R Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 32, pp. 27066-27077, August 3, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the U.S.A.

Counteracting Effects Operating on Src Homology 2
Domain-containing Protein-tyrosine Phosphatase 2 (SHP2)
Function Drive Selection of the Recurrent Y62D and Y63C
Substitutions in Noonan Syndrome™*

Received for publication, February 7, 2012, and in revised form, May 23,2012 Published, JBC Papers in Press, June 18,2012, DOI 10.1074/jbc.M112.350231

Simone Martinelli*', Aurelio P. Nardozza®', Silvia Delle Vigne®, Gilda Sabetta’, Paola Torreril,
Gianfranco Bocchinfuso®, Elisabetta Flex", Serenella Venanzi*, Antonio Palleschi'**, Bruce D. Gelb*”,
Gianni Cesareni® °°, Lorenzo Stella™*, Luisa Castagnoli®, and Marco Tartaglia*

From the *Dipartimento di Ematologia, Oncologia e Medicina Molecolare and Icentro Nazionale Malattie Rare, Istituto Superiore
di Sanita, 00161 Rome, Italy, the §Dipartimento di Biologia and '"Dipartimento di Scienze e Tecnologie Chimiche, Universita di
Roma 'Tor Vergata’, 00133 Rome, Italy, the **Istituto di Ricovero e Cura a Carattere Scientifico Neuromed, 86077 Pozzilli, IS, Italy,
the **Child Health and Development Institute, Mount Sinai School of Medicine, New York, New York 10029, and the SIRCCS

Fondazione Santa Lucia, 00143 Rome, Italy

increasing binding to phosphotyrosyl-containing partners.

effects operating on the activity of SHP2.
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(Background: Disease-associated PTPN1I mutations enhance the function of SHP2 by destabilizing its inactive state or

Results: Amino acid substitutions at codons 62 and 63 have a profound and complex effect on SHP2 structure and function.
Conclusion: A selection-by-function mechanism acting on mutations at those codons implies balancing of counteracting

Significance: An unanticipated functional behavior underlies disease-causing weak hypermorphs.

J

Activating mutations in PTPN11 cause Noonan syndrome,
the most common nonchromosomal disorder affecting develop-
ment and growth. PTPN11 encodes SHP2, an Src homology 2
(SH2) domain-containing protein-tyrosine phosphatase that
positively modulates RAS function. Here, we characterized
functionally all possible amino acid substitutions arising from
single-base changes affecting codons 62 and 63 to explore the
molecular mechanisms lying behind the largely invariant occur-
rence of the Y62D and Y63C substitutions recurring in Noonan
syndrome. We provide structural and biochemical data indicat-
ing that the autoinhibitory interaction between the N-SH2 and
protein-tyrosine phosphatase (PTP) domains is perturbed in
both mutants as a result of an extensive structural rearrange-
ment of the N-SH2 domain. Most mutations affecting Tyr®?
exerted an unpredicted disrupting effect on the structure of the
N-SH2 phosphopeptide-binding cleft mediating the interaction
of SHP2 with signaling partners. Among all the amino acid
changes affecting that codon, the disease-causing mutation was
the only substitution that perturbed the stability of the inactive
conformation of SHP2 without severely impairing proper phos-
phopeptide binding of N-SH2. On the other hand, the disruptive
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effect of the Y62D change on the autoinhibited conformation of
the protein was balanced, in part, by less efficient binding prop-
erties of the mutant. Overall, our data demonstrate that the
selection-by-function mechanism acting as driving force for
PTPNI11 mutations affecting codons 62 and 63 implies balanc-
ing of counteracting effects operating on the allosteric control of
the function of SHP2.

Germline missense mutations in PTPN11 occur in ~50% of
individuals affected by Noonan syndrome (NS)® (1, 2), a rela-
tively common developmental disorder characterized by post-
natally reduced growth, facial dysmorphism, webbing of the
neck, congenital heart defects and hypertrophic cardiomyopa-
thy, skeletal and hematologic anomalies, and variable cognitive
deficits (3—5). PTPN11 encodes SHP2, a widely expressed cyto-
plasmic protein-tyrosine phosphatase that functions as a signal
relay protein positively modulating RAS signaling (6). SHP2 is
composed of two tandemly arranged N-terminal Src homology
2 (SH2) domains (N-SH2 and C-SH2), a catalytic domain
(PTP), and a C-terminal tail with a role that is still not well
characterized. The N-SH2 and C-SH2 domains control the sub-
cellular localization and functional regulation of SHP2, with the
former acting as an allosteric switch with two spatially nonover-
lapping sites involved in an intramolecular inhibitory interac-
tion with the PTP domain and in binding to phosphotyrosyl-
(pY-) containing signaling partners (7). Crystallographic data
indicate that the catalytically inactive conformation of SHP2 is

3 The abbreviations used are: NS, Noonan syndrome; SH2, Src homology 2;
PTP, protein-tyrosine phosphatase; PTPNS1, protein-tyrosine phosphatase
nonreceptor type substrate 1; pY, phosphotyrosyl; BTAM, bisphosphoty-
rosyl-containing activation motif; MD, molecular dynamics.
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stabilized by an extensive intramolecular binding network
involving exposed residues of the N-SH2 and PTP domains.
Upon engagement of the N-SH2 phosphopeptide-binding
pocket, a conformational change of the domain weakens the
autoinhibiting interdomain interaction, activating the
phosphatase.

Previous work by our group and others provided evidence
that NS-causing PTPN1I mutations perturb the function of
SHP2 through distinct molecular mechanisms (8 —11). In most
cases, lesions affect residues involved in the N-SH2/PTP inter-
domain binding network that stabilizes SHP2 in its autoinhib-
ited state and up-regulate the function of SHP2 by perturbing
the switching between the active and inactive conformations,
favoring a shift in the equilibrium toward the former. There are,
however, mutations affecting residues located far from the
N-SH2/PTP-interacting surface. Among them, a few involve
residues placed in the phosphopeptide-binding cleft of each
SH2 domain and promote a gain of function of the enzyme by
increasing binding affinity for pY-containing signaling partners
or alter their binding specificity to those proteins. Of note, there
are mutations that affect residues located within the PTP
domain contributing to the stability of the catalytically inactive
conformation but also participating in catalysis or controlling
substrate specificity. For some of these NS-causing defects, bio-
chemical data indicate that those substitutions favor protein
activation by promoting dissociation of the N-SH2 and PTP
domains without any substantial perturbing effect on catalysis.
Other changes affecting the catalytic domain, as those underly-
ing LEOPARD syndrome, a disorder that is clinically related to
NS (12), however, have dramatic consequences on the catalytic
function of SHP2 (9, 13, 14).

Available mutation data strongly support the idea that the
specificity in the amino acid substitution is relevant to the func-
tional dysregulation and disease pathogenesis of SHP2. A dis-
tinct class of activating mutations in PTPN11 occurs largely asa
somatically acquired event with variable prevalence in child-
hood hematological malignancies (9, 15-17). NS- and leuke-
mia-associated mutations exert a differential perturbing effect
on the function of SHP2, development, and hematopoiesis (9,
10, 18, 19). Similarly, among the mutations causing NS and
LEOPARD syndrome, largely invariant amino acid changes are
observed for several recurrently affected codons, indicating a
specific role for the residue being introduced (9). Such an
invariant occurrence of mutations can be ascribed to diverse
driving forces due to either selection-by-function or site-spe-
cific increased mutability (11).

Here, by determining the biochemical behavior of all possible
substitutions arising from single-base changes affecting codons
62 and 63, we explored the molecular mechanisms lying behind
the largely invariant occurrence of the NS-causing Y62D and
Y63C amino acid changes. We show that the autoinhibitory
interaction between the N-SH2 and PTP domains is perturbed
in both mutants as a result of an unanticipated extensive struc-
tural rearrangement of the N-SH2 domain rather than a conse-
quence of a local effect. Our data also indicate that replacement
of Tyr®® has an unexpected disruptive effect on the structure of
the N-SH2 phosphopeptide-binding pocket implicated in the
interaction of SHP2 with signaling partners and that the dis-
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ease-causing mutation is the only substitution among all possi-
ble amino acid changes at that codon that perturbs the stability
of the inactive conformation of SHP2 without severely impair-
ing proper binding of N-SH2 to the phosphopeptide. On the
other hand, the Y62D change is the only substitution at that
codon destabilizing the autoinhibited conformation of SHP2,
although such disruptive effect is balanced, in part, by less effi-
cient binding properties of the mutant. Overall, our findings
document that the selection-by-function mechanism acting as
driving force for mutations affecting codon 62 and 63 implies
the existence of counteracting effects operating on the allos-
teric control of the function of SHP2.

EXPERIMENTAL PROCEDURES

Expression Constructs—The full-length human polyHis-
tagged PTPN11 cDNA was cloned in a pET-26b vector (Nova-
gen) using the HindIII and Xhol restriction sites. The 12 single-
base changes resulting in amino acid substitutions at codons 62
and 63 (see Table 1) and the ¢.184._186delTACinsGAG change
resulting in the tyrosine-to-glutamic acid amino acid substitu-
tion at codon 62 were introduced by site-directed mutagenesis
(QuikChange site-directed mutagenesis kit, Stratagene). The
polyHis- and GST-tagged N-SH2 domain constructs (residues
6-103) were PCR-generated and cloned in the pET-26b (Nova-
gen) and pGEX-2TK (Amersham Biosciences) vectors. For cel-
lular studies, the full-length PTPN11 ¢cDNA carrying the NS-
causing ¢.184T>G (Y62D) and c.188A>G (Y63C) missense
mutations were cloned in pcDNA6/V5-HisA (Invitrogen). The
coding sequence of all constructs was confirmed by bidirec-
tional sequencing. FLAG-Gabl and HA-Erk2 constructs have
previously been described (20).

ERK Phosphorylation Assay—293T cells were cultured in
Dulbecco’s modified Eagle’s medium (VWR International PBI
Srl) supplemented with 10% heat-inactivated fetal bovine
serum (EuroClone) and 1% penicillin-streptomycin, at 37 °C
with 5% CO,. Constructs were cotransfected with HA-Erk2 and
FLAG-Gabl using TransIT-LT1 transfection reagent (Mirus
Bio LLC). ERK phosphorylation status was evaluated in time
course experiments, basally and following EGF (Invitrogen)
stimulation (30 ng/ml), as described previously (20). Following
overnight incubation with anti-HA antibody (Sigma), immuno-
precipitates were collected with protein G-Sepharose (Amer-
sham Biosciences) for 2 h, washed, and analyzed by Western
blotting using the anti-phospho-p44/42 MAPK (Thr?°%/Tyr?°%)
antibody (Cell Signaling). Membranes were then stripped and
probed with anti-HA antibody for protein normalization. To
evaluate the SHP2-V5, FLAG-Gabl, and Erk2-HA protein lev-
els, 30 pg of total lysates were immunoblotted with anti-V5
(Invitrogen), anti-FLAG (Sigma), and anti-HA monoclonal
(Sigma) antibodies.

Protein Purification—Recombinant proteins were expressed
as reported previously (11), using Escherichia coli (DE3) Roset-
ta2-competent cells (Novagen). Following isopropyl-1-thio-g-
D-galactopyranoside induction at 30 °C, harvesting, and cell
lysis, polyHis-tagged full-length SHP2 proteins and the isolated
N-SH2 domains were purified by chromatography, using the
nickel-nitrilotriacetic acid magnetic agarose beads (Qiagen),
and stored at —20 °C with 5 mm DTT. GST-tagged N-SH2
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domains were purified using the glutathione-Sepharose beads
(Amersham Biosciences) and stored at —80°C with 20%
glycerol.

Phosphatase Assays—Catalytic activity of wild-type SHP2
and generated mutants was evaluated in vitro using 20 pmol of
purified recombinant proteins in a 200-ul reaction buffer (25
mMm HEPES, pH 7.2; 50 mm NaCl; 2.5 mm EDTA; 62.5 mg/ml
BSA; 5 mm DTT) supplemented with 20 mm p-nitrophenyl
phosphate (Sigma) as substrate, either in basal condition or in
the presence of the protein-tyrosine phosphatase nonreceptor
type substrate 1 (PTPNSI1) bisphosphotyrosyl-containing
activation motif (BTAM peptide, hereinafter) (GGGGDIT-
(pY)ADLNLPKGKKPAPQAAEPNNHTE(pY)ASIQTS)
(Primm), and incubated at 30 °C for 30 min. Reactions were
stopped with 0.1 N NaOH. Phosphate release was determined
by measuring A,,s. Amount, purity, and integrity of recombi-
nant proteins were assessed using the protein assay kit (Bio-
Rad) and Coomassie Blue staining.

Structural Interpretation and Molecular Dynamics Sim-
ulations—Electrostatic calculations were performed with the
APBS 1.3 program (21), using the protein coordinates of the
Protein Data Bank (PDB) entry 2shp (7), and calculating the
electrostatic potential generated by the PTP domain (residues
221-524) on the surface of the N-SH2 domain. The linearized
Poisson-Boltzmann equation was solved by the automatically
configured sequential focusing multigrid algorithm, consider-
ing a dielectric constant of 2 and 78.54 for the solute and the
solvent, respectively, with single Debye-Hiickel boundary con-
ditions, a probe radius of 1.4 A, and a temperature of 300 K.

Molecular dynamics (MD) simulations were performed
using GROMACS 4.0.4 (22), with the GROMOS96 ffG43al
force field (23). Starting coordinates of the N-SH2 domain of
human SHP2 were taken from PDB entry 2shp (chain A; resi-
dues 2—-104) (7). The program DeepView 4.0.1 (24) was used to
insert mutations at position 62 or 63. Rotamers with the lowest
energy score were selected. The N and C termini of the protein
were assumed to be charged. Protein was centered in a triclinic
box and hydrated with more than 5,000 water molecules. The
system equilibration was performed by a two-step energy min-
imization, first restraining all protein atoms to their positions
and then removing the restraints. Following initial energy min-
imizations and a 100-ps MD run during which the protein
atoms were position-restrained, the temperature of solute and
solvent was raised to 300 K in a stepwise manner, performing
four MD runs, 50 ps each, at different temperatures (50, 100,
200, and 250 K). Electrostatic interactions were calculated
using the particle mesh Ewald method and a 1.2-nm cut-off
radius for the real part calculation. van der Waals interactions
were calculated using a cut-off radius (1.2 nm). The simple
point charge model was used for water (25), and water geome-
try was constrained with the SETTLE algorithm (26). A Berend-
sen thermostat, with a coupling constant of 0.1 ps, was applied
in all simulations (27), and the reference temperature was set to
300 K, except where stated otherwise. Pressure coupling was
applied employing the Berendsen scheme, with a time constant
of 1.0 ps, a reference pressure of 1 bar, and a compressibility of
4.5107°bar™ . Bond lengths were constrained with the LINCS
algorithm (28). Simulations were run with a 2-fs time step and
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were at least 100 ns long. Translational and rotational motions
of the protein were removed by least square fitting the positions
of the C_, carbon atoms of the most rigid residues in the protein
(residues 6 -8, 27-32, 42—46, 52-57, 75— 80, and 97-102) to
their starting coordinates.

To evaluate the conformational variations of loop DE (resi-
dues 60 - 63), the distance between the center of mass of the DE
loop backbone and the center of mass of the backbone of resi-
dues 75-77 of helix B was calculated. Root mean square posi-
tional fluctuations of C, atoms were calculated according to
standard definitions, between 15 and 100 ns. Molecular graph-
ics were obtained with MOLMOL (29) and the Chimera visu-
alization system (30).

Chemical Denaturation Assays—Intrinsic fluorescence spec-
tra were measured on a Fluoromax 2 fluorometer (Horiba),
with excitation at 295 nm and 3-nm band pass. Emission spec-
tra were collected between 305 and 400 nm, and background
was subtracted. The protein was dissolved in a 5 mm HEPES
buffer, 75 mm NaCl (pH 7.2), at a 5 um concentration, in a 3 X
3-mm path length cell. Temperature was controlled with a
thermal bath to 20.0 £ 0.1 °C. After the addition of the chao-
tropic agent guanidinium chloride (Fluka), equilibration of the
system was ensured by acquiring multiple spectra until no fur-
ther changes were observed.

Surface Plasmon Resonance Analysis—Surface plasmon res-
onance measurements were performed using a BIAcoreX
instrument (BIAcore International AB) equipped with two
flow-cell sensor chips. Biotinylated BT AM peptide (100 wg/ml)
or the monophosphorylated N-terminal portion of that peptide
(GGGGDIT(pY)ADLNLPKGKK) was resuspended in a buffer
containing 10 mm HEPES (pH 7.4), 150 mm NaCl, 3 mM EDTA,
and 0.005% (v/v) surfactant P20 and injected over a streptavi-
din-coated sensor chip, at a flow rate of 10 ml/min for 2 min, to
obtain an immobilization level of 800 resonance units. The bio-
tin molecule was linked to the N terminus of the peptide by a
stretch of polyglycine. Wild-type and mutant polyHis-tagged
N-SH2 domains were resuspended in the same buffer and
applied at a concentration of 500 nMm, with a flow rate of 30
ml/min. The amount of protein bound to the sensor chip was
monitored by the change in refractive index, given in arbitrary
response units, at 25 °C, as a function of time. At the end of the
sample plug, the buffer was passed over a sensor surface to
allow dissociation. The sensor surface was regenerated for the
next sample using a 2-ul pulse of 35 mm NaOH. As a control, no
binding was observed when polypeptides were run on the flow-
cell sensor chip with immobilized biotin.

Phosphopeptide Array Binding Analyses—Chip arrays used
to characterize the N-SH2 recognition specificity consisted of
6,057 13-mers, each displaying a phosphorylated tyrosine resi-
due at position 7 (31). One-fourth of these phosphopeptides
were retrieved from Phospho.ELM (32), whereas the remaining
received a high score according to the NetPhos Neural Network
predictive algorithm (33). The list of phosphopeptides is avail-
able upon request. The library was arranged together with con-
trol spots on a glass slide in three identical subarrays of 6,400
dots. Control spots included PBS and FLAG epitope peptides
(negative controls), IgG or IgM antibodies (controls for second-
ary antibody binding), and GST protein (positive control for the
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primary antibody). Tetramethyl-5-carboxyrhodamine and Cy3
dyes were spotted to facilitate grid orientation. Sixty peptides
were spotted in triplicate to verify within-array reproducibility.
Following a 1-h blocking in 5% BSA-containing PBS, the phos-
phopeptide arrays were probed with 1 ug/ml of each GST-
tagged N-SH2 domain. After washing, chips were incubated
with an anti-GST Cy-5-conjugated antibody (Amersham Bio-
sciences), and fluorescence signals were revealed with a Scan-
Array Gx Plus instrument (PerkinElmer Life Sciences). To
determine a positive data set of interacting peptides, the fluo-
rescence intensity of each spot was measured, and the median
intensity of the three replicated spots was computed for each of
the 6,400 phosphopeptides, which were ordered according to
their median fluorescence intensity. Peptides whose binding
intensities differed from the average intensity by more than 3
standard deviations (z score >3) were considered as “binders.”
For each N-SH2 domain, the enrichment in specific residues at
the different positions flanking the pY was visualized by using
Two Sample Logo representations (34).

SPOT synthesis technology was used to synthesize a subset of
opportunely selected phosphopeptides on the cellulose mem-
brane, as described previously (35). Membranes were incubated
with the N-SH2", N-SH24P% and N-SH2**"** domains
expressed as GST-tagged fusion proteins. Binding efficiency
and affinity were revealed using an anti-GST antibody conju-
gated to horseradish peroxidase fluorophore. Signal intensity
was quantified, and the -fold increase (normalized to the signal
obtained for the wild-type N-SH2 domain) was plotted. As pos-
itive controls, peptides containing the phosphorylated binding
motif of GAB1 and PTPNS1 specifically recognized by the
N-SH2 domain of SHP2 were also spotted. Binomial testing and
p < 0.05 were applied.

RESULTS

Activity of SHP2 Mutants— Available published records doc-
ument that PTPN11 mutations affecting codons 62 and 63 are a
relatively common event among individuals with NS, account-
ing for ~10% of PTPN11 mutation-positive cases (Table 1).
These missense substitutions have not been observed to occur
as somatic changes in cancer. At the nucleotide level, a largely
invariant occurrence for the ¢.184T— G transversion (Y62D) is
observed, whereas the A — G transition at nucleotide 188
(Y63C) is the only change occurring at this codon reported so
far. None of those codons encompasses a CpG dinucleotide.
Assuming similar mutation rates for all the possible single-nu-
cleotide substitutions affecting each codon and functional
equivalence of the resulting amino acid changes, the frequency
of these missense mutations is significantly higher than that
expected simply by chance (Y62D, p = 2.1 X 10™'%; Y63C, p =
7.3 X 107°3), supporting the idea of a selection-by-function
mechanism operating on this nonrandom distribution of amino
acid changes affecting both codons.

Tyr®? and Tyr®? are located at the PTP-interacting surface of
the N-SH2 domain, and lesions affecting these codons were
predicted to perturb the equilibrium between the inactive and
active conformation of the protein by affecting the stability of
the autoinhibitory N-SH2/PTP interdomain interaction (Fig. 1)
(8, 9). Consistent with the predicted activating role of both the
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TABLE 1

List of the disease-causing amino acid substitutions arising from sin-
gle-base changes at codons 62 and 63 of the PTPN11 gene

Data are from the database reported by Tartaglia et al. (9) updated to April 2011.
The complete list of somatically acquired and germline-transmitted disease-causing
PTPN11 mutations and relevant references are available upon request.

Nucleotide
Affected substitu- Introduced Occurrence  Associated
residue tion residue (n = 855) phenotype
Tyr®? c184T—A  Asn 1 NS
c.184T—C His
c.184T—G Asp 24 NS
c.185A—C Ser
c.185A—G  Cys 1 -
c.185A—T Phe
c.186C—A  Stop codon
c.186C—G  Stop codon
c.186C—T  Silent change
Tyr®® c187T—A  Asn
c.187T—C His
c.187T—G Asp
c.188A—C Ser
c.188A—G Cys 67 NS
c.188A—T Phe
c.189T—A  Stop codon
c.189T—C  Silent change
c.189T—G  Stop codon

“ This amino acid change was documented to be germline-transmitted in a subject
with neuroblastoma without clinical features supporting a diagnosis of NS, sug-
gesting that it might represent a private variant causally unrelated to disease.
Parental DNAs were not available to verify the de novo occurrence of this
variant.

NS-causing Y62D and the NS-causing Y63C amino acid substi-
tutions, ectopic expression of the V5-tagged SHP2**P%* and
SHP2<7*%® mutants in 293T cells promoted enhanced ERK
phosphorylation upon EGF stimulation when compared with
that observed in cells expressing the wild-type protein (Fig. 2).
To explore the consequences of the Y62D and Y63C amino acid
changes on the biochemical behavior of SHP2 and provide an
explanation for their largely invariant occurrence in NS, all pos-
sible mutants arising from single-base changes affecting those
codons, as well as the wild-type protein, were expressed in bac-
teria and purified, and their phosphatase activities were deter-
mined in vitro, basally and following stimulation with the
BTAM peptide previously demonstrated to activate SHP2 (11,
36). Under basal conditions, all but one SHP2 mutant at codon
62 exhibited a relatively low catalytic activity, which was com-
parable with that observed for the wild-type protein (V.. = 6.8
pmol/min/pmol), the exception being the NS-causing
SHP245P%2 that showed a 2.3-fold increase in substrate dephos-
phorylation (Fig. 34). The activating effect of the Y62D substi-
tution was weaker when compared with that promoted by the
leukemia-associated E76K change, but consistent with what
has previously been described for most NS-causing lesions
affecting residues located at the N-SH2/PTP interface (9, 10).
Following BTAM stimulation, mutants not associated with NS
showed either an increase in phosphatase activity comparable
with that observed for the wild-type protein (SHP2Ms¢2
SHP2<%¢2, and SHP2""**?) or a slightly enhanced catalytic
activity (SHP24*"? and SHP25°"%?) that was, however, signifi-
cantly lower than that characterizing the NS-causing mutant
(Pstudent's £ test < 0.005, in all comparisons). Based on the nature
of the amino acid change, a trivial interpretation of the perturb-
ing effect of the Y62D substitution on the stability of the
N-SH2/PTP interaction would imply a possible electrostatic
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FIGURE 1. Structure of SHP2 in its catalytically inactive conformation and location of Tyr®2 and Tyr®3. The N-SH2, C-SH2, and PTP domains of the
protein (residues 2-525; PDB entry 2shp, chain A) are shown in blue, green, and red, respectively. The signature motif of the PTP active site (orange),
N-SH2 blocking loop (cyan), and N-SH2 phosphopeptide-binding cleft (according to the x-ray structure of the N-SH2-peptide complex, PDB entry 1aya)
(light blue) are also displayed. The side chains of residues Tyr®? and Tyr®® are reported in green and yellow, respectively. Residues missing in the
experimental crystallographic structure were reconstructed as described previously (21). The inset shows the electrostatic potential generated by the
PTP domain on the N-SH2 surface in the catalytically inactive conformation of SHP2. The PTP backbone is reported as a ribbon, and the N-SH2 surface is
shown. Red and blue colors indicate negative and positive potential values ranging from —40 kT/e to +40 kT/e, respectively. The side chains of residues
Tyr®? and Tyr®® are shown as above.

repulsive mechanism resulting from the introduction of a
charged side chain at the interface of the two domains. Assess-

SHP2 . D62 ce3 ment of the in vitro phosphatase activity of the SHP29"¢?
EGF(min) - 5 15 - 5 156 - 5 15 - 5 15 mutant (c.184_186delTACinsGAG), however, indicated only a
anti-pERKA/2 - - . - moderate activation when compared with the disease-causing

SHP24P%2 protein, both basally and following BTAM stimula-
tion, suggesting a more complex role for the tyrosine-to-aspar-
tic acid change in perturbing the function of SHP2.

IP anti-HA
anti-HA = == «= @D &» o= w @ - -

——— ——
T —— —— —

anti-HA Biochemical analysis performed on the panel of generated
anti-vs - -, o o |WHOlE lysate  MUtants at codon 63 provided evidence that, with the exception

of SHP2M63 and SHP2""<*3, which showed activities compara-

aNti-FLAG v oo s 5 S5 5% i o o - o o) ble with the wild-type protein, mutants exhibited a variable
- A increase in their activation basally (Fig. 34), indicating that

16 most mutations at this codon perturbed the stability of the

< 'g 1.2 enzyme in its catalytically inactive conformation. Of note, basal
E 2 o8 J phosphatase activity of the NS-causing SHP2<Y*® mutant was
S only 1.6-fold higher than that of the wild-type protein and con-
2% 04 siderably lower than that characterizing the SHP2*P®® mutant,
N : indicating only a mild destabilizing effect of this substitution on
EGF (min) . s I . 5 I the N-SH2/PTP interdomain interaction. Following BTAM
SHP2 : WT D62 c63 stimulation, however, most mutants at this codon appeared

FIGURE 2. ERK phosphorylation assays. 293T cells were co-transfected with
HA-tagged ERK2, FLAG-Gab1, and the indicated V5-tagged SHP2 constructs.
Following starvation (12 h) and EGF stimulation (30 ng/ml), cells were immu-
noprecipitated (/P) with anti-HA antibody and probed with phosphorylated
ERK1/2 (anti-pERK1/2) or anti-HA antibodies. Aliquots of corresponding cell
lysates were probed with anti-V5, anti-HA, and anti-FLAG antibodies. Repre-
sentative blots (above) and mean = S.D. densitometry values (below) of three
independent experiments are shown.
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unresponsive (SHP24P3) or poorly responsive (SHP24"¢3,

SHP2M¢3 and SHP25"%%), suggestive of an unpredicted dis-
ruptive effect of these amino acid changes on the N-SH2 pocket
involved in phosphopeptide binding. In contrast, the NS-caus-
ing SHP2<7*%* mutant exhibited markedly augmented catalytic
activation (Pg,,qonts £ test < 0-05, in comparison with SHP2"<63
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FIGURE 3. Biochemical characterization of SHP2 mutants. A, in vitro phos-
phatase assay of wild-type SHP2 and all mutants arising from a single-base
change at codons 62 and 63. Mutants carrying the Y62E substitution and the
leukemia-associated E76K change are also shown for comparison. Catalytic
activity was measured as pmoles of phosphate released using p-nitrophenyl
phosphate as a substrate, basally (white bars) and following stimulation with
10 um BTAM peptide (black bars). Values are expressed as mean = S.D. of at
least three independent experiments and are normalized to the basal activity
of the wild-type SHP2. Asterisks indicate the recurrent NS-causing amino acid
substitutions. B, in vitro phosphatase assay of wild-type SHP2 and mutant
proteins as a function of BTAM peptide concentration. Catalytic activity
(mean values = S.D. of three independent experiments) was measured as
above.

and SHP2#sP3; in all other
comparisons).

The catalytic activity of the NS-causing SHP2****> and
SHP2<¥%°3 mutants was then measured as a function of BTAM

concentration and compared with a panel of selected proteins

< 0.002,

PStudent's t test
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(Fig. 3B). Both the pathogenetic mutants were significantly
more responsive to peptide stimulation than the wild-type pro-
tein. Such enhanced responsiveness is predicted to be a direct
consequence of the perturbing effect of these lesions on the
N-SH2/PTP interaction network because the “open” confor-
mation implies an enhanced binding affinity for the phospho-
peptide (37). Although the increased basal activity of these
mutants indicates a destabilization of the inactive conforma-
tion of the phosphatase, supporting the idea that a shift in the
conformational equilibrium is definitely contributing to their
higher responsiveness, the possibility that those lesions might
perturb the binding properties of the N-SH2 domain due to a
concomitant structural rearrangement of the phosphopeptide-
binding cleft could not be ruled out. Consistent with this
hypothesis and the above observations, the basally hyperactive
SHP245P%3 protein was essentially unresponsive at all the inves-
tigated BTAM concentrations, indicating impaired phospho-
peptide binding. Overall, our data were consistent with a selec-
tion-by-function model implicating the destabilization of the
N-SH2/PTP interdomain interaction as primary driving force,
but highlighted an unexpected counteracting perturbing effect
of a subset of mutations affecting residues 62 and 63 on the
proper binding of SHP2 to its signaling partners.

Consequences on N-SH2 Domain Structure—Both the NS-
causing SHP24P%? and SHP2<Y**® mutants were found to be
basally activated and exhibited enhanced responsiveness to
BTAM stimulation. Structural analyses were performed to
understand the molecular mechanism(s) underlying such a
hyperactive behavior. As anticipated, the Y62D substitution
introduces a charged side chain at the interface between the
N-SH2 and PTP domains, which might be suggestive of struc-
tural stress due to the introduction of electrostatic repulsion
between the surfaces of these domains, analogous to what had
previously been recognized for the leukemia-associated E76K
amino acid change (37). Poisson-Boltzmann calculations of the
electrostatic potential generated by the PTP domain on the
N-SH2 surface, however, indicated that the side chain of the
aspartic acid is introduced in a region of positive potential gen-
erated by several cationic residues, including Lys*** and Lys*®®
(Fig. 1). Based on these considerations, the Y62D substitution
would be expected to generate electrostatic attraction between
the two domains, predicting a more steady interdomain inter-
action, in contrast to the observed biochemical behavior. This
apparently conflicting evidence suggested that the Y62D sub-
stitution might lead to a more complex structural rearrange-
ment of the N-SH2 domain, rather than to a mere perturbation
of the N-SH2/PTP interaction. This hypothesis was also con-
sistent with the observed impaired or less efficient responsive-
ness of the majority of mutants at codon 63 to the BTAM pep-
tide, notwithstanding their basal activation, implying a
structural adjustment of the phosphopeptide-binding pocket of
the N-SH2 domain.

To characterize such perturbing effect(s), MD simulations of
the isolated N-SH2 domain carrying either the NS-causing
amino acid changes or the Y63D substitution, the latter
included as a representative of unresponsive mutants, were car-
ried out. Simulations started from the structure of the N-SH2
domain in the crystal structure of the whole protein in its auto-
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FIGURE 4. Molecular dynamics simulations. A, ribbon representation of the final structures obtained from simulations of the N-SH2 domain for wild-type
(WT), Y62D, Y63C, and Y63D mutants. The blocking loop (residues 58 -62) is shown in red. B, time evolution of the distance between the blocking loop and the
B-helix located behind it during simulations. C, root mean square positional fluctuations (RMSF) of the C, atoms of the wild-type (black), Y62D (red), Y63C
(green), and Y63D (blue) N-SH2 domains during simulations. Magenta marks indicate residues belonging to the phosphopeptide-binding pocket, as defined

previously (21). D, ribbon representation of two frames extracted from the Y63D N-SH2 simulation. Asp®®

region undergoing the main conformational transitions.

inhibited conformation, in which the blocking loop of the
N-SH2 domain (residues 58 — 62) obstructs the catalytic site of
the PTP domain. Notably, the conformation of this loop during
the MD trajectories changed significantly in all mutants, under-
going a conformational transition that led it to fold back onto
the domain surface (Fig. 4A4), reducing its spatial distance with
the B helix located behind it (Fig. 4B). Among the mutants, the
structure of N-SH2P%% was found to be less stable when com-
pared with those of the others, as indicated by the higher root
mean square fluctuations of its C_, atoms (Fig. 4C). These find-
ings indicated that all mutations induced a significant confor-
mational rearrangement of the N-SH2 domain, predicted to
reduce the ability of its blocking loop to inhibit the catalytic site
of the enzyme, which would favor a shift of the equilibrium
toward the active shape of the protein. Such an effect, most
probably, underlies the increased basal activity of each mutant.

MD simulations also indicated that the structural origin of
the perturbing effect promoted by each mutation differed sig-
nificantly. In the wild-type protein, the tyrosine residue at posi-
tion 63 participates to the hydrophobic core of the N-SH2
domain that also involves residues Phe*!, Ile®®, Leu®®, Phe”?,
Ala”?, Leu’®, and Leu””. Although the Y63C substitution was
predicted to disrupt this region, creating a cavity in it, the effect
of the Y63D change could be even more radical because of the
insertion of a charged residue in the hydrophobic pocket. Con-
sistent with this observation, during the trajectory of the
N-SH24P3 mutant, the side chain of the aspartic acid moved
toward the protein surface to maximize its solvent exposure,
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is shown as red sticks. The blue circles indicate the

leading to a significant distortion of the entire domain structure
(Fig. 4D). In contrast, the Y62D mutation introduced a charged
side chain in the water-exposed surface of the protein, which
would be expected to cause a perturbation in the network of
electrostatic interactions within the blocking loop region. In
particular, although a stable salt bridge between residues Asp®*
and Lys”® occurred in the wild-type protein, the side chain of
Lys”° reoriented to interact with both the aspartic acid residues
at positions 62 and 64 in the mutant. In addition, the Y62D
amino acid change was predicted to introduce a direct repul-
sion between Asp®' and Asp®?, which are located in the block-
ing loop, contributing to the perturbation of the local structure
and dynamics of this region.

To confirm the structural data experimentally, chemical
denaturation curves were obtained by measuring the intrinsic
fluorescence of each protein, as a function of guanidinium chlo-
ride concentration (Fig. 5). The emission spectra of all mutants
were shifted to longer wavelengths when compared with that
characterizing the wild-type N-SH2 domain, even under non-
denaturing conditions, indicating a higher solvent exposure of
the single tryptophan residue of the domain. Because this
amino acid is located at position 6, which is spatially far from
the site of mutations, this effect indicated a constitutive change
in the overall conformation of the N-SH2 domain. In all
mutants, the unfolding transition took place at lower guani-
dinium chloride concentrations when compared with the wild-
type protein, providing further support for a structural disrupt-
ing effect of these amino acid changes. As expected, the effect
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FIGURE 5. Chemical denaturation of the isolated wild-type and mutant
N-SH2 domains, as indicated by the shift in the fluorescence spectrum of
Trp®. Protein unfolding leads to exposure of the fluorophore to the water
environment, resulting in a red shift in the spectrum. Average wavelength
was calculated according to the following equation: 3'A'F/3'F, where F rep-
resents fluorescence intensity and A represents the wavelength at which it
was measured. Values are expressed as mean = S.D. of three independent
experiments.

was significantly larger for the N-SH24*P%®> mutant, confirming
the dramatic structural perturbation predicted by MD simula-
tions on the whole N-SH2 domain, including its phosphopep-
tide-binding site.

BTAM Binding Properties—Biochemical and structural data
indicated that most mutants at codon 63 were unresponsive or
only slightly responsive to the BTAM peptide, suggesting that
these lesions could affect peptide binding affinity. To explore
further the unpredicted effect of mutations at codons 62 and 63
on N-SH2 domain function, the binding properties of the iso-
lated N-SH2 domains carrying the NS-causing Y62D and Y63C
changes were compared with those of N-SH2 domains from the
apparently unresponsive SHP24P®3 and wild-type proteins
using surface plasmon resonance analysis. Following injection
of biotinylated BTAM peptide over a streptavidin-coated sen-
sor chip, recombinant proteins were applied at a concentration
of 500 nm, and the amount of bound protein was monitored by
the change in refractive index as a function of time. Surface
plasmon resonance analysis indicated that the N-SH2¢Y*¢3
mutant had a binding affinity comparable with that observed
for the wild-type domain (Fig. 6A4). On the other hand, consist-
ent with structural and biochemical data, the N-SH24P%3
mutant was almost completely unable to bind the phosphopep-
tide, providing direct evidence for the disruptive effect exerted
by a mutation affecting a residue located in the N-SH2/PTP-
interacting surface on the phosphopeptide-binding cleft func-
tion. The N-SH2*P%? domain exhibited an intermediate behav-
ior, as it retained a significant affinity for the BTAM peptide,
although significantly reduced when compared with the wild-
type domain. These findings were confirmed using the N-ter-
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FIGURE 6. Phosphopeptide binding properties of wild-type and mutant
N-SH2 domains. A, surface plasmon resonance analysis. Sensorgrams of the
interaction of the wild-type protein (red) and the Y62D (blue), Y63C (cyan), and
Y63D (pink) SHP2 mutants with the biotinylated BTAM peptide are shown. B, Two
Sample Logo representation of the binding recognition specificity of wild-type
and mutant N-SH2 domains. Each logo abridges the residue enrichment at the
positions flanking the phosphorylated tyrosine in the best ligand peptides. At
each position of the top diagram, the overall stack height indicates the sequence
conservation, whereas the height of symbols within each stack indicates the rel-
ative frequency of the indicated residue. The bottom diagram illustrates the “anti-
motif” (i.e. residues that are enriched at each position in the peptide sequences of
the negative set) (Psyygent's rrest < 0-05). Residue positions are numbered by refer-
ring their position to that of the pY. The Pearson correlation coefficient (P. C. C))
between the wild-type N-SN2 domain and each mutant is also shown.
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minal portion of the BTAM peptide phosphorylated at the tyro-
sine residue known to bind specifically the N-SH2 domain of
the phosphatase (36) (data not shown).

Consequences on Phosphopeptide Recognition and Binding
Specificity—Aside from their effect on binding affinity, the pre-
dicted structural rearrangements of the N-SH2 domain in
mutants at codons 62 and 63 might also perturb the recognition
specificity for pY-containing signaling partners. To explore this
possibility, bacterially expressed wild-type and mutant forms of
the N-SH2 domain were challenged against an array of 6,057
pY-containing naturally occurring peptides known or pre-
dicted to be phosphorylated in vivo. Array binding assays were
also performed on the N-SH2 domain carrying the leukemia-
associated E76K amino acid substitution, as representative of
the activating mutations acting merely locally to disrupt the
stability of the autoinhibitory N-SH2/PTP interdomain inter-
action (37). Consistent with available published data (11,
38 -40), the residues of the phosphopeptide that appeared to
mediate binding specificity to the wild-type domain were at —2,
—1, +1, +2,and +3 from the phosphotyrosine, as shown by the
generated sequence logo, which abridges the residue enrich-
ment at each position flanking the phosphotyrosine in the best
ligand peptides (Fig. 6B). Those positions were found to bear
the highest information content also in N-SH2™7¢
N-SH24%P%2 and N-SH2<"**? binding. For each mutant, a pair-
wise comparison of phosphopeptide binding profiles was deter-
mined by direct comparison of the median fluorescence inten-
sity of each binder with those measured for the wild-type
domain. This analysis documented that all the phosphopep-
tides identified as high affinity binders for the wild-type domain
were also recognized as good ligands of the N-SH2""*”¢ domain,
with an overall correlation coefficient of 0.75. A similar behav-
ior was observed for the N-SH2*?° and N-SH2“"*** mutants
(correlation coefficients equal to 0.76 and 0.80, respectively),
providing evidence that both domains retained recognition
specificity comparable with that observed for the wild-type
counterpart. In contrast, the Y63D amino acid change was
found to substantially perturb both affinity and specificity, as
indicated by the relatively small number of shared binders with
the wild-type domain (correlation coefficient = 0.27) and a
general more promiscuous behavior.

To further investigate these observations, a selected panel of
phosphopeptides, which were predicted to represent the high
affinity binders of the wild-type and mutated N-SH2 domains
by fitting their sequence consensus motifs, were synthesized by
SPOT synthesis technology, and binding properties of the
N-SH2"%P> and N-SH2*P%* domains were assayed (Fig. 7). In
line with our previous findings, the N-SH2**P*> mutant was
found to bind a significantly smaller number of peptides when
compared with the wild-type domain, suggesting an overall less
efficient binding, whereas the N-SH2**?%* domain displayed
substantially different binding preferences from both the
N-SH24¢P°2 and the wild-type domain. For the latter, the anal-
ysis confirmed a defective binding to the N-SH2 domain-spe-
cific PTPNS1 phosphorylated motif as well as to the majority of
phosphopeptides inferred to represent efficient binders of the
wild-type N-SH2 domain.
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DISCUSSION

In this study, we explored the molecular mechanisms
involved in the functional dysregulation of SHP2 caused by mis-
sense changes at codons 62 and 63 and characterized the driv-
ing force underlying the largely invariant occurrence of the
recurrent Y62D and Y63C amino acid substitutions causing NS.
Structural and biochemical data demonstrated that the two dis-
ease-causative lesions are the only substitutions promoting a
significant up-regulation of the function of SHP2 among all
possible changes resulting from a single-base mutation affect-
ing each codon. As observed for other mutations affecting
exposed residues located at the interface of the N-SH2 and PTP
domains, most mutations at these codons disrupted the auto-
inhibitory interaction between the two domains. Unexpectedly,
the hyperactive behavior of both mutants was found to be the
result of a substantial structural rearrangement of the N-SH2
domain that also involved the phosphotyrosine-binding pocket
mediating the interaction of SHP2 with signaling partners and
was demonstrated to affect the phosphopeptide-binding capa-
bility of the domain in a subset of mutants. These findings imply
the existence of counteracting effects of these mutations oper-
ating on the control of the function of SHP2.

SHP2 is regulated by an allosteric switch involving the
N-SH2 domain, in which two distinct sites participate in an
intramolecular interaction with the PTP domain and in binding
to a pY-containing signaling partner (7). These sites function
with negative cooperativity and mediate the conformational
transition controlling the inactive and active states of the phos-
phatase (7, 41, 42). In the absence of a pY-containing partner,
SHP2 assumes an autoinhibited state, as evinced in vitro by the
low phosphatase activity of the unstimulated enzyme, whereas
the N-SH2 domain loses surface complementarity for its bind-
ing site on the PTP domain (7) and overall binding affinity with
it (43) in its rearranged phosphopeptide-bound state. This
model predicts that dysregulation of the function of SHP2 can
result from structural perturbations involving each of the two
interactions. Indeed, previous work by our group and others
confirmed that different mechanisms are operating at both
these N-SH2 sites for NS-causing PTPN11 mutations (9-11).
In most cases, mutations affect the N-SH2/PTP interdomain
binding network locally, destabilizing the inactive conforma-
tion of the protein. A subset of mutations, however, can act by
increasing the binding affinity of SHP2 for pY-containing part-
ners or altering binding specificity. Although these mecha-
nisms are distinct molecularly, both are predicted to act by
enhancing SHP2 targeting to activated receptors or docking
proteins and prolonging this interaction. In agreement with
previously published data, this study provided evidence that the
invariant NS-causing Y62D and Y63C amino acid substitutions
perturb the stability of the N-SH2/PTP interaction required to
maintain SHP2 in its catalytically inactive conformation. MD
analyses, however, unexpectedly indicated that such a perturb-
ing effect did not result from a local, direct consequence of the
introduced residues, as observed previously for disease-causing
mutations affecting codons 72 and 76 (9, 37), but instead from a
more complex conformational rearrangement of the whole
N-SH2 domain. Specifically, mutations A72V and E76K were
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shown to determine a direct destabilization of the N-SH2/PTP
interface by introducing interdomain steric clashes (A72V) or
electrostatic repulsion (E76K) (37). The structural conse-
quences of amino acid substitutions affecting codons 62 and 63
are different. The Y63C change introduces a cavity in the intra-
domain hydrophobic core involving residues Phe*!, Ile®®, Cys®*
Leu®®, Phe”, Ala”? Leu’* and Leu”’. As a consequence, the
N-SH2 blocking loop, which is inserted in the PTP catalytic
cleft in the autoinhibited conformation of SHP2, undergoes a
conformational transition that is predicted to perturb interdo-
main interactions. A similar effect was observed in the Y62D
mutant. In this case, however, the driving force is the perturba-
tion of the pattern of intradomain electrostatic interactions sta-
bilizing the conformation of the blocking loop involving resi-
dues Asp®', Asp®?, Asp®, and Lys’°. A general rearrangement
of the whole domain is also suggested for the Y63D mutant, for
which fluctuations in the domain structure, including the resi-
dues constituting the N-SH2-binding site and the domain core,
were observed. In both cases, possible effects on the N-SH2
binding competence were hypothesized because this region is
also critical for the conformational transition leading to open-
ing of the phosphopeptide-binding cleft (44). Consistent with
these predictions, in vitro phosphatase and phosphopeptide
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binding analyses documented that a number of substitutions at
codons 62 and 63 significantly perturb proper phosphopeptide
binding efficiency and/or specificity. Such an effect dramati-
cally occurred in the Y63D mutant and, to a lesser extent, in the
NS-causing mutant protein carrying the Y62D substitution.
Multiple lines of evidence indicate that PTPN1I mutations
occurring as a somatic defect in hematologic malignancies have
a greater gain-of-function effect than NS-causative lesions (5).
The present study provides data indicating that, at least for a
subset of germline defects, the weaker hyperactive behavior
results from a less efficient functional up-regulation of the pro-
tein, in which two counteracting effects (i.e. destabilization of
the inactive state and perturbed phosphopeptide binding prop-
erties) occur. Consistent with this model, structural and bio-
chemical characterization of a large panel of germline KRAS
mutations has documented that the milder hypermorphic
effect promoted by these lesions, when compared with that
induced by the oncogenic ones, results from a less effective
capability of interacting with downstream effectors, as proved
by the inability of these proteins to bind RAF1-RAS binding
domain (RBD) or RALGDS-RBD efficiently (45). A similar
observation has been reported for a recently identified HRAS
mutant, HRAS'PS!37 associated with Costello syndrome (46),
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adisorder clinically related to NS. This lesion affects the switch
I region of the RAS effector loop, which is required for the
interaction with a number of HRAS-binding partners, includ-
ing GTPase-activating proteins (GAPs), guanine nucleotide
exchange factors (GEFs), and effectors. It has been shown that
the slightly enhanced signal flow through the MAPK and PI3K
cascades promoted by this allele results from a counteracting
effect between GTPase-activating protein insensitivity and
inefficient binding to effector proteins, including RAF1. Of
note, the finding that PTPN11 mutations at codons 62 and 63
acting by destabilizing the autoinhibited SHP2 state but also
severely affecting proper activation of the phosphatase after
stimulation are not observed in the context of NS (or malig-
nancy) documents the requirement for preserved phosphopep-
tide binding properties for SHP2 function and its functional
up-regulation. This conclusion is in line with the absence of any
developmental defect in mice heterozygous for a Shp2 mutant
lacking the majority of the N-SH2 domain, Shp24® 1%, which
was demonstrated to be characterized by constitutive enhanced
catalytic activity and inability to bind to intracellular signaling
partners (47, 48).

In conclusion, our findings document that selection-by-
function acts as a primary driving force for the largely invariant
occurrence of NS-causing mutations involving codons 62 and
63 of SHP2. Our data indicate that missense single-base
changes at those codons have a profound and complex effect on
the functional regulation of SHP2 both by affecting the stability
of the autoinhibitory interaction between the N-SH2 and PTP
domains, but also by perturbing the structure and function of
the pY-binding cleft. Among these mutations, the recurrent
and largely invariant amino acid changes underlying NS are the
only substitutions that significantly affect the catalytically inac-
tive conformation of SHP2 without dramatically perturbing
proper binding of the phosphatase to its phosphorylated signal-
ing partners.
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