JBC Papers in Press. Published on June 18, 2012 as Manuscript M112.350231
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.M112.350231

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*

Simone Martinelli*® Aurelio P. Nardozza®, Silvia Delle Vigné, Gilda Sabettd, Paola Torreri?,
Gianfranco Bocchinfusd, Elisabetta Flex, Serenella VenanZi Antonio Palleschf®, Bruce D. Gell5,
Gianni Cesarenf’, Lorenzo Stelld”®, Luisa Castagnolf and Marco Tartaglia*”

Dipartimento di Ematologia, Oncologia e Medicina ktmlare andCentro Nazionale Malattie Rare,
Istituto Superiore di Sanita, 00161 Rome, It3Djipartimento di Biologia anéDipartimento di Scienze e
Tecnologie Chimiche, Universita di Roma ‘Tor Vergata’, 00133 Rome, AIREZCS Neuromed, 86077
Pozzilli, 1S, Italy. ®Child Health and Development Institute, Mount Si8ahool of Medicine, New York,

NY 10029, USA.IRCCS Fondazione Santa Lucia, 00143, Rome, Ifﬁlyese authors contributed
equally to this work.

*Running title:Counteracting effects of Y62D and Y63C changes on SHP2 function

"To whom correspondence should be addressed: Martaglia, PhD, Dipartimento di Ematologia,
Oncologia e Medicina Molecolare, Istituto Superiore di Sanita, Viale Regina Elena 299, 00161 Rome,
Italy , Tel: (+39) 06-49902569; Fax: (+39) 06-49902850; E-mail: mtartaglia@iss.it

Keywords: protein tyrosine phosphatase, SH2 domains, protein structure, signal transduction, genetic
diseases, SHP2, Noonan syndrome.

Copyright 2012 by The American Society for Biochemistry and Molecular Biology, Inc.

2102 ‘v AInC uo ‘v21a3W0Ig Y3dY vO3L011dIg ¥e 610°og'mmm woly papeojumoq


http://www.jbc.org/cgi/doi/10.1074/jbc.M112.350231
http://www.jbc.org/

Background: Disease-associat&iIPN11
mutations enhance SHP2's function by
destabilizing its inactive state or increasing
binding to phosphotyrosyl-containing partners.
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

counteracting effects operating on the allosteric
control of SHP2's function.

Germline missense mutationsMTPN211loccur in

approximately 50% of individuals affected by
Noonan syndrome (NS) (1,2), a relatively common
developmental disorder characterized by
postnatally reduced growth, facial dysmorphism,

acting on mutations at those codons impliesvebbing of the neck, congenital heart defects and

balancing of counteracting effects operating orhypertrophic

SHP2's activity.

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

SUMMARY
Activating mutations in PTPN11 cause Noonan
syndrome (NS), the most common non-
chromosomal disorder affecting development
and growth. PTPN1l encodes SHP2, a 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 occurrence of the Tyr62Asp and
Tyr63Cys substitutions recurring in NS. We
provide structural and biochemical data
indicating that the autoinhibitory interaction
between the N-SH2 and PTP domains is
perturbed in both mutants as a result of an
extensive structural rearrangement of the N-
SH2 domain. Most mutations affecting Tyf®
exerted an unpredicted disrupting effect on the
structure of the N-SH2 phosphopeptide-binding
cleft mediating SHP2's interaction 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 SHP2's inactive
conformation without severely impairing
proper N-SH2's phosphopeptide binding. On
the other hand, the disruptive effect of the
Tyr62Asp change on the autoinhibited
conformation of the protein was balanced, in
part, by less efficient binding properties of the
mutant. Overall, our data demonstrate that the
selection-by-function mechanism acting as
driving force for PTPN11l mutations affecting
codons 62 and 63 implies balancing of
2

cardiomyopathy, skeletal and
hematologic anomalies, and variable cognitive
deficits (3-5). PTPN11lencodes SHP2, a widely
expressed cytoplasmic protein tyrosine
phosphatase that functions as a signal relay protein
positively modulating RAS signaling (6). SHP2 is
composed of two tandemly arrangébterminal
Src homology 2 (SH2) domains (N-SH2 and C-
SH2), a catalytic domain (PTP) andCaerminal

tail with a still not well characterized role. The N-
SH2 and C-SH2 domains control SHP2's
subcellular localization and functional regulation,
with the former acting as an allosteric switch with
two spatially non-overlapping sites involved in an
intramolecular inhibitory interaction 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 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 auto-inhibiting
interdomain interaction, activating the
phosphatase.

Previous work by our group and others
provided evidence that NS-causinBTPN11
mutations perturb SHP2's function through
distinct molecular mechanisms (8-11). In most
cases, lesions affect residues involved in the N-
SH2/PTP interdomain binding network that
stabilizes SHP2 in its autoinhibited state, and up-
regulate SHP2's function 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
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alter their binding specificity to those proteind. O changes at that codon that perturbs the stability of
note, there are mutations that affect residueSHP2's inactive conformation without severely
located within the PTP domain contributing to theimpairing proper N-SH2's binding to the
stability of the catalytically inactive conformation phosphopeptide. On the other hand, the Tyr62Asp
but also participating in catalysis or controllingchange is the only substitution at that codon
substrate specificity. For some of these NSdestabilizing the autoinhibited conformation of
causing defects, biochemical data indicate thaBHP2, even though such disruptive effect is
those substitutions favor protein activation bybalanced, in part, by less efficient binding
promoting dissociation of the N-SH2 and PTPproperties of the mutant. Overall, our findings
domains without any substantial perturbing effecdocument  that the  selection-by-function
on catalysis. Other changes affecting the catalytimechanism acting as driving force for mutations
domain, as those underlying LEOPARD syndromeffecting codon 62 and 63 implies the existence of
(LS), a disorder that is clinically related to NScounteracting effects operating on the allosteric
(12), however, have dramatic consequences atontrol of SHP2's function.
SHP2's catalytic function (9,13,14).

Available mutation data strongly support theEXPERIMENTAL PROCEDURES
idea that the specificity in the amino acid Expression Constructs The full-length human
substitution is relevant to SHP2's functionalpolyHis-taggedPTPN11cDNA was cloned in a
dysregulation and disease pathogenesis. A distinpET-26b vector (Novagen) using théndlll and
class of activating mutations iIRTPN11occurs Xhd restriction sites. The 12 single-base changes
largely as a somatically acquired event withresulting in amino acid substitutions at codons 62
variable prevalence in childhood hematologicaland 63 (Table 1) and the
malignancies  (9,15-17). These leukemia-<.184 186delTACInsGAG change resulting in the
associated mutations exert a differential perturbingyrosine-to-glutamic acid amino acid substitution
effect on SHP2's function, development andat codon 62 were introduced by site directed
hematopoiesis (9,10,18,19). Similarly, among thenutagenesis (QuikChange Site-Directed
mutations causing NS and LS, largely invariantMutagenesis Kit, Stratagene). The polyHis- and
amino acid changes are observed for sever&ST-tagged N-SH2 domain constructs (residues
recurrently affected codons, indicating a specifi®-103) were PCR generated and cloned in the
role for the residue being introduced (9). Such apET-26b (Novagen) and pGEX-2TK (Amersham
invariant occurrence of mutations can be ascribeBioscences) vectors. For cellular studies, the full-
to diverse driving forces, due to either selectioniength PTPN11 cDNA carrying the NS-causing
by-function or site-specific increased mutability c.184T>G (Tyr62Asp) and ¢.188A>G (Tyr63Cys)
(12). missense mutations were cloned in pcDNAG/V5-

Here, by determining the biochemical HisA (Invitrogen). The coding sequence of all
behavior of all possible substitutions arising fromconstructs was confirmed by bidirectional
single-base changes affecting codons 62 and 68equencing. FLAG-Gabl and HA-Erk2 constructs
we explored the molecular mechanisms lyinghad previously been described (20).
behind the largely invariant occurrence of the NS- ERK Phosphorylation Assay 293T cells
causing Tyr62Asp and Tyr63Cys amino acidwere cultured in Dulbecco’s modified Eagle
changes. We show that the autoinhibitorymedium (PBI) supplemented with 10% heat-
interaction between the N-SH2 and PTP domainmactivated fetal bovine serum (Euroclone) and 1%
is perturbed in both mutants as a result of apenicillin-streptomycin, at 37 °C with 5% GO
unanticipated extensive structural rearrangemeronstructs were cotransfected with HA-Erk2 and
of the N-SH2 domain rather than a consequence ¢fLAG-Gabl using TrandT-LT1 Transfection
a local effect. Our data also indicate thatReagent (Mirus). ERK phosphorylation status was
replacement of TYf has an unexpected disruptive evaluated in time-course experiments, basally and
effect on the structure of the N-SH2 following EGF (Invitrogen) stimulation (30
phosphopeptide-binding pocket implicated inng/ml), as previously described (20). Following
SHP2's interaction with signaling partners, andovernight incubation with anti-HA antibody
that the disease-causing mutation is the onlySigma), immunoprecipitates were collected with
substitution among all possible amino acidprotein G-Sepharose (Amersham Pharmacia
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Biotech) for 2 h, washed, and analyzed by Westeralgorithm, considering a dielectric constant of 2
blotting using the anti-phospho-p44/42 MAPK and 78.54 for the solute and the solvent,
(Thr202/Tyr204) antibody (Cell Signaling). respectively, with single Debye-Hickel boundary
Membranes were then stripped and probed witconditions, a probe radius of 1.4 A, and a
anti-HA antibody for protein normalization. To temperature of 300 K.
evaluate the SHP2-V5, FLAG-Gabl and Erk2-HA Molecular dynamics (MD) simulations were
protein levels, 30 pg of total lysates wereperformed using GROMACS 4.0.4 (22), with the
immunoblotted with anti-V5 (Invitrogen), anti- GROMOS96 ff{G43al force field (23). Starting
FLAG (Sigma) and anti-HA monoclonal (Sigma) coordinates of the N-SH2 domain of human SHP2
antibodies. were taken from PDB entry 2shp (chain A;
Protein Purification— Recombinant proteins residues 2-104) (7). The program DeepView 4.0.1
were expressed as previously reported (11), usin@4) was used to insert mutations at position 62 or
E. coli (DE3) Rosetta2 competent cells (Novagen)63. Rotamers with the lowest energy score were
Following IPTG-induction at 30 °C, harvesting selected. Th&l- andC-termini of the protein were
and cell lysis, polyHis-tagged full-length SHP2 assumed to be charged. Protein was centered in a
proteins and the isolated N-SH2 domains wergriclinic box and hydrated with more than 5000
purified by chromatography, using the Ni-NTA water molecules. The system equilibration was
magnetic agarose beads (Qiagen), and stored aperformed by a two-steps energy minimization,
20 °C with 5 mM DTT. GST-tagged N-SH2 first restraining all protein atoms to their positions,
domains were purified using the glutathione-and then removing the restraints. Following initial
Sepharose beads (Amersham Biosciences), amghergy minimizations and a 100 ps MD run during
stored at -80 °C with 20% glycerol. which the protein atoms were position restrained,
Phosphatase Assays Catalytic activity of the temperature of solute and solvent was raised to
wild-type SHP2 and generated mutants wag800 K in a stepwise manner, performing four MD
evaluatedin vitro using 20 pmol of purified runs, 50 ps each, at different temperatures (50,
recombinant proteins in a 200 ul reaction buffert00, 200 and 250 K). Electrostatic interactions
(25 mM HEPES, pH 7.2; 50 mM NaCl; 2.5 mM were calculated using the particle mesh Ewald
EDTA; 625 mg/ml BSA, 5 mM DTT) method, and a 1.2 nm cut-off radius for the real
supplemented with 20 mM p-nitrophenyl part calculation. Van der Waals interactions were
phosphate (pNPP) (Sigma) as substrate, either galculated using a cut-off radius (1.2 nm). The
basal condition or in presence of the proteirsimple point charge (SPC) model was used for
tyrosine phosphatase non-receptor type substratewlater (25), and water geometry was constrained
(PTPNS1) biphosphotyrosyl-containing activationwith the SETTLE algorithm (26). A Berendsen
motif (BTAM peptide, hereinafter) thermostat, with a coupling constant of 0.1 ps, was
[GGGGDIT(Yp)ADLNLPKGKKPAPQAAEPNN  applied in all simulations (27), and the reference
HTE(Yp)ASIQTS] (Primm), and incubated at 30 temperature was set to 300 K, except where stated
°C for 30 min. Reactions were stopped with 0.1 Notherwise. Pressure coupling was applied
NaOH. Phosphate release was determined bgmploying the Berendsen scheme, with a time
measuringAss. Amount, purity and integrity of constant of 1.0 ps, a reference pressure of 1 bar
recombinant proteins were assessed using thend a compressibility of 4.5 fObar’. Bond
Protein Assay Kit (Bio-Rad) and Coomassielengths were constrained with the LINCS
staining. algorithm (28). Simulations were run with a 2 fs
Structural Interpretation and Molecular timestep, and were at least 100 ns long.
Dynamics Simulations Electrostatic calculations Translational and rotational motions of the protein
were performed with the APBS 1.3 program (21)were removed by least-square fitting the positions
using the protein coordinates of the protein dataf the G, carbon atoms of the most rigid residues
bank (PDB) entry 2shp (7), and calculating then the protein (residues 6-8, 27-32, 42-46, 52-57,
electrostatic potential generated by the PTH5-80, and 97-102) to their starting coordinates.
domain (residues 221-524) on the surface of the To evaluate the conformational variations of
N-SH2 domain. The linearized Poisson-Boltzmanrdoop DE (residues 60-63), the distance between the
equation was solved by the automatically-center of mass of the DE loop backbone and the
configured  sequential focusing  multigrid center of mass of the backbone of residues 75-77
4
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of helix B was calculated. Root mean squarghirteenmers, each displaying a phosphorylated
positional fluctuations (RMSF) of Catoms were tyrosine residue at position 7 (31). One-fourth of
calculated according to standard definitionsthese phosphopeptides were retrieved from pELM
between 15 and 100 ns. Molecular graphics wag2), while the remaining received a high score
obtained with MOLMOL (29) and the Chimera according to the NetPhos Neural Network
visualization system (30). predictive  algorithm  (33). The list of
Chemical Denaturation Assays Intrinsic  phosphopeptides is available upon request. The
fluorescence spectra were measured on kbrary was arranged together with control spots on
Fluoromax 2 fluorimeter (Horiba), with 295 nm a glass slide in three identical sub-arrays of 6,400
excitation and 3 nm bandpass. Emission spectrdots. Control spots included PBS and FLAG-
were collected between 305 and 400 nm, andpitope peptides (negative controls), IgG or IgM
background was subtracted. The protein wasantibodies (controls for secondary antibody
dissolved in a 5mM HEPES buffer, 75 mM NaClbinding), GST protein (positive control for the
(pH 7.2), at a 5 puM concentration, in a 3x3 mmprimary antibody). TAMRA and Cy3 dyes were
pathlength cell. Temperature was controlled with a&potted to facilitate grid orientation. Sixty peptides
thermal bath to 20.0 £ 0.1 °C. After addition of thewere spotted in triplicate to verify within-array
chaotropic agent guanidinium chloride (GndCl,reproducibility. Following 1 h blocking in 5%
Fluka), equilibration of the system was ensured b SA-containing PBS, the phosphopeptide arrays
acquiring multiple spectra until no further changesvere probed with 1 pg/ml of each GST-tagged N-
were observed. SH2 domain. After washing, chips were incubated
Surface Plasmon Resonance Analysis with an anti-GST Cy-5 conjugated antibody
Surface plasmon resonance (SPR) measuremerismersham-Pharmacia), and fluorescence signals
were performed using a BIlAcoreX instrumentwere revealed with a Scan-Array Gx Plus
(BlAcore Intl. AB) equipped with two flow-cell instrument (Perkin Elmer). To determine a
sensor chips. Biotinylated BTAM peptide (100 positive data set of interacting peptides, the
pg/ml) or the monophosphorylated-terminal  fluorescence intensity of each spot was measured,
portion of that peptide and the median intensity of the three replicated
[GGGGDIT(Yp)ADLNLPKGKK] was spots was computed for each of the 6,400
resuspended in a buffer containing 10 mM HEPE$®hosphopeptides, which were ordered according to
(pH 7.4), 150 mM NaCl, 3 mM EDTA, and their median fluorescence intensity. Peptides
0.005% (v/v) surfactant P20, and injected over avhose binding intensities differed from the
streptavidin-coated sensor chip (SA), at a flow rateaverage intensity by more than 3 standard
of 10 ml/min for 2 min, to obtain an deviations (z score >3) were considered as
immobilization level of 800 resonance units. The'binders”. For each N-SH2 domain, the
biotin molecule was linked to thd-terminus of enrichment in specific residues at the different
the peptide by a stretch of polyglycine. Wild-typeposition flanking the pY was visualized by using
and mutant polyHis-tagged N-SH2 domains weréf'wo Sample Logo representations (34).
resuspended in the same buffer, and applied at a SPOT synthesis technology was used to
concentration of 500 nM, with a flow rate of 30 synthesize a subset of opportunely selected
ml/min. The amount of protein bound to the sensophosphopeptides on the cellulose membrane, as
chip was monitored by the change in refractivepreviously described (35). Membranes were
index, given in arbitrary response units (RU), at 25ncubated with the N-SH2 N-SHZ*P®2 and N-
°C, as a function of time. At the end of the sampleSH2"**P®® domains expressed as GST-tagged fusion
plug, the buffer was passed over a sensor surfageoteins. Binding efficiency and affinity were
to allow dissociation. The sensor surface wasevealed using an anti-GST antibody conjugated to
regenerated for the next sample using a 2 pl puldeorseradish  peroxidase fluorophore.  Signal
of 35 mM NaOH. As a control, no binding was intensity was quantified and the fold increase
observed when polypeptides were run on the flowfnormalized to the signal obtained for the wild-
cell sensor chip with immobilized biotin. type N-SH2 domain) was plotted. As positive
Phosphopeptide Array Binding Analyses controls, peptides containing the phosphorylated
Chip arrays used to characterize the N-SHdinding motif of GAB1 and PTPNS1 specifically
recognition specificity consisted of 6,057 recognized by the SHP2's N-SH2 domain, were
5
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also spotted. Binomial testing ami<0.05 were basal conditions, all but one SHP2 mutants at

applied. codon 62 exhibited a relatively low catalytic
activity, which was comparable to that observed
RESULTS for the wild-type protein  \{noe= 6.8

Activity of SHP2 mutantsAvailable published pmol/min/pmal), the exception being the NS-
records document thatPTPN11l mutations causing SHPP®that showed a 2.3-fold increase
affecting codons 62 and 63 are a relativelyin substrate dephosphorylation (Figure 3A). The
common event among individuals with NS, activating effect of the Tyr62Asp substitution was
accounting for approximately 10% & TPN11l weaker compared with that promoted by the
mutation-positive cases (Table 1). These missendeukemia-associated Glu76Lys change, but
substitutions have not been observed to occur a®nsistent with what has previously been
somatic changes in cancer. At the nucleotide levetiescribed for most NS-causing lesions affecting
a largely invariant occurrence for the c.184T>Gresidues located at the N-SH2/PTP interface
transversion (Tyr62Asp) is observed, while the(9,10). Following BTAM stimulation, mutants not
A>G transition at nucleotide 188 (Tyr63Cys) isassociated with NS showed either an increase in
the only change occurring at this codon reportegphosphatase activity comparable to that observed
so far. None of those codons encompasses a Cgar the wild-type protein (SHP%%? SHP2Y*%
dinucleotide. Assuming similar mutation rates forand SHP3"®), or a slightly enhanced catalytic
all the possible single-nucleotide substitutionsactivity (SHPZ*"®? and SHPZ™) that was,
affecting each codon and functional equivalence ofiowever,  significantly lower than that
the resulting amino acid changes, the frequency atharacterizing the NS-causing mutaR:(qentst test
these missense mutations is significantly highex 0.005, in all comparisons). Based on the nature
than that expected simply by chance (Tyr62Aspof the amino acid change, a trivial interpretation of
p= 2.1x10'% Tyr63Cys,p= 7.3x10°%), supporting the perturbing effect of the Tyr62Asp substitution
the idea of a selection-by-function mechanisnon the stability of the N-SH2/PTP interaction
operating on this non-random distribution ofwould imply a possible electrostatic repulsive
amino acid changes affecting both codons. mechanism resulting from the introduction of a
Tyr®? and TyP® are located at the PTP- charged side chain at the interface of the two
interacting surface of the N-SH2 domain, andlomains. Assessment of the vitro phosphatase
lesions affecting these codons were predicted tactivity of the SHP2"¢2 mutant
perturb the equilibrium between the inactive andc.184 186delTACinsGAG), however, indicated
active conformation of the protein by affecting theonly a moderate activation compared with the
stability of the autoinhibitory N-SH2/PTP disease-causing SHE®? protein, both basally
interdomain interaction (Figure 1) (8,9). and following BTAM stimulation, suggesting a
Consistent with the predicted activating role ofmore complex role for the tyrosine-to-aspartic acid
both the NS-causing Tyr62Asp and Tyr63Cyschange in perturbing SHP2's function.
amino acid substitutions, ectopic expression of the Biochemical analysis performed on the
V5-tagged SHP?® and SHP2°* mutants in panel of generated mutants at codon 63 provided
293T cells promoted enhanced ERK evidence that, with the exception of SHF3 and
phosphorylation upon EGF stimulation, comparedSHPZ"*®® which showed activities comparable to
to what observed in cells expressing the wild-typahe wild-type protein, mutants exhibited a variable
protein (Figure 2). To explore the consequences dfcrease in their activation basally (Figure 3A),
the Tyr62Asp and Tyr63Cys amino acid changesndicating that most mutations at this codon
on SHP2's biochemical behavior and provide arperturbed the stability of the enzyme in its
explanation for their largely invariant occurrencecatalytically inactive conformation. Of note, basal
in NS, all possible mutants arising from single-phosphatase activity of the NS-causing SH®2
base changes affecting those codons, as well as thitant was only 1.6-fold higher than that of the
wild-type protein, were expressed in bacteriawild-type protein and considerably lower than that
purified and their phosphatase activities wereharacterizing the SHP?®® mutant, indicating
determined in vitro, basally and following only a mild destabilizing effect of this substitution
stimulation with the BTAM peptide previously on the N-SH2/PTP interdomain interaction.
demonstrated to activate SHP2 (11,36). UndeFollowing BTAM stimulation, however, most
6
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mutants at this codon appeared unresponsivanticipated, the Tyr62Asp substitution introduces a
(SHPZ*"%) or poorly responsive (SHP?®®  charged side chain at the interface between the N-
SHPZ™% and SHPZ™), suggestive of an SH2 and PTP domains, which might be suggestive
unpredicted disruptive effect of these amino acidor structural stress due to the introduction of
changes on the N-SH2 pocket involved inelectrostatic repulsion between the surfaces of
phosphopeptide binding. In contrast, the NSthese domains, analogous to what had previously
causing SHP2°% mutant exhibited markedly been recognized for the leukemia-associated
augmented catalytic activatioP4genrsttest< 0.05, Glu76Lys amino acid change (37). Poisson-
in comparison to SHBZ®*and SHP2"*® Pgyeents  Boltzmann  calculations of the electrostatic
ttest < 0.002, in all other comparisons). potential generated by the PTP domain on the N-
The catalytic activity of the NS-causing SH2 surface, however, indicated that the side
SHPZ*"2 and SHP2*%®* mutants was then chain of the aspartic acid is introduced in a region
measured as a function of BTAM concentration,of positive potential generated by several cationic
and compared with a panel of selected proteingesidues, including Ly&* and Lys® (Figure 1).
(Figure 3B). Both the pathogenetic mutants werdased on these considerations, the Tyr62Asp
significantly more responsive to peptide substitution would be expected to generate
stimulation than the wild-type protein. Such electrostatic attraction between the two domains,
enhanced responsiveness is predicted to be a dirgmedicting a more steady interdomain interaction,
consequence of the perturbing effect of thesén contrast to the observed biochemical behavior.
lesions on the N-SH2/PTP interaction network,This apparently conflicting evidence suggested
since the “open” conformation implies anthat the Tyr62Asp substitution might lead to a
enhanced binding affinity for the phosphopeptidemore complex structural rearrangement of the N-
(37). While the increased basal activity of theseSH2 domain, rather than to a mere perturbation of
mutants indicates a destabilization of the inactivéehe N-SH2/PTP interaction. This hypothesis was
conformation of the phosphatase, supporting thalso consistent with the observed impaired or less
idea that a shift in the conformational equilibriumefficient responsiveness of the majority of mutants
is definitely contributing to their higher at codon 63 tothe BTAM peptide, notwithstanding
responsiveness, the possibility that those lesiontheir basal activation, implying a structural
might perturb the binding properties of the N-SH2adjustment of the phosphopeptide binding pocket
domain due to a concomitant structuralof the N-SH2 domain.
rearrangement of the phosphopeptide binding cleft To characterize such perturbing effect(s),
could not be ruled out. Consistent with thisMD simulations of the isolated N-SH2 domain
hypothesis and the above observations, the basaltarrying either the NS-causing amino acid changes
hyperactive SHP2P® protein was essentially or the Tyr63Asp substitution, the latter included as
unresponsive at all the investigated BTAMa representative of unresponsive mutants, were
concentrations, indicating impaired carried out. Simulations started from the structure
phosphopeptide binding. of the N-SH2 domain in the crystal structure of the
Overall, our data were consistent with awhole protein in its autoinhibited conformation, in
selection-by-function model implicating the which the blocking loop of the N-SH2 domain
destabilization of the N-SH2/PTP interdomain(residues 58-62) obstructs the catalytic site of the
interaction as primary driving force, but PTP domain. Notably, the conformation of this
highlighted an  unexpected counteractingoop during the MD trajectories changed
perturbing effect of a subset of mutations affectingignificantly in all mutants, undergoing a
residues 62 and 63 on proper SHP2's binding to itsonformational transition that led it to fold back
signaling partners. onto the domain surface (Figure 4A), reducing its
Consequences on N-SH2 domain structurespatial distance with the B helix located behind it
Both the NS-causing SHPF?*? and SHP2°%  (Figure 4B). Among the mutants, the structure of
mutants were found to be basally activated andN-SH2**"*® was found to be less stable compared
exhibited enhanced responsiveness to BTAMuvith those of the others, as indicated by the higher
stimulation. Structural analyses were performed tooot mean square (RMS) fluctuations of itg C
understand  the molecular  mechanism(sptoms (Figure 4C). These findings indicated that
underlying such a hyperactive behavior. Asall mutations induced a significant conformational
7
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rearrangement of the N-SH2 domain, predicted teonformation of the N-SH2 domain. In all
reduce the ability of its blocking loop to inhibit the mutants, the unfolding transition took place at
catalytic site of the enzyme, which would favor alower GndCl concentrations compared to the wild-
shift of the equilibrium toward the active shape oftype protein, providing further support for a
the protein. Such an effect, most probablystructural disrupting effect of these amino acid
underlies the increased basal activity of eaclthanges. As expected, the effect was significantly
mutant. larger for the N-SHZ"®® mutant, confirming the
MD simulations also indicated that the dramatic structural perturbation predicted by MD
structural origin of the perturbing effect promotedsimulations on the whole N-SH2 domain,
by each mutation differed significantly. In the including its phosphopeptide-binding site.
wild-type protein, the tyrosine residue at position BTAM binding propertiesBiochemical and
63 participates to the hydrophobic core of the Nstructural data indicated that most mutants at
SH2 domain that also involves residues ‘Bhe codon 63 were unresponsive or only slightly
l1e®, Leu™, Phé', Ala’® Leu” and Led’. While responsive to the BTAM peptide, suggesting that
the Tyr63Cys substitution was predicted to disrupthese lesions could affect peptide binding affinity.
this region creating a cavity in it, the effect of theTo explore further the unpredicted effect of
Tyr63Asp change could be even more radicalmutations at codons 62 and 63 on N-SH2 domain
because of the insertion of a charged residue in tHanction, the binding properties of the isolated N-
hydrophobic pocket. Consistent with this SH2 domains carrying the NS-causing Tyr62Asp
observation, during the trajectory of the N-and Tyr63Cys changes were compared with those
SH2*P% mutant, the side chain of the aspartic acicbf N-SH2 domains from the apparently
moved towards the protein surface to maximize itsinresponsive SHPZ® and wild-type proteins
solvent exposure, leading to a significantusing SPR analysis. Following injection of
distortion of the entire domain structure (Figurebiotinylated BTAM peptide over a streptavidin-
4D). In contrast, the Tyr62Asp mutation coated sensor chip, recombinant proteins were
introduced a charged side chain in the waterapplied at a concentration of 500 nM, and the
exposed surface of the protein, which would bemount of bound protein was monitored by the
expected to cause a perturbation in the network afhange in refractive index, as a function of time.
electrostatic interactions within the blocking loopSPR analysis indicated that the N-SHZ mutant
region. In particular, while a stable salt bridgehad a binding affinity comparable to that observed
between residues A%pand LyS° occurred in the for the wild-type domain (Figure 6A). On the
wild-type protein, the side chain of L§s other hand, consistent with structural and
reoriented to interact with both the aspartic acicdbiochemical data, the N-SHP® mutant was
residues at position 62 and 64 in the mutant. Imimost completely wunable to bind the
addition, the Tyr62Asp amino acid change waghosphopeptide, providing direct evidence for the
predicted to introduce a direct repulsion betweenlisruptive effect exerted by a mutation affecting a
Asp™ and Asp, which are located in the blocking residue located in the N-SH2/PTP interacting
loop, contributing to the perturbation of the localsurface on the phosphopeptide-binding cleft
structure and dynamics of this region. function. The N-SHZ"? domain exhibited an
To confirm the structural data intermediate behavior, as it retained a significant
experimentally, chemical denaturation curves weraffinity for the BTAM peptide, although
obtained by measuring the intrinsic fluorescenceignificantly reduced compared to the wild-type
of each protein, as a function of GndCldomain. These findings were confirmed using the
concentration (Figure 5). The emission spectra dfi-terminal portion of the BTAM peptide
all mutants were shifted to longer wavelengthphosphorylated at the tyrosine residue known to
compared to that characterizing the wild-type N-bind specifically the N-SH2 domain of the
SH2 domain, even under non-denaturingohosphatase (36) (data not shown).
conditions, indicating a higher solvent exposure of Consequences on phosphopeptide
the single tryptophan residue of the domain. Sincescognition and binding specificityAside from
this amino acid is located at position 6, which istheir effect on binding affinity, the predicted
spatially far from the site of mutations, this effectstructural rearrangement of the N-SH2 domain in
indicated a constitutive change in the overalimutants at codons 62 and 63 might also perturb
8
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the recognition specificity for pY-containing was found to bind a significantly smaller number
signaling partners. To explore this possibility, of peptides compared to the wild-type domain,
bacterially-expressed wild-type and mutant formssuggesting an overall less efficient binding, while
of the N-SH2 domain were challenged against athe N-SH2°*®®* domain displayed substantially
array of 6,057 pY-containing naturally occurring different binding preferences from both the N-
peptides known or predicted to be phosphorylate@H2*P®? and wild-type domain. For the latter, the
in viva. Array binding assays were also performedanalysis confirmed a defective binding to the N-
on the N-SH2 domain carrying the leukemia-SH2 domain-specific PTPNS1 phosphorylated
associated Glu76Lys amino acid substitution, asmotif as well as to the majority of
representative of the activating mutations actingphosphopeptides inferred to represent efficient
merely locally to disrupt the stability of the binders of the wild-type N-SH2 domain.
autoinhibitory N-SH2/PTP interdomain interaction
(37). Consistent with available published dataDISCUSSION
(11,38-40), the residues of the phosphopeptide th&tt  this study, we explored the molecular
appeared to mediating binding specificity to themechanisms involved in SHP2's functional
wild-type domain were at -2, -1, +1, +2 and +3dysregulation caused by missense changes at
from the phosphotyrosine, as shown by thecodons 62 and 63, and characterized the driving
generated sequence logo, which abridges thierce underlying the largely invariant occurrence
residue enrichment at each position flanking thef the recurrent Tyr62Asp and Tyr63Cys amino
phosphotyrosine in the best ligand peptidescid substitutions causing NS. Structural and
(Figure 6B). Those positions were found to beabiochemical data demonstrated that the two
the highest information content also in N-$%,  disease causative lesions are the only substitutions
N-SH2*P%2 and N-SH2"*®® binding. For each promoting a significant upregulation of SHP2’s
mutant, a pair-wise comparison of phosphopeptidéunction among all possible changes resulting
binding profiles was determined by directfrom a single-base mutation affecting each codon.
comparison of the median fluorescence intensityAs observed for other mutations affecting exposed
of each binder with those measured for the wildresidues located at the interface of the N-SH2 and
type domain. This analysis documented that all th@TP domains, most mutations at these codons
phosphopeptides identified as high-affinity binderddisrupted the autoinhibitory interaction between
for the wild-type domain were also recognized ashe two domains. Unexpectedly, the hyperactive
good ligands of the N-SH2’® domain, with an behavior of both mutants was found to be the
overall correlation coefficient of 0.75. A similar result of a substantial structural rearrangement of
behavior was observed for the N-SE®2” and N- the N-SH2 domain that also involved the
SH2%**® mutants (correlation coefficients equal tophosphotyrosine binding pocket mediating SHP2’s
0.76 and 0.80, respectively), providing evidencanteraction with signaling partners and was
that both domains retained recognition specificitydemonstrated to affect the phosphopeptide-binding
comparable to that observed for the wild-typecapability of the domain in a subset of mutants.
counterpart. In contrast, the Tyr63Asp amino acidhese findings imply the existence of
change was found to substantially perturb botltounteracting effects of these mutations operating
affinity and specificity, as indicated by the on the control of SHP2's function.
relatively small number of shared binders with the SHP2 is regulated by an allosteric switch
wild-type domain (correlation coefficient = 0.27) involving the N-SH2 domain, in which two
and a general more promiscuous behavior. distinct sites participate in an intramolecular
To further investigate these observations, anteraction with the PTP domain and in binding to
selected panel of phosphopeptides, which wera pY-containing signaling partner (7). These sites
predicted to represent the high-affinity binders offunction with negative cooperativity and mediate
the wild-type and mutated N-SH2 domains bythe conformational transition controlling the
fitting their sequence consensus motifs, werénactive and active states of the phosphatase
synthesized by SPOT synthesis technology, an(V,41,42). In the absence of a pY-containing
binding properties of the N-SH?% and N- partner, SHP2 assumes an autoinhibited state, as
SH2*"% domains were assayed (Figure 7). In lineevincedin vitro by the low phosphatase activity of
with our previous findings, the N-SF?* mutant the unstimulated enzyme, while the N-SH2
9
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domain loses surface complementarity for itsconformation of the blocking loop involving
binding site on the PTP domain (7) and overalresidues AsP, Asp, Asp” and LyS°. A general
binding affinity with it (43) in its rearranged rearrangement of the whole domain is also
phosphopeptide-bound state. This model predictsuggested for the Tyr63Asp mutant, for which
that dysregulation of SHP2's function can resulffluctuations in the domain structure, including the
from structural perturbations involving each of theresidues constituting the N-SH2 binding site and
two interactions. Indeed, previous work by ourthe domain core, were observed. In both cases,
group and others confirmed that differentpossible effects on the N-SH2 binding competence
mechanisms are operating at both these N-SH®&as hypothesized since this region is critical also
sites for NS-causin@ TPN11mutations (9-11). In for the conformational transition leading to
most cases, mutations affect the N-SH2/PTRpening of the phosphopeptide binding cleft (44).
interdomain binding network locally, destabilizing Consistent with these predictionsin vitro
the inactive conformation of the protein. A subsephosphatase and phosphopeptide binding analyses
of mutations, however, can act by increasinglocumented that a number of substitutions at
SHP2's hinding affinity for pY-containing codons 62 and 63 significantly perturb proper
partners, or altering binding specificity. Although phosphopeptide  binding  efficiency  and/or
these mechanisms are distinct molecularly, botkpecificity. Such an effect dramatically occurred in
are predicted to act by enhancing SHP2 targetinthe Tyr63Asp mutant and, to a lesser extent, in the
to activated receptors or docking proteins andNS-causing mutant protein carrying the Tyr62Asp
prolonging this interaction. Coherently with substitution.
previously published data, this study provided Multiple lines of evidence indicate that
evidence that the invariant NS-causing Tyr62As@PTPN11 mutations occurring as a somatic defect
and Tyr63Cys amino acid substitutions perturb thén hematologic malignancies have a greater gain-
stability of the N-SH2/PTP interaction required toof-function effect than NS causative lesions (5).
maintain SHP2 in its catalytically inactive The present study provides data indicating that, at
conformation. MD analyses, however, least for a subset of germline defects, the weaker
unexpectedly indicated that such a perturbindiyperactive behavior results from a less efficient
effect did not result from a local, direct functional upregulation of the protein, in which
consequence of the introduced residues, dasvo counteracting effectd.€. destabilization of
previously observed for disease-causing mutationthe inactive state and perturbed phosphopeptide
affecting codons 72 and 76 (9,37), but insteadbinding properties) occurs. Consistent with this
from a more complex conformational model, structural and biochemical characterization
rearrangement of the whole N-SH2 domain.of a large panel of germlinkRASmutations has
Specifically, mutations Ala72Val and Glu76Lys documented that the milder hypermorphic effect
were shown to determine a direct destabilizatiopromoted by these lesions, compared to that
of the N-SH2/PTP interface by introducinginduced by the oncogenic ones, results from a less
interdomain  steric clashes (Ala72Val) oreffective capability of interacting with
electrostatic repulsion (Glu76Lys) (37). Thedownstream effectors, as proved by the inability of
structural consequences of amino acidhese proteins to bind RAF1-RBD or RALGDS-
substitutions affecting codons 62 and 63 ard&RBD efficiently (45). A similar observation has
different. The Tyr63Cys change introduces &een reported for a recently identified HRAS
cavity in the intradomain hydrophobic core mutant, HRA$"®"“3" associated with Costello
involving residues PHE 11e®°, Cys® Ledl™, Phé',  syndrome (46), a disorder clinically related to NS.
Ala’? Leu* and Leld’. As a consequence, the N- This lesion affects the switch | region of the RAS
SH2 blocking loop, which is inserted in the PTPeffector loop, which is required for the interaction
catalytic cleft in the autoinhibited conformation of with a number of HRAS-binding partners,
SHP2, undergoes a conformational transition thahcluding GAPs, GEFs and effectors. It has been
is predicted to perturb interdomain interactions. Ashown that the slightly enhanced signal flow
similar effect was observed in the Tyr62Aspthrough the MAPK and PI3K cascades promoted
mutant. In this case, however, the driving force idy this allele results from a counteracting effect
the perturbation of the pattern of intradomainbetween GAP insensitivity and inefficient binding
electrostatic interactions stabilizing the to effector proteins, including RAF1. Of note, the
10
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finding thatPTPN11 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 malignancy)
documents the requirement of preserved
phosphopeptide binding properties for SHP2
function and its functional upregulation. 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, Shp?®**° 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 SHP2’s functional regulation by
affecting both the stability of the autoinhibitory
interaction between the N-SH2 and PTP domains,
but also 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 catalytic inactive SHP2's
conformation without perturbing dramatically
proper binding of the phosphatase to its
phosphorylated signaling partners.
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FIGURE LEGENDS

Figure 1. Structure of SHP2 in its catalytically inactive conformation and location 6f @gd Tyf%. 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 laya) (light blue) are also displayed. The side chains of resiffuaadryr

Tyr®® are reported in green and vyellow, respectively. iRes missing in the experimental
crystallographic structure were reconstructed as previously described (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 frokiT/d@o +40 kT/e
respectively. The side chains of residues“fand Tyf* are shown as above.

Figure 2. ERK phosphorylation assays. 293T cells were co-transfected with HA-tagged ERK2, Flag-Gabl
and the indicated V5-tagged SHP2 constructs. Following starvation (12 h) and EGF stimulation (30
ng/ml), cells were immunoprecipitated with anti-HA antibody and probed with anti-pERK1/2 or anti-HA
antibodies. Aliquots of corresponding cell lysates were probed with anti-V5, anti-HA and anti-FLAG
antibodies. Representative blots (above) and mean + SD densitometry values (below) of three independen
experiments are shown.

o) papeojumod

Figure 3. Biochemical characterization of SHP2 mutants. [A)itro phosphatase assay of wild-type
SHP2 and all mutants arising from a single-base change at codons 62 and 63. Mutants carrying th
Tyr62Glu substitution and the leukemia-associated Glu76Lys change are also shown for comparison.
Catalytic activity was measured as pmoles of phosphate released using pNPP as a substrate, basally (whi
bars) and following stimulation with oM BTAM peptide (black bars). Values are expressethean +

SD 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 yBjo phosphatase

assay of wild-type SHP2 and mutant proteins as a function of BTAM peptide concentration. Catalytic
activity (mean values + SD of three independent experiments) was measured as above.

E(DBJO'OC]['N\MM

Figure 4. Molecular dynamics simulations. (A) Ribbon representation of the final structures obtained
from simulations of the N-SH2 domain for wild-type (WT), Tyr62Asp, Tyr63Cys and Tyr63Asp mutants.
The blocking loop (residues 58 to 62) is evidenced 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 Latoms of the wild-type (black), Tyr62Asp (red), 8$Cys (green) and
Tyr63Asp (blue) N-SH2 domains during simulations. Magenta marks indicate residues belonging to the
phosphopeptide binding pocket, as previously defined (21). (D) Ribbon representation of two frames
extracted from the Tyr63Asp N-SH2 simulation. Adp shown as red sticks. The blue circles indidage t
region undergoing the main conformational transitions.

210z ‘v AInC uo 'woIaawold vady voILolmaIg Y

Figure 5. Chemical denaturation of the isolated wild-type and mutant N-SH2 domains, as indicated by the
shift in the fluorescence spectrum of Trprotein unfolding leads to exposure of the flutwane to the

water environment, resulting in a red shift in the spectrum. Average wavelength was calculated according
to the following equationZ AR/ X;F;, where F represents fluorescence intensitylatite wavelength at

which it was measured. Values are expressed as mean = SD of three independent experiments.

Figure 6. Phosphopeptide binding properties of wild-type and mutant N-SH2 don{é@nhsSurface
plasmon resonance analysis. Sensorgrams of the interaction of the wild-type protein (red) and the
Tyr62Asp (blue), Tyr63Cys (cyan) and Tyr63Asp (pink) SHP2 mutants with the biotinylated BTAM
peptide. (B) Two Sample Logo representation of the binding recognition specificity of wild-type and
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mutant N-SH2 domains. Each logo abridges the resiehréchment at the positions flanking the
phosphorylated tyrosine (pY) in the best ligand peptides. At each position of the top diagram, the overall
stack height indicates the sequence conservation, while the height of symbols within each stack indicates
the relative frequency of the indicated residue. The bottom diaghastrates the “anti-motif” i(e,

residues that are enriched at each position in the peptide sequences of the negaRyg.sed)ds: <

0.05). Residue positions are numbered by referring their position to that of the pY. The Pearson
correlation coefficient (PCC) between the wild-type N-SN2 domain and each mutant is also shown.

Figure 7. Phosphopeptide recognition specificity in SPOT synthesis assay. Phosphopeptides were
synthesized on a cellulose membrane, which was incubated with the indicated N-SH2 domain expressed
as a GST-fusion protein. The binding efficiency and affinity was revealed using an anti-GST antibody
conjugated to a fluorophore. The intensity of the signal was quantified and the fold increase (assuming the
wild-type intensity equal to 1 for each peptide) was plotted in the bar chart.
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Table 1. List of the disease-causing amino acid substitutions arising from single-base changes at codons
62 and 63 of th@ TPN11gene'

Affected Nucleotide Introduced Occurrence Associated
residue substitution residue (N =855) phenotype
Tyr®? c.184T>A Asn 1 NS
€.184T>C His
€.184T7>G Asp 24 NS
c.185A>C Ser
c.185A>G Cys 1 2
C.185A>T Phe
c.186C>A stop codon
€.186C>G stop codon
c.186C>T silent change
Tyr® c.187T>A Asn
c.187T>C His
c.1877>G Asp
c.188A>C Ser
c.188A>G Cys 67 NS
C.188A>T Phe
C.189T>A stop codon
€.189T>C silent change
€.189T>G stop codon

'Data are from the database reported by Tartaglizandorkers (9) updated to April 2011. The complete

list of somatically acquired and germline transmitted disease-caBJiRf11 mutations and relevant
references are available upon request.

*This amino acid change was documented to be gerrntimsmitted in a subject with neuroblastoma
without clinical features supporting a diagnosis of NS, suggesting it might represent a private variant
causally unrelated to disease. Parental DNAs were not available to verifg tievooccurrence of this
variant.
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Figure 1. Structure of SHP2 in its catalytically inactive conformation and location 6f @gd Tyf>.
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Figure 2. ERK phosphorylation assays.
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Figure 3.Biochemical characterization of SHP2 mutants.
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Figure 4. Molecular dynamics simulations.
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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
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Figure 6. Phosphopeptide binding properties of wild-type and mutant N-SH2 domains.
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Figure 7. Phosphopeptide recognition specificity in SPOT synthesis assay.
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