 domains arranged in tandem couple the enzymatic activity
of the catalytic PTP domain with the recognition of upstream
partners.

Here, we have characterized the binding to the SHP2 N-SH2 and
C-SH2 domains of six phosphorylated peptides from the two SHP2
activators PD-1 and IRS1 and from the disordered C-terminus of
SHP2 itself. We find affinities ranging from 10 nM to 20 pM and
are able to rationalize many of the differences on the basis of the
structures of the complexes. In a first approximation, the binding
affinities in-vitro inform on the selectivity and specificity that can
be expected in an in-vivo setting. Most SHP2-activator motifs (in-
cluding those studied here) occur naturally in tandem, which guar-
antees a far higher degree of binding specificity, mostly because of
the spatial constraints imposed by the linker connecting the two
pY-motifs [13]. In the case of PD-1, a high-affinity interaction
(C-SH2-ITSM) is paired with a two orders-of-magnitude weaker
interaction (N-SH2-ITIM). It is likely that this combination is rele-
vant to the physiological role of SHP2 in PD-1 signaling, where
ITSM binding to C-SH2 guarantees stable and specific recruitment,
while the relatively low-affinity of ITIM for N-SH2 prevents sus-
tained SHP2 activation. ITSM has higher affinity than ITIM for both
C-SH2 and N-SH2; this implies that, given a sufficiently high con-
centration of PD-1, ITSM can displace ITIM from N-SH2, resulting
in an arrangement with two PD-1 molecules bound to an individ-
ual SHP2 molecule, each via the ITSM. The existence of this 1:2
SHP2:PD-1 complex was originally observed in vitro [17] and later
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Fig. 8. CNA analysis of the MD simulations of N-SH2-pY, SB N-SH2-pY and C-SH2-pY. (A, B, C) Network centrality of the C* atoms in N-SH2-pY (A), SB N-SH2-pY (B) and C-
SH2-pY (C), respectively. The residues with the highest degree of centrality (hubs) are shown as spheres. The color-range from blue to red indicates the degree of
betweenness centrality. (D, E, F) Representation of 250 communication pathways between three different regions of N-SH2-pY. Dynamic changes in the BC loop due to pY
binding can be relayed to the EF (D) and BG (E) loops via the central B sheet, while oB mediates transfer of dynamic information between the EF and BG loops (F). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

confirmed in live cells [81], but the physiological role of this spe-
cies is not yet clear. Contrary to PD-1, IRS1 binds SHP2 with two
high-affinity motifs. This is likely to ensure retention of the acti-
vated phosphatase in the signaling pathway for a longer duration,
which might be necessary for SHP2 to dephosphorylate several
proximal targets in the Ras/MAPK and PI3K signaling pathways
[15], before IRS1 is itself degraded by the ubiquitin-proteasome
system [82]. Finally, the very low affinity of the pY motifs derived
from the C-terminus of SHP2 for both N-SH2 and C-SH2 make it
unlikely that they have a role in regulating phosphatase activity.
Instead, the presence within these pY-motifs of the consensus
sequence for binding to the Grb2 SH2 domain reinforces the puta-
tive role of SHP2 in the recruitment of Grb2 [15].

The traditional view of the activation mechanism of SHP2 posits
that a monophosphorylated peptide of sufficiently high affinity
inserts its residues at positions pY+1, pY+3 and pY+5 into the
specificity pocket of N-SH2; this binding event results in a confor-
mational change of the EF loop, which creates a steric clash with
the PTP domain. As a consequence, the interaction between the
N-SH2 and PTP domains is disfavored and the active site becomes
available for substrate-binding [11]. This view ascribes a “passive”
role to phosphotyrosine: it provides free energy of binding (non-
phosphorylated peptides do not bind SH2 domains), but it is the
residues C-terminal to it that play the crucial role in SHP2 activa-
tion. In addition, it remains an open question as to how the peptide
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C-terminal residues can bind to the N-SH2 domain in the auto-
inhibited SHP2 conformation, where the EF and BG loops adopt a
conformation that partially closes the specificity pocket. In fact,
previous studies demonstrated that the active conformation of
SHP2 has higher affinity for phosphopeptides than the inactive
conformation [83,84].

Here we demonstrate that phosphotyrosine binding causes sig-
nificant NMR chemical-shift perturbations across the entire N-SH2
domain, suggesting that pY alone is capable of inducing global
rearrangements of the ground-state protein conformation. Our
MD simulations of the N-SH2-pY complex indicate the presence
of a correlated network of protein motions that conveys informa-
tion allosterically from the pY binding-site to the specificity pocket
via a few key nodes located in the BC (F41, T42 and L43) and BD
(I54, K55, 156 and Q57) strands. In complex with pY, N-SH2 alter-
nates between two major conformations (y and €), in only one of
which is the specificity pocket accessible to the phosphopeptide
residues following pY+3.

The coupling between the pY binding-site and the specificity
pocket has been observed previously for simulations of N-SH2 in
complex with phosphopeptides [29,30]. The authors of this study
found two distinct conformational states (o and B) for 12 SHP2
N-SH2-phosphopeptide complexes, characterized either by stably
zipped BC and BD strands, together with open pY and specificity
pockets (B state), or by unzipped BC and BD strands, together with
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more closed pY and specificity pockets (o state). The N-SH2-
phosphopeptide complexes do not transition between the states
but adopt either one or the other, depending on the nature and
the orientation of the side-chain at position pY+5. A comparison
between the o and B states found in this previous work and the
v, & and ¢ states found here (Figure S10) shows that our y and 3/
¢ states correspond to the B and o states of [29,30], respectively
(Figure S10B and C). This indicates that pY-binding stimulates tran-
sitions between the o and B states of Anselmi et al. [29,30], while
the binding of the rest of the phosphopeptide selects one of the
two states. In the absence of ligands, N-SH2 is found exclusively
in the y state. In qualitative agreement, the NMR-derived fast-
dynamics parameters of the EF and BC loops, as well as those of
the C-terminal part of BD in both apo N-SH2 and the N-SH2-
ITIM and N-SH2-ITSM complexes do not show enhanced mobility
with respect to the rest of the protein (Fig. 5).

The inaccessibility of the pY+5 binding pocket in the € state leads
us to predict that the € conformation is unable to accommodate
residue pY+5 in this pocket (Figure S11). An analysis of the experi-
mentally available conformations of N-SH2-phosphopeptide com-
plexes together with the 12 MD-derived conformations [30]
(Figure S12) demonstrates that this indeed the case. When the
G39-C'-N58-N distance exceeds 8 A, the side-chain of the residue
at position pY+5 does not occupy the specificity pocket but is rather
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exposed to the solvent (Figure S12C). In this case, we expect no con-
tribution of this residue to the binding enthalpy. In our MD simula-
tions, the SB N-SH2-pY complex showed less frequent BC-BD
unzipping and longer Y66-C*-L88-C*/G68-C*-L88-C* distances
(Fig. 7E and S12D&E). The absence of the ¢ state in the mutant SB
N-SH2 may contribute to the improved affinity of SB N-SH2 to phos-
phopeptides, over and above that due to the optimized molecular-
recognition properties of the pY-binding pocket. In agreement with
this hypothesis, the enhanced activity of SHP2 T42A, an overly
active variant associated with Noonan syndrome, is thought to be
due to increased affinity for upstream binders [83,85,86], rather
than to modulation of its basal activity.

We propose that the correlated dynamics observed in silico for
SH2 upon pY-binding acts to destabilize the N-SH2 interface upon
binding of the phosphotyrosine residue of activating peptides
(Fig. 9). In the SHP2 closed state, the N-SH2 domain of SHP2
occludes the catalytic site of the PTP, inhibiting phosphatase activ-
ity. A low level of basal activity remains due to a small percentage
of open, active conformation. An activating phosphopeptide with
high affinity for N-SH2 cannot occupy its complete binding site
in the SHP2 closed conformation due to steric hindrance by the
EF loop, but the pY moiety of the peptide can still bind. After spon-
taneous transition of SHP2-pY to its open conformation, the
motions induced by the presence of bound pY perturb the PTP

Fig. 9. A model for the activation of SHP2 by mono-phosphorylated peptides. The N-SH2 domain of SHP2 occludes the catalytic site of the PTP, inhibiting phosphatase activity.
A low-level of basal activity remains due to a small percentage of open, active conformation. A high-affinity peptide that carries a phosphotyrosine residue (pY) cannot fully
occupy its cognate binding site on N-SH2 due to steric hindrance by the EF loop; however, the pY moiety can still bind. After spontaneous transition of SHP2-pY to its open
conformation, the bound pY triggers conformational fluctuations (represented by broad cartoons) in several regions of N-SH2, disfavoring the re-closing of SHP2-pY and
simultaneously opening up the N-SH2 specificity pocket to accommodate the phosphopeptide residues C-terminal to pY+3. The full binding of the phosphopeptide then
stabilizes the N-SH2 loops in a conformation that precludes interaction with the PTP domain and hence maintains the accessibility of the catalytic site of the PTP domain. The
SHP2-phosphopeptide complex is thus kept in its activated state for as long as the phosphopeptide remains bound to the N-SH2 domain. k[’;\p{en and kcpl‘f,se are the rate constants
for the transition between the closed and open conformations of SHP2 in the presence of bound pY. kz‘e(pﬁde,on and ks;{ptide,‘,ﬁ are the rate constants for binding and unbinding of
the C-terminal part of the peptide to the specificity pocket of N-SH2.
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interaction surface (consisting of the EF and DE loop) and thus pre-
vent a re-closing of the N-SH2 domain on the PTP. This results in a
slower rate of closure, Kgose, in the presence of pY than in its
absence. It is also likely that pY-binding increases the rate of tran-
sition to the open conformation, kopen; however, our MD simula-
tions carried out with the isolated N-SH2 domain give no
information on the dynamics of this domain when it is connected
to the PTP domain. In addition to favoring the open SHP2 confor-
mation, the motions induced by pY-binding provide access to dif-
ferent conformations of the specificity pocket that can be
selected by the C-terminal half of the peptide for full binding
(Fig. 9). Once the C-terminal residues of the peptide are locked into
the specificity pocket, our NMR experimental data support a pic-
ture where the dynamics of the DE and EF loops are quenched,
while the dynamics at longer time-scales is preserved in the BG
loop (Fig. 4 and Fig. 5). After the N-SH2-phosphopeptide complex
is completely formed, its lifetime (1/Kpeptide-orr) determines the effi-
ciency of SHP2 activation.

The correlated dynamics network appears to be particular to N-
SH2, since in C-SH2 the correlation between the motions of the pY
and specificity pockets is markedly less pronounced. The stringent
selectivity and weakly-correlated dynamics of C-SH2 fit well with
the notion that this domain mainly acts to recruit bidentate phos-
phopeptides to SHP2, while N-SH2, with its more promiscuous
binding and correlated dynamics, has evolved to couple phospho-
peptide binding with regulation of phosphatase activity [17].

Using MD simulations, Anselmi and Hub find that the state of N-
SH2 with unzipped BC- and BD-strands (state o in their work and
states €/ in our work) is better at inducing the displacement of
the N-SH2 domain from PTP [29]. They propose a mechanism of
activation of SHP2 where the peptide binds to the closed confor-
mation of the phosphatase, but only peptides binding to N-SH2
in the o state induce opening and activation of SHP2. This hypoth-
esis may seem problematic, as strong activators of the phos-
phatase, such as PD-1 ITSM and PDGFR-1009, bind N-SH2
without unzipping the BC- and pD-strands (Figure S12). Our model
may reconcile this discrepancy by proposing, next to the model of
Anselmi and Hub [29], a second activation pathway (Fig. 9), based
on the initial recognition of pY by the closed conformation of SHP2
and full peptide binding to the open conformation, whose popula-
tion is increased by the pY-binding. Once the peptide is bound, the
v state of N-SH2 is also incompatible with the closed conformation
of SHP2 because of steric clashes between the EF loop and the PTP
domain (Figure S1C). Furthermore, the fact that Anselmi and Hub
found that the o conformation induces SHP2 opening supports
our hypothesis that pY-binding increases the rate kopen by promot-
ing the transition from the vy to the €/3 states, which are similar to
the o state of Anselmi and Hub [29]. The two mechanisms of SHP2
activation may coexist or be mutually exclusive, depending on the
peptide sequence.

5. Conclusions

The N-SH2 domain of SHP2 differs from many other SH2
domains (including SHP2 C-SH2) because its binding to upstream
phosphopeptides is coupled to the regulation of enzymatic activity.
In this context, phosphotyrosine-recognition not only provides free
energy of binding, but also has significant effects on the global
structure and internal dynamics of the domain. In the pY-bound
state, the pY-binding pocket and the specificity pocket experience
correlated fluctuations, which correspond to two principal confor-
mational states of N-SH2-pY; of these two states, only one can
accommodate the phosphopeptide residues C-terminal to pY+3.
The fluctuations induced by pY-binding disrupt the interaction
interface with the PTP domain, thus supporting SHP2 activation.
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The results described here explain how high-affinity monophos-
phorylated peptides can bind the N-SH2 domain of auto-
inhibited SHP2, despite the inaccessibility of part of the specificity
pocket when N-SH2 is engaged with the PTP domain.

In conclusion, we show that, despite their very similar fold, SH2
domains have a range of structural and dynamical differences that
support a variety of specificities and functions. These properties
cannot be revealed by X-ray structures, as they are related to the
allosteric coupling of the dynamics of binding pockets and struc-
tural elements. Likely, the concepts introduced here for the SH2
domains of SHP2 also apply to other SH2 domains involved in
the regulation of enzymatic activity (as, for example, those of phos-
pholipase Cy1 or Src-family kinases) and are thus of general rele-
vance for understanding the mechanisms of function of SH2
domains.
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