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Abstract

The SHP2 phosphatase plays a central role in a number of signaling pathways were it
dephosphorylates various substrate proteins. Regulation of SHP2 activity is, in part, achieved by
an intramolecular interaction between the PTP domain of the protein, which contains the catalytic
site, and the N-SH2 domain leading to a “closed” protein conformation and autoinhibition.
Accordingly, “opening” of the N-SH2 and PTP domains is required for the protein to become
active. Binding of phosphopeptides to the N-SH2 domain is known to induce the opening event,
while a number of gain-of-function (GOF) mutants, implicated in Noonan’s Syndrome and
childhood leukemias, are thought to facilitate opening. In the present study a combination of
computational and experimental methods are used to investigate the structural mechanism of
opening of SHP2 and the impact of three GOF mutants, D61G, E76K, and N308D, on the opening
mechanism. Calculated free energies of opening indicate that opening must be facilitated by
effector molecules, possibly the protein substrates themselves, as the calculated free energies
preclude spontaneous opening. Simulations of both wild type (WT) SHP2 and GOF mutants in the
closed state indicate GOF activity to involve increased solvent exposure of selected residues, most
notably Arg362, which in turn may enhance interactions of SHP2 with its substrate proteins and
thereby aid opening. In addition, GOF mutations cause structural changes in the phosphopeptide-
binding region of the N-SH2 domain leading to conformations that mimic the bound state. Such
conformational changes are suggested to enhance binding of phosphopeptides and/or decrease
interactions between the PTP and N-SH2 domains thereby facilitating opening. Experimental
assays of the impact of effector molecules on SHP2 phosphatase activity against both small
molecule and peptide substrates support the hypothesized mechanism of GOF mutant action. The
present calculations also suggest a role for the C-SH2 domain of SHP2 in stabilizing the overall
conformation of the protein in the open state, thereby aiding conformational switching between the
open active and closed inactive states.
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Introduction

SHP2 is a widely-expressed Src homology 2 (SH2) domain-containing protein tyrosine
phosphatase (PTP) that is important for normal cell development. It plays a critical role in a
variety of signal transduction pathways, including growth factor mediated cell
proliferation1~7. The SHP2 protein contains 525 residues with two SH2 domains (N-SH2
and C-SH2) at the N terminus that include residues 1 to 103 and 111 to 213, respectively,
with the PTP domain at the C-terminal region that contains the catalytic site. The PTP
domain of the SHP2 protein has a low basal activity due to auto-inhibition by its own N-
SH2 domain. This can be seen from the X-ray crystal structure8 that shows an extensive
intramolecular interaction between the PTP and N-SH2 domains. Based on this structure it is
evident that the protein must undergo a significant conformational change, with the N-SH2
domain moving away from the PTP domain (i.e. “opening”), in order for protein substrates
of SHP2 to interact with the catalytic site.

Of particular interest is the presence of a number of mutants that have enhanced catalytic
activity. These gain-of-function (GOF) mutations have been shown to contribute to the
inherited developmental disorder Noonan syndrome (NS)9:10 and also to contribute to the
pathogenesis of childhood leukemias11:12. The increased catalytic activity of these SHP2
mutants is presumably due to the ability of the protein to open more readily, leading to an
autoactivated state. Increased activity is also induced by a number of phosphotyrosine (pY)
containing proteins13-14, including SHP2 substrates, upon their interaction with either the
N-SH2 domain or simultaneously with the N- and C-SH2 domains. Towards understanding
this latter phenomena, crystal structures of the N-SH2 domain both with and without bound
pY-peptides show the pY binding region to assume an open conformation in the region
between the BG (residues 89 to 92) and EF (residues 66 to 68) loops15:16, while in the full
SHP2 crystal structure this region of the N-SH2 domain is in a closed conformation and
therefore spatially inaccessible to pY-peptides8. Thus, there is clearly conformational
communication between the N-SH2 and PTP domains, with the conformations of the
domains coupled to their interaction.17

Computational studies, based on molecular dynamics (MD) simulations indicate that
opening of the BG loop spontaneously occurs in the absence of the PTP domain even though
it is not in direct contact with the PTP domain.18 In contrast, opening of the EF loop does
not occur spontaneously, and it was predicted that Tyr66 acts as a conformational switch18
controlling the conformation of the EF loop. These studies indicate a model where
communication between the PTP domain and the pY binding region of the N-SH2 domain
occur despite their not being in direct contact and that binding of pY effector peptides to the
N-SH2 domain leads to conformational changes that facilitate sampling of the activated,
open state of the full SHP2 protein. However, the nature of the structural changes that occur
upon opening of SHP2 to allow access of protein substrates to the catalytic site on the PTP
domain is not known. In addition, the molecular roles that GOF mutants of SHP2 play in
facilitating SHP2 activation are unclear.

To gain insights into these phenomena we have undertaken an MD simulation-based study.
This includes extended MD simulations of the wild-type (WT) form of the full-length SHP2
protein and of three GOF mutants D61G, E76K and N308D. In addition, calculation of the
free energy associated with opening of the N-SH2 domain from the PTP domain was
performed using potential of mean (PMF) force calculations in the four species. The three
GOF mutants were selected for study based on their different locations in SHP2. The D61G
and E76K mutants are located on the N-SH2 domain and are involved in direct interactions
with the PTP domain, but are spatially removed from each other. In contrast, the N308D
mutation is in the PTP domain, but is not in direct contact with the N-SH2 domain. In
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addition, the mutations each represent changes in the charge of the amino acid. By selecting
these mutations it was anticipated that insights into the nature of their facilitation of
sampling of the activated state of SHP2 could be achieved, thereby yielding molecular-detail
models of their GOF activity.

Based on the molecular details obtained from the MD simulations, a model was developed
in which the GOF mutations impact the binding of pY effector proteins to the N-SH2
domain, thereby facilitating opening. This observation was tested by performing
experimental assays on wild-type (WT), E76K, and D61G SHP2 using both low molecular
weight and protein substrates. Results from the experiments supported the presented model.
It is anticipated that this model, as well as additional observations from the present study
concerning the C-SH2 domain, will stimulate additional experimental work to understand
the molecular details of this biologically essential protein.

Materials and Methods

Computational

Molecular modeling and simulations were performed with the program CHARMM19, with
selected simulations performed with NAMD, version 2.620. Calculations were performed
with the CHARMM22 all-atom additive protein force field21 with the CMAP extension22,
To initiate the calculations the crystal structure of SHP2 [PDB:2SHP] was downloaded
from Protein Data Bank. It contained two copies of self-inhibited SHP2 phosphatase in the
asymmetric unit; of these the A monomer was used to initiate the present studies. The
crystal structure of SHP2 has coordinates missing for residues 1, 156-160, 236—245, 295—
301, and 313-323, three mutated residues Thr2Lys, Phe41Leu, and Phe513Ser and is
missing coordinates for the sidechains of Lys235 and Asp294. In order to construct the
missing loop residues, loop modeling23 as implemented in MODELLER 9v324 software
was used. This technique predicts the best loop conformation that corresponds to the lowest
energy conformation among 500 independent molecular dynamics and simulated annealing
optimization runs for each loop. The loops were built in a way that residue 1 was modeled
first, with the selected conformation included in the initial structure for modeling of loop
156-160 and so on.

When the loop modeling was completed the three mutations, Lys2, Leu41 and Ser513,
present in the crystal structure were converted to their wild-type residues Thr2, Phe41, and
Phe513 and the missing coordinates of Lys235 and Asp294 were constructed using version
c35b2 of the CHARMM softwarel9. The missing sidechain atoms of Thr2, Phe41, Lys235,
and Asp294, were built using database statistics25, while the sidechain of Phe513 was built
using x angles from Phe509 of the crystal structure of SHP-1 catalytic domain. Hydrogen
atoms were built based on the internal coordinates in CHARMM22 force field21. Harmonic
restraints were imposed on all heavy atoms with a force constant of 10 kcal/mol/A except
for those involving the five sidechains, and the geometry of the system was optimized with
1000 steps of steepest descent (SD)26 followed by 1000 steps of conjugate gradient (CG)27.
During the minimizations all energy terms were turned on except for the electrostatics.
Finally, the Reduce software28 was used to optimize the conformations of the following
hydrogens: OH, SH, NH3*, Met-CHj, and the orientation of Asn, GIn, and His sidechains.

Since a major goal of the study was investigating the effect of GOF mutations on the
conformational properties of the SHP2 protein, we also constructed the following three
mutated analogues: 2SHP-D61G, 2SHP-E76K, and 2SHP-N308D. Mutations were
performed by changing Asp61 to Gly61 in the modeled WT structure and minimizing the
structure for 1000 SD steps. A similar procedure was followed for the mutation Glu76 to
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Lys76 and Asn308 to Asp308. The four systems will be referred as WT, D61G, E76K, and
N308D in the remainder of the text.

Following modeling to obtain the initial structures of the WT and mutant proteins, as
described above, the crystallographic water molecules within 5 A of the SHP2 were added to
each coordinate set and each system was energy optimized with 5000 SD steps followed by
5000 CG steps. Next, a pre-equilibrated cubic box of TIP3P water molecules?9:30 was
superimposed on the protein + crystallographic water structures. The size of the box was
chosen such that there was at least a 12 A layer of water between the solute and the edge of
the box. Water molecules within 4.1 A of the protein were deleted, and sodium counterions
were placed at random positions around the solute to neutralize the net charge. The
following four systems were generated — 118,793 atoms including 3 counterions for WT
SHP2 in a cubic box of size 108 A, 135,180 atoms including 3 counterions for D61G SHP2
in a cubic box of size 113 A, 135,469 atoms including 1 counterion for E76K SHP2 in a
cubic box of size 113 A and 135,181 atoms including 4 counterions for N308D SHP2 in a
cubic box of size 113 A. Periodic boundary conditions3! were used and Coulomb
interactions were treated with the particle mesh Ewald method32 with a real space cutoff of
10 A, a kappa value of 0.34, order 6 B-spline interpolation, and a grid spacing of
approximately 1.0 A. Lennard-Jones interactions were truncated from 8 A to 10 A with
force switching33, and a LJ long-range correction3! was applied to account for the effect of
Lennard-Jones interactions beyond the truncation distance. The SHAKE34 algorithm was
applied to all covalent bonds involving hydrogen atoms. All protein structures were initially
harmonically restrained with a force constant of 50 kcal/mol/AZ2, to allow the water and
counterions to minimize for 2000 SD steps. Subsequently the restraints were relaxed to 5
kcal/mol/A2 and the whole solute+water+ions system was minimized for 1000 CG steps.

MD simulations for all the systems were performed in the isobaric-isothermal ensemble.
Prior to the production MD calculations, each solute+water+ions system was minimized and
equilibrated using CHARMM. For equilibration the equations of motion were integrated
with the 'leap-frog' algorithm3® with a 2 fs integration timestep to propagate the system. The
temperature was maintained at 298 K by a Nosé-Hoover heat bath36:37 with the thermal
piston parameter of 10,000 kcal/mol/ps2. A constant pressure of 1 atm was maintained using
the Langevin piston method3® with a mass of 1,000 amu. The initial 100 ps of water-ion
equilibration was performed by imposing 5 kcal/mol/A2 harmonic restraints on the solute,
followed by 500 ps of unrestrained dynamics of the entire system. Finally, 20 ns Langevin
dynamics simulations were performed using NAMD?2.6 software with the CHARMM?22/
CMAP force field. Langevin dynamics employed a coupling coefficient of 1/ps with a
temperature bath of 298 K, and the Langevin piston method was used to maintain system
pressure at 1 atm.

Calculation of the potential of mean force (PMF) for opening of the N-SH2 domain with
respect to the PTP domain was calculated using the MMFP module in CHARMM. The
reaction coordinate was defined as the distance between the center of mass (COM) of the
two domains. A restraining harmonic potential, E(r) = k-(r—rg)2, was applied between the
COM s of the two interacting domains, N-SH2 (residues 1-103) and PTP (residues 221-525)
and was used to “pull” the domains apart to the fully open state. The value of r represents
the equilibrium center of mass distance and the value of k was set to be 20.0 kcal/mol/A2. To
obtain initial structures for the PMF calculations r was first set to 30 A corresponding to the
distance in the WT SHP2 crystal structure. Each system was then equilibrated for 100 ps in
the constant volume and temperature (NVT) ensemble. The final structure was then used as
the starting structure for the adjacent window by changing r by +1 A, performing a 100 ps
equilibration and using the final structure to initiate the next window. This process was
performed decreasing r to 25 A and increasing r to 60 A, representative of the fully open
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state. Data for the PMF were then generated by running two adjacent windows from these
equilibrated structures. For example, the final structure from the r = 30 A equilibration was
used to initiate windows at 30 and 30.5 A. PMF sampling was performed in the constant
temperature and pressure (NPT) ensemble, with the coordinates saved every 2ps and the
COM distances every MD step for calculation of the free energy surface. The free energies
were calculated from the weighted-histogram procedure (WHAM)32:40. The final PMFs
were calculated from 27 to 50 A due to the WHAM procedure not converging at distances
shorter than 27 A and not all PMFs being fully sampled out to 60 A. This was not deemed
an issue as the free-energy profiles showed asymptotic convergence with increasing r by the
point where r =50 A,

Normal mode analysis (NMA) was performed using the VIBRAN module in CHARMM.
Quasiharmonic normal modes were calculated from the atomic fluctuations obtained from
the unrestrained MD simulations over the 5 to 20 ns range. The atom position fluctuation
tensor was generated, mass weighted and diagonalized for all Ca atoms of the WT, D61G,
E76K, and E308D systems. The significant difference of the quasi-harmonic method from
the conventional normal modes calculation is the presence of anharmonic terms. Energy
minimized average coordinates of each system from the 15ns simulations were set as the
reference. The temperature was set 298 K. Also the overall translational and rotational
motions were removed from the dynamics trajectory to properly study the internal motions.
1575 normal mode vectors for each system were generated and analyzed.

Experimental

In Vitro and In Vivo Phosphatase Assay—WT and GOF mutant SHP2 GST fusion
proteins were generated and purified following standard procedures. A phospho-peptide
corresponding to the surrounding sequence of pTyr1018 in EGF receptor (Asp-Ala-Asp-Glu-
Tyr[PO3H,]-Leu-lle-Pro-GIn-GIn-Gly) (pY-EGFR) or a low molecular weight compound p-
nitrophenyl phosphate (PNPP) were used as substrates. When pY-EGFR was used as the
substrate, GST-SHP2 fusion proteins (1 g) were incubated with pY-EGFR peptide (0.5
mM) in 40 pL assay buffer (25 mM Tris-HCI, PH7.4, 50 mM NaCl, 5 mM DTT, and 2.5
mM EDTA) at 30°C for 30 min. 50 ul of Malachite Green solution was then added and
ODgyp was measured after 5min. When pNPP was used as the substrate, purified GST-
fusion proteins (1 pg) were incubated with pNPP (3.3 mg/ml) at 37 °C for 1 hour in a
reaction buffer containing 50 mM imidazole (pH 7.5) and 5 mM dithiothreitol. The reaction
was stopped by the addition of 0.1 N NaOH, and the pNPP hydrolysis was measured by
absorbance at 410 nm (ODg41).

For the in vivo phosphatase assay, WT and SHP2P61G/D61G mytant mouse embryonic
fibroblasts derived from WT and SHP2 D61G knock-in mice*! were starved in serum-free
medium overnight and then stimulated with 15% fetal bovine serum (FBS) for 10 min. The
cells were harvested and lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25%
Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 10 pg/mL leupeptin, 10 pg/mL
aprotin, and 1 mM PMSF). Whole cell lysates (500 pg) prepared were immunoprecipitated
with 1 pg of anti-SHP2 antibody. Immunoprecipitates were washed three times with HNTG
buffer (20 mM Hepes pH 7.5, 150 mM NacCl, 1% Glycerol, and 0.1% Triton X-100) and
assayed for SHP2 catalytic activity using pY-EGFR or pNPP as substrates as described
above.

Results and Discussion

Molecular dynamic simulations are emerging as an important tool in elucidating motions
and conformational properties of biologically important molecules on the nanosecond
timescales. They can provide detailed information on the changes occurring in the molecule
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that are difficult to observe using crystallographic, NMR or other experimental approaches.
To understand structural changes associated with the opening of SHP2 leading to its
activated state and to elucidate molecular details of the impact of selected GOF mutations of
SHP2 that lead to enhanced biological activity of SHP2 we undertook calculations on the
WT and three mutant proteins.

In the crystal structure of the SHP2 protein (Fig. 1 A and B) the PTP domain (residues 221-
525, cyan) interacts with its N-SH2 domain (residues 1-103, blue), an interaction that
involves a large protein-protein interface. In contrast, the C-SH2 domain (residues 112-216,
tan) is tethered to both the N-SH2 and PTP domains but does not have a significant interface
with either. The large interface between the PTP and N-SH2 domains makes the catalytic
site inaccessible, thereby leading to the inactive form of the protein. Opening of the N-SH2
domain away from the PTP domain is suggested to lead to an open, catalytically competent
state, based on a number of experimental studies*2:43 showing that SHP2 truncation mutants
lacking the N-SH2 domain have significantly increased activity.

Our initial assumption in designing the present study was that the GOF mutants simply lead
to either a lowering of the barrier for the conformational change from the closed to the open
state or a change in the equilibrium between the closed and open states. To address these
possibilities, potential of mean force (PMF) calculations, in which the change in the free
energy as a function of a selected reaction coordinate is obtained, were undertaken. These
efforts required first modeling of residues missing from the crystallographic structure of the
full-length SHP2 protein8, modeling of the mutations into the structure and equilibration of
the 4 systems before undertaking the PMF calculations. Results from the PMF calculations
lead to the conclusion that GOF impact on activity was related to alterations of the closed
state of SHP2. Accordingly, extensive analysis of unbiased simulations of the closed state
was performed yielding a model for the mechanism of activation of SHP2, including the
impact of the GOF mutations. Subsequent experimental studies were consistent with this
model.

Modeling of structures

Initial calculations involved building loops on the WT protein that were not observed in the
crystal structure followed by creation of the three mutants and the appropriate equilibration
of the structures. This was followed by unrestrained 20 ns MD simulations on all four
systems. Overall behavior of the simulations was monitored based on the root-mean-square
deviations (RMSD) and fluctuations (RMSF) of the backbone Ca atoms. In the simulations
the structures relax during the initial 2.5 ns (see Fig. S1, supporting information), followed
by fluctuations around approximately stable values for the remainder of the simulations.
RMSD values averaged over the final 15 ns of the simulations are presented in Table I. As is
evident, the magnitude of the RMSD for the full protein is dominated by the C-SH2 domain
(Table 1A), while those of the PTP and N-SH2 domains are significantly less. The larger
RMSD values of the C-SH2 domain are likely due the minimal amount of direct interactions
it has with either the PTP or N-SH2 domains (Fig. 1). However, its intramolecular
conformation relatively stable, as based on RMSD values of 2.7 A or less following
alignment based on its own Co atoms (Table IB). With the PTP domain, the RMSD is
dominated by residues in the vicinity of 298 and 319 (Fig. S2 of the supplemental material),
both of which are regions that were not resolved in the experimental structure, requiring
their modeling in the present study. These regions as well as a number of regions in the C-
SH2 domain, also undergo significant fluctuations during the MD simulations (Fig. S3 of the
supplemental material) suggesting their intrinsic flexibility, results that are consistent with
their experimental B factors (Fig. S3). However, as these regions are not adjacent to the N-
SH2 domain, their flexibility is anticipated to not significantly impact the remainder of the
protein. Overall, these results indicate that the applied simulation methodology yields stable
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simulations suitable for analysis of the impact of the mutations on the protein structure and
dynamics.

SHP2 opening potential of mean force calculations

To investigate the pathway of opening of the SHP2 N-SH2 domain from the PTP domain
and estimate the free energy associated with that opening event PMF calculations were
performed on the four systems. The reaction coordinate for the PMF was the distance
between the center of mass (COM) of all atoms in the N-SH2 domain and the COM of all
atoms in the PTP domain. Based on this definition a COM distance of approximately 30 A
represents the closed conformation as observed in the crystal structure of full SHP2. The use
of a biasing potential on this degree of freedom allows for full relaxation of both the
individual domains and their relative orientation as a function of opening distance. The PMF
calculation was performed over the range of 27-50 A; the shorter distances were performed
to artificially “push” the PTP and N-SH2 domains together to achieve an increase in energy
at short distances thereby allowing for a minimum in the surfaces to be identified. The force
constant, k=20 kcal/mol/A2, on the COM restraint was chosen such that the COM distance
histograms for the individual windows had adequate overlap (Fig. S4 of the supporting
information) as required for generating a continuous and reliable free-energy profile.
However, at several distances a force constant of 40 kcal/mol/AZ was used to obtain the
appropriate sampling; during calculation of the PMF using WHAM39:40 the data was
weighted appropriately.

The resulting free energy profiles are presented in Fig. 2. The overall shape of the curves for
all four systems is similar. Going to distances shorter than the COM distance in the WT
crystal structure of 30 A leads to an increase in energy as the two domains press against each
other. As opening occurs there is a rapid rise in energy, reaching an approximate plateau in
the vicinity of 30 to 50 kcal/mol at a COM distance of 45 A. The impact of the extent of
sampling on the computed PMF was initially performed by calculating the PMFs over 500 —
1000, 1000 — 1500 and 1500 — 2000, and 2000 — 2500 ps sampling windows (Fig. S5 and S6
of the supporting information). Increased sampling leads to a decrease in the maximum
energy at 50 A by over 50 kcal/mol upon going from sampling from 500 — 1000 ps to 2000 —
2500 ps, indicating the importance of extended sampling to obtain satisfactory convergence
in the PMFs. In the case of the E76K mutant an additional 500 ps of sampling was
performed (Fig. S5, supporting information), indicating that the 2000 — 2500 ps results are
adequately converged. While the present results appear to be converged the possibility that
additional sampling will lead to alterations in the energy surfaces cannot be excluded.
Towards this end the results of Banavali and Roux are of note*4. The authors undertook the
PMF calculations on Src kinase, a protein of 270 residues, determining the free energy
profile for opening of the 10 N-terminal residues. In their case 210 ps of equilibration
followed by 280 ps of sampling per window was deemed to be sufficient. Other studies
associated with flipping of a base out of a DNA duplex#°:6 indicate that 200 ps of sampling
per window is adequate. However, it may be expected that different types of structural
changes will require different amounts of sampling, leading to extended amount of sampling
for the opening of SHP2 used in the present study.

To obtain an estimate of the error in the calculated PMFs additional analysis of the WT PMF
was undertaken. This involved calculating PMFs for five 200ps blocks over the final 1 ns of
sampling (1500 to 2500 ps) from which averages and standard deviations over the five block
values were calculated. Results from these calculations are shown in Figure S5.1. This
analysis indicates the standard deviation in the free energy profiles to be 1 kcal/mol in the
vicinity of the minimum in the RCOM free energy surface and increase to approximately 10
kcal/mol in the region from 32 A to 50 A. It should be noted that such an analysis assumes
that the five windows represent independent samples. A more rigorous error analysis would
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require repeating the full PMF calculations multiple times, a computational effort that is
beyond the scope of the present study.

Extent of opening of SHP2 required for substrate-protein binding

While absolute convergence of the energy surfaces in Fig. 2 cannot be assured the results do
suggest that opening of SHP2 alone to achieve its activated state does not occur
spontaneously. In the WT and E76K simulations, free energies of 10 kcal/mol are
encountered within 2 A of the energy minimum associated with the closed state as opening
occurs. This is before significant opening has occurred as evidenced by the lack of change in
the solvent accessible surface area (SASA) of the catalytic residues in the PTP domain until
32.5 A (Fig. 3). The E76K mutant has a lower SASA after about 37 A then the WT and the
two other mutants. Analysis of individual residues revealed that lle 463, Gly 464 and Agr
465 in the catalytic site were responsible for this decrease (data not shown). This is another
indication that the changes associated with E76K mutations altering the catalytic site are
more pronounced than in other two mutants, leading to the drastic changes of the solvent
accessibility at the RCOM greater than 37 A. In addition, to mimic the opening required to
accommodate a “protein” interacting with the catalytic sites, the SASA calculation was
repeated using a probe size of 5 A on the WT protein. The resulting change in SASA, shown
in the inset of Fig. 3, indicates that adequate opening required for interaction of a
phosphoprotein with the catalytic site does not occur until > 37 A. In addition, it is clear that
there is no single stable open state as the free energy profiles continue to increase out to 50
A with no significant energy minimum being observed. These results indicate that it is
unlikely that opening of the N-SH2 domain from the PTP domain occurs spontaneously.
Accordingly, the present results suggest that opening of SHP2 to attain an activated state is a
facilitated process that may involve interactions with the substrate protein or other effector
molecules.

Role of C-SH2 domain in SHP2 opening

Images of the opening of WT SHP2 are presented in Fig. 4 and Fig. S7 of the supplemental
material. As may be seen, the movement of the N-SH2 domain relative to the PTP domain
involves a sliding motion, moving that domain over the C-SH2 domain. While some motion
of the C-SH2 domain occurs, it is relatively small. From the images it is evident how the
motion of the N-SH2 domain readily allows the protein substrates of SHP2 access to the
catalytic site. Further, given that the motion involves sliding of the N-SH2 domain onto the
C-SH2 domain, it may be hypothesized that the role of the C-SH2 domain is to act as a
platform to stabilize the overall protein structure while in the open state, potentially
facilitating the protein switching back to the closed, inactive state. In the absence of the C-
SH2 domain, the N-SH2 domain may lose structural organization making it more difficult to
revert to the closed conformation.

Analysis of the conformation of SHP2 and its mutants in the closed state

Importantly, the energy changes in the PMFs calculated for the mutants all show a
significant increase in energy upon opening. With the D61G and N308D mutants the
energies are higher than those of the WT, while lower energies occur with opening in the
E76K. However, in all cases it is evident that the energy required to open the protein enough
to allow protein substrates to bind is 20 kcal/mol or more, indicating that these mutations do
not lead to spontaneous opening. Thus, while significant increases in activity occur with the
GOF mutants due to increased access to the open, activated state of the protein, the present
calculations indicate that this is not due to the protein simply opening more easily. In
combination with the conclusion that opening of SHP2 requires interactions with additional
molecules, these results suggest that the change in activity associated with the GOF mutants
is due to their impact on the closed state thereby facilitating interactions with the substrate
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proteins or other effector molecules. Motivated by this model, subsequent analyses focused
on the closed state of the WT and GOF mutants.

As the present results predict that opening of SHP2 does not occur spontaneously and that
opening may be facilitated by the interaction of the substrate protein with SHP2, simulations
in the vicinity of the closed state were analyzed in more detail. Evident from the PMF
calculations are differences in the vicinity of the minima in the WT and mutant free energy
surfaces, where there is a small shift in the location of the minima (Fig. 2B and Fig. S6 of
the supporting information for the impact of sampling time). In the case of the WT, the
minimum is located at 29.8 A, in the both the D61G and N308D mutants it shifts outward
30.2 A while a larger shift to 30.7 A occurs in the E76K mutants. While these shifts are
quite small and may be an artifact of sampling, they support the hypothesis that changes in
the protein conformation may be occurring in the closed state due to the mutations. Such
subtle conformational changes may allow for the mutants to more readily achieve open,
activated states as compared to WT SHP2 via interactions with substrate or effector
molecules.

The D61G and E76K mutants are located on the surface of the N-SH2 domain directly
adjacent to the catalytic region of the PTP domain (Fig. 1). Asp61 is located such that it
mimics the location of the phosphate moiety of the normal substrate, as well as being
involved in additional hydrogen bond interactions with Ser460 and ionic interactions with
Arg362. Glu76 is involved in an ionic interaction with Arg265 and a hydrogen bond with
Ser502. Accordingly, the D61G and E76K mutants will directly impact the strength of the
PTP-N-SH2 domain interactions, an effect that appears to lead to the outward shift of the
location of their minima (Fig. 2B). However, the N308D mutation is not involved in direct
interactions with the N-SH2 domain and further analysis, discussed below, indicates that the
D61G and E76K mutants may have additional impact on the structure of SHP2 contributing
to their GOF. Further analysis focused on the simulations around the minimum COM
distance at 29.5, 30.0 and 30.5 A used for the PMF calculation and on the final 15 ns of the
20 ns simulations performed without restraints.

Comparison of SASA in WT and mutant SHP2

Presented in Tables Sl and SlI are the solvent accessible surface area (SASA) values and
differences relative to WT for selected residues in the N-SH2 and PTP domains,
respectively, in the closed state. Residues include those on the N-SH2 domain at the
interface with the PTP domain (Table SI) and PTP residues in the catalytic site (458—-466)
and in three loops containing Asp425 (LF loop), Arg362 (FH loop), and Arg278 (D’B loop)
involved in catalysis and phosphate binding (Table SII). In the case of the N-SH2 domain
changes in the SASA for the individual residues are similar in the WT and mutants. The
only significant differences occur with Thr2, Ser3, Pro9 and Asn10, which are located on the
side of the N-SH2 domain adjacent to the C-SH2 domain. The location of these residues
suggest that the differences in SASA may not be associated with the change in activity of
the mutants, though a possible role for these residues in impacting interactions between the
N- and C-SH2 domains that may effect opening cannot be excluded. The only other
significant change is with Glu76 in the E76K mutant. This is due to a shift in the mutated
sidechain towards the protein surface consistent with the location of Arg265 adjacent to
Glu76 in WT SHP2 (Fig. 1D).

Larger differences in SASA between the WT and mutants are evident in the PTP domain
(Table SII). Leu261 and Leu262 show a significant increase in exposure in the E76K and
N308D mutants. However, the largest difference is seen with Arg362, which has
significantly larger SASA in the three mutants. Notably, the SASA of Arg362 is low (38 A?)
in the WT crystal structure. Additional analysis of the SASA of Arg362 as a function of time
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was performed using the 20 ns MD simulations (Fig. 5). This shows the SASA to increase
instantaneously in the D61G and E76K mutants, followed by the N308D mutant and with
the change occurring over almost 9 ns in the WT simulation. Given that a positive charge at
position 362 is highly conserved in the SHP phosphatases®, further analysis was performed
to understand the nature of this differential behavior and its possible link to GOF in the
mutants.

Shown in Fig. S8 of the supplemental material is the WT crystal structure, including
surrounding image proteins in the crystal environment. As may be seen, Arg362 has an
interaction with Asp61 at a distance of approximately 8 A. While not in direct contact, the
ionic nature of the interaction would be anticipated to be favorable such that mutation of the
aspartate to a glycine in D61G would lead to the loss of this stabilizing interaction and
subsequent movement of Arg362 leading to the increase in its SASA. Both Glu76 and
Asn308 are more than 20 A from Arg362 and their impact on the orientation of Arg362
appears to be indirect in nature (see below, residues not shown in Fig. S8). Interestingly, the
sidechain of Arg362 is close to the carboxylate of Asp451’, a residue on a symmetry related
molecule in the crystal that is in direct contact with the Arg362 guanidinium group. The
presence of this interaction is suggested to stabilize the Arg362 sidechain in the
conformation seen in the crystal structure; the loss of the interaction when SHP2 is in
solution leads to the shift in the position of this residue in the WT simulation. However, the
motion does not occur until after 5 ns in the WT simulation, suggesting that the lower SASA
conformation of Arg362 is more stable in the WT versus the mutants. Indeed analysis of the
500 ps timeframe of the PMF 30 A window of the WT systems shows the guanidinium
moiety of Arg362 to be in direct contact with the sidechain of Asp61, participating in an
ionic interaction (not shown). That the mutants impact the orientation of Arg362 as well as
the conformation of the region around that residue stimulated additional analysis of this
residue.

Role of EF, BG, FH, and LF loops on SHP2 conformation

Arg362 is located in an interesting region on the protein (Fig. 1). It is on the FH loop, which
is on the surface of SHP2 in the closed state, lying over a portion of the N-SH2 loop on
which Asp61 is situated. As stated above, Asp61 mimics the interaction of the substrate
phosphate moiety with the catalytic site in the PTP domain. Its location is such that as the N-
SH2 domain moves away from the PTP domain, opening initially occurs in the vicinity of
the FH loop (See Fig. 4). In the crystal structure (WT, Fig. S8) the Arg362 sidechain is in an
orientation in which it is largely excluded from solvent and, as stated above, can participate
in ionic interactions with Asp61. Indeed, during initial stages of opening of the WT protein,
there is an ionic interaction between Arg362 and Asp61. In addition, Arg362 is spatially
adjacent to Asp425, located in the LF loop, another highly conserved residue that is also on
the surface of the protein in the region where opening initially occurs (Fig. 4). Though the
conformational change of Arg362 is ultimately observed in WT SHP2, the presence of that
change along with the conserved nature of the charge associated with that residue and of
Asp425, suggest that this region of the protein may play a role in initiating the opening of
SHP2 required for interactions with substrate proteins. Further, given the negative charge of
the pY residue on the SHP2 substrate proteins, it is tempting to hypothesize that the
conserved, positively charged Arg362 sidechain may participate in initial interactions with
substrates, interactions that may then facilitate opening of SHP2 to its active form. In the
D61G mutant, the loss of negative charge would lead to a loss of ionic interactions, allowing
the residue to interact more with the surrounding environment, thereby facilitating opening
of SHP2 by more readily interacting with the substrate proteins. With E76K, its location on
the B helix is such that the mutation could impact the small B sheet that includes strands D’,
E and F, thereby impacting Asp61 on the D’E loop and facilitating the conformational
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change in Arg362. A long range communication network leading to Asp61, as discussed
below, may be responsible for the change in Arg362 that occurs with the N308D mutation,
though the slower change in the conformation with this mutation indicates that the change
may be solely due to the loss of the crystal contact discussed above for the WT.

The SASA analysis showed a significant increase in the accessibility of Leu262 in the E76K
mutant (Table SlI). Analysis of the region around Glu76 shows interactions with several
residues in WT SHP2, including Leu262, Arg265 and Ser502 (Fig. 1D). The Oy atom of
Ser502 is hydrogen bonded to the carboxylate of Glu76, being 2.80 A from the Ogl atom in
the crystal structure, the guanidinium moiety of Arg265 is approximately stacked with the
Glu76 carboxylate (Arg265 C¢ and Nn2 atoms are 3.94 and 3.96 A, respectively, from
Glu76 O¢l and the Glu76 Cy atom is adjacent to the Leu262 C52, at a distance of 3.63 A).
The E76K mutation significantly disrupts these interactions, leading to the increased solvent
exposure of Leu262 (Table SlI), which allows the sidechain of Lys76 to move freely. The
average calculated RMS fluctuations of Lys 76 sidechain over the 15 ns simulation are 1.88
A for WT and 1.96 A for D61G, 3.99 A for E76K and 1.24 A for N308D mutants
respectively. The increased mation of Lys76 is translated to the mation of the aB helix
(residues 74 to 85). Alterations in the aB helix, which ends at residue 85, may potentially
impact the BG loop on the N-SH2 domain (residues 89 to 92), thereby impacting the
phosphopeptide binding region (see below). Moreover, the loss of the interactions of Glu76
with the residues on the PTP domain listed above will have a direct, adverse impact on the
interaction between the N-SH2 and PTP domains, contributing to the shift in the location of
the minima in the PMF and possibly to the overall lowering of the energy of opening in this
mutant (Fig. 2).

Normal mode analyses of loop flexibility

Given the important roles of the EF, BG, FH, and LF loops on the activity of SHP2, normal
mode analysis was undertaken to further investigate changes in the flexibilities of the loops
in the GOF mutations. Quasiharmonic normal mode analysis is a useful technique for
studying vibrational and thermal properties of molecules; in the present study the goal was
to identify motions that may be associated with the changes in SHP2 associated with the
D61G and E76K mutants discussed above and identify alterations associated with the
N308D mutant that may lead to its GOF activity. In quasiharmonic normal mode analysis
the fluctuations of the atoms, presently the Ca atoms, from the MD simulations is used to
create an atom-atom fluctuation matrix that is diagonalized from which a series of
eigenvalues, or frequencies, and their associated eigenvectors, which describe the collective
motions of groups of atoms, are obtained. Low frequency modes, which represent the largest
scale motions, are then analyzed to identify interesting motions, in the present case being
motions of the EF, BG, FH and LF loops. Accordingly, quasiharmonic vibrational analysis
was performed for the WT and the three mutants at room temperature (298K). Systematic
analysis of the low frequency modes was then undertaken, from which the lowest frequency
mode was observed to contain significant contributions from the four loops in the mutant
structures. The COM distances as a function of time between the BG and EF loops and FH
and LF loops associated with the lowest frequency mode were than calculated and are
presented in Fig. 6. From Fig. 6 it is clear that the three mutants demonstrate increased
fluctuations between both pairs of loops relative to the WT. In the case of the BG and EF
loops located on the N-SH2 domain the largest changes occur with the mutations in the N-
SH2 domain, though the motion is slightly larger in the N308D mutant as compared to the
WT. The change is especially pronounced for E76K, with the distance between the loops
fluctuating between 4.7 A and 13.5 A (Fig. 6A). Significant motions also occur with the
D61G mutant. In the case of the relative motion of the FH and LF loops (Fig. 6B) the largest
amplitude motion occurs with the N308D mutant while somewhat larger amplitude motions
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occur with the D61G and E76K mutants. Verification of the changes in the amplitudes of the
motions was performed by directly analyzing the variation of the distance between the BG
and EF loops and FH and LF loops as a function of time from the 20 ns simulations (Fig. S9
of the supplemental material). This analysis showed differences in the fluctuations for the
different systems consistent with those calculated from the quasiharmonic analysis.

Role of BG and EF loops of the N-SH2 domain in SHP2 opening

The BG and EF loops represent the region on the N-SH2 domain directly involved in
interactions with the pY moiety of phosphopeptides targeting that domain. In the crystal
structure of the full SHP2, these residues are in a closed state, being 8.2 A apart based on the
Ca atoms of Gly67 and Asn92 versus 14.3 A in the open state observed in the crystal
structure of the N-SH2 domain alone. Previous studies in our laboratory have analyzed this
interaction in detail, indicating an important role for Tyr66 in controlling the opening of this
regionl8. From the quasiharmonic analysis presented above, it is clear that additional motion
is occurring in the BG and EF loops in the D61G and E76K mutants. This motion appears to
lead to these mutants sampling conformations of the BG and EF loops associated with the
open state observed in the crystal structure of the N-SH2 domain alone. Average distances
between the BG and EF loops (Table II) are consistent with these results and suggest that the
N308D mutant may also favor the open state. Notably, the open state of the N-SH2 domain
represents a conformation that disrupts the PTP recognition surface as well as favoring
binding of phosphopeptides!®. Accordingly such sampling may favor the equilibrium
towards active form of SHP2 both by facilitating the binding of pY peptides to the N-SH2
domain and causing additional perturbations to the interaction between the PTP and N-SH2
domains.

With the D61G mutant, its impact on the BG/EF loops can be via direct covalent
connectivity. Asp61 is located on the D’E loop, located before p-strand E leading into the
EF loop. Thus, mutation of Asp61 may be directly communicated to the EF loop, thereby
impact the region of the N-SH2 domain involved in binding of phosphopeptide. In addition,
Asp61 is involved in additional interactions with the PTP domain (Fig. 1C). As mentioned
above its carboxylate is approximately 7 A from the guanidinium of Arg362 and the 031
atom of Asp61 is 3.83 A from the C& atom of the invariant Arg465, which is part of the
phosphate-binding cradle*’, and 3.81 A from the Oy atom of Ser460. The mutation of
residue 61 from an Asp to a Gly will lead to a loss of these favorable interactions,
contributing to the shifting of the minimum in the PMF (Fig. 2) to distances longer than
those in the WT SHP2, analogous to the situation with the E76K mutation.

While with the D61G and E76K mutants there are clear, direct lines of communication
between those residues and the BG and EF loops in the N-SH2 domain leading to the
changes discussed above, the mechanism by which N308D causes its effects is not evident.
The distance between the Ca atom of Asn308 and Arg362 in the crystal structure is 27.1 A
and the distance to the Asp425 Ca atom is 25.4 A. However, analysis of the crystal structure
of SHP2 suggests a possible line of communication (Fig. 1E). The O81 atom of Asn308 is
2.97 A from the Ne atom of Arg501, whose NH1 atom is 2.55 and 3.28 A from the carbonyl
oxygens of Ala461 and Gly462. Notably, these residues are adjacent to the catalytic
nucleophile, Cys459 in the primary sequence. In addition, the intervening residue, Ser460,
has a direct interaction with the carboxylate group of Asp61 (Ser460 Oy to Asp61 051
distance = 3.81 A). These interactions are maintained in the WT simulation (not shown). As
discussed above, perturbation of Asp61 can directly affect the FH loop via its interactions
with Arg362 and the EF loop via direct covalent connectivity via B-strand E, such that the
N308D mutation, in the closed state, may affect the region of the N-SH2 domain that
interacts with phosphoprotein.
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Impact of N308D mutation on the FH and LF loops

As discussed above, the N308D mutant has the largest impact on the relative position of the
FH and LF loops. The FH loop, composed of residues 361-371 and the LF loop, comprised
of residues 421-431, are located at the PTP domain above the catalytic site. Accordingly,
changes in the structure and dynamics of these loops would directly impact the catalytic
nucleophile, Cys459, potentially facilitating its catalytic efficiency. In addition, the FH loop
is in direct contact with the D’E region of the N-SH2 domain. This includes the interaction
between Arg362 and Asp61 discussed above. The N308D mutation may therefore decrease
the favorable interactions between the PTP and N-SH2 domains as well as favor sampling of
the open state of the N-SH2 domain that favors phosphopeptide binding, thereby further
facilitating SHP2 accessing its active state. In addition, the N308D mutation may alter the
conformation of the FH and LF loops that may impact interactions of SHP2 while in its
closed state with substrate proteins, changes that may potentially facilitate opening.

Experimental Results

The present results, whereby enhanced opening in GOF mutants by increasing the ability of
substrate and activator peptides to facilitate opening via either interactions with the PTP
domain and/or the pY peptide binding site of the N-SH2 domain, are consistent with
experimental studies by Kontaridis et al*8 on the E76K and D61G mutants. In that work it
was shown that both mutants had increased activity with both a protein substrate, lysozyme,
and the low molecular weight substrate p-nitrophenolphosphate (pNPP), and the E76K
mutant had nearly full activity against both substrates in the absence of additional
phosphopeptides (IRS-1-derived peptide Tyr(P)-1172 or Tyr(P)-1222 peptide). To
corroborate these results and further investigate the proposed model additional experiments
were undertaken. The experiments were designed to identify if the presence of activator
peptides leads to a greater enhancement of activity for the mutants relative to WT SHP2,
with emphasis on the D61G mutant. This involved measuring the phosphatase activity of
SHP2 using both pNPP and pY-EGFR, a peptide derived from tyrosine phosphorylated
epidermal growth factor receptor (EGFR), as substrates. Since phosphopeptide substrates
such as pY-EGFR can also act as activators via binding to the N-SH2 domain, inclusion of
PNPP as a substrate is designed to avoid this effect. Similarly, if interactions of the
substrates with the PTP domain via Arg362 on the FH loop can facilitate opening such an
effect may be enhanced in a peptide substrate, though the presence of the phosphate on both
pNPP and pY-EGFR makes differential effects in this case less likely.

Role of pY-EGFR substrate on the activity of SHP2

The initial experiment measured the activity of the two substrates with full-length SHP2,
only the PTP domain of SHP2, the D61G full-length SHP2 mutant and the E76K full-length
SHP2 mutant. With pY-EGFR as the substrate (Fig. 7A) significant activity is present in full
length SHP2 due to the substrate potentially acting as an activator by direct interactions with
the N-SH2 domain. However, some gains in activity are observed in the PTP domain alone
as opening is no longer required, an observation consistent with a number of previous
studies®2:43, As expected the level of activity in the D61Y and E76K mutants is higher then
WT, with the activity in the E76K mutant close to that of the PTP domain alone. The
enhanced activity of the two mutants may be due to both the proposed increased facilitation
of opening due to interactions with residues on the PTP domain as well as facilitation of
binding of the pY substrate to the N-SH2 domain, as it still remains unclear whether these
phosphorylated proteins can target both the N-SH2 and the PTP domains. Interestingly, the
enhanced activity of the E76K mutant over the D61G mutant is consistent with the MD
simulations indicating the E76K mutant to assume a conformation of the pY binding site in
the N-SH2 domain more similar to that of the open state (Table 1) and also to experience
less of a barrier to full opening (Fig. 2).
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Role of pNPP substrate on the activity of SHP2

Results for the in vitro phosphatase assays using pNPP as a substrate are shown in Fig. 7B.
The low activity of full length SHP2 with the small molecule substrate in combination with
a significant increase in activity for the PTP domain alone is consistent with the lack of
spontaneous WT opening, though residual activity is evident, as seen by Kontaridis et al48.
As expected, significant increase of activity occurs in the PTP domain alone, with
significant gains also evident in the two mutants. The increase in activity of the E76K
mutant over the D61G mutant observed with the pY-EGFR is still present. This suggests that
facilitated binding of activator peptide to the N-SH2 domain is not the dominant mechanism
of activation in the mutants. However, the extent of activation relative to PTP alone for
pNPP as a substrate is less than that for pY-EGFR as substrate for the two mutants,
suggesting that facilitated binding of activator peptide to the N-SH2 domain is contributing
to increased activity of the mutants, consistent with the proposed model.

Another consideration is the possible impact of the interaction of substrate with Arg362 and
other residues thereby facilitating opening. The proposed mechanism of opening could play
a role with both the peptide and small molecule substrates. If such interactions are
dominated by the phosphate moiety, it would occur with both substrates. Indeed this may
contribute to the residual activity with pNPP in WT SHP2 in Fig. 7B. However, the activity
of WT against pNPP is about 30 fold lower as compared to pY-EGFR. These results are
consistent with previously published experiments in which Sugimoto et al*® showed that
deletion of the N-SH2 domain increases K.g: for pNPP from 0.046 to 49 1/s while for
lysozyme as a substrate kg is 0.11 1/s for full SHP2 and increases to 0.35 1/s in the absence
of the N-SH2 domain. Thus, since keg; for pNPP is much less than Kgy; for lysozyme in the
case of full SHP2, it appears that some interaction of the substrate protein with SHP2 is
facilitating opening of the protein as required for catalysis. Such opening may be induced by
pNPP, but the level is clearly significantly less that that with the protein substrates.

Impact of other activators on the activity of SHP2

To test the ability of additional activators to impact SHP2 activity in vivo experiments were
performed in the absence and presence of 15% fetal bovine serum (FBS), which contains
growth factors that activate SHP2 by binding to cell surface receptors and initiating
intracellular signaling (Fig. 7 C and D). In the WT cells stimulation with serum led to a
small increase in activity in WT SHP2 with pY-EGFR as the substrate, while in the D61G
mutant cells a larger increase in SHP2 activity is induced by serum (Fig. 7C). These results
are consistent with the mutation allowing for greater facilitation of opening by activators,
though the dual roles of the pY-EGFR substrate significantly complicates interpretation of
the results. Similar experiments were therefore performed with pNPP as substrate. The
presence of serum led to a small increase in activity in WT SHP2 in WT cells. In the case of
the D61G mutant cells, the addition of serum leads to a significant increase in activity of
mutant SHP2 (2 to 3 fold). Notably, this increase is significantly greater than that occurring
in WT cells consistent with the model that the mutation does increase the ability of activator
peptides to facilitate opening of SHP2. These results, while not definitive, are consistent
with the proposed model where SHP2 GOF mutations lead to increased activity by
increasing the ability of activator proteins to facilitate opening.

The presented model of the opening of SHP2 may also explain experimental observations on
the impact of pY peptides binding to the C-SH2 domainl4. Binding of pY peptide to the C-
SH2 domain alone does not increase the activity of SHP250. However, peptides that include
two pY moieties, allowing them to bind simultaneously to both the N- and C-SH2 domains
increase activity approximately 10-fold over pY peptides that bind to only the N-SH2
domain, yielding on overall increase in activity of 100 fold®1. Based on the scenario for
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opening presented above, it may be hypothesized that a pY peptide binding simultaneously
to both the N- and C-SH2 domains would optimize the interactions between the two
domains, thereby facilitating the opening of the N-SH2 domain away from the PTP domain.

Presented are results from MD simulations, including potential of mean force calculations,
associated with the opening of SHP2 in the WT protein and the D61G, E76K and N308D
GOF mutants. Analysis of the PMF calculations on the WT protein shows the N-SH2
domain to undergo a sliding motion away from the PTP domain, with the N-SH2 domain
sliding over the C-SH2 domain. This opening pathway suggests a role for the C-SH2 domain
in stabilizing the open state of SHP2, thereby facilitating closing of the enzyme following
catalysis. In addition, such a role of the C-SH2 domain may explain why peptides containing
two pY moieties that simultaneously bind to the N- and C-SH2 domains activate SHP2
activity approximately 100-fold®! while phosphopeptides that bind only to the C-SH2
domain have no significant impact on activity>°. The linking of the N- and C-SH2 domains
may facilitate their interaction, thereby encouraging opening of the protein.

The D61G and E76K mutations alter direct interactions between the N-SH2 and PTP
domains, thereby leading to less favorable interactions between those domains that can favor
the open state. This is observed in the outward shift in the location of the minima in the PMF
calculations of these mutants. However, the PMF calculations also suggest that spontaneous
opening of SHP2 does not occur in the WT or mutant proteins, rather interactions with
external factors, most likely the phosphoprotein substrates or other activator molecules, are
required for this to occur. Analysis of the present results indicates that Arg362 may play a
role in initial recognition of substrate proteins, thereby facilitating opening. Interestingly,
while the calculated increase in free energy upon going to the open state is still large in the
E76K mutant, it is significantly less than that of D61G as well as WT. Given the
experiments showing increased activity of the E76K mutant in this work as well as the work
by Kontaridis et al.#8, the present work indicates that opening does occur more readily in
this mutant, though interactions with the substrate, be it either a protein or small molecule,
are needed to facilitate opening. However, given potential issues with sampling in the PMF
calculations, as discussed above, the possibility of spontaneous opening of E76K cannot be
totally excluded.

Phosphopeptide binding to the N-SH2 domain is known to activate SHP213:14:52 Notably,
all three mutations studied lead to alterations of the N-SH2 domain in the region of the BG
and EF loops. These changes lead to increased sampling of the open state of the N-SH2
domain. Such sampling would further destabilize the interactions between the N-SH2 and
PTP domains. In addition, increased sampling of the open state would facilitate binding of
phosphopeptides to the N-SH2 domain, further facilitating opening of SHP2.

In the case of the N308D mutation, significant alteration of the motion of the FH and LF
loops in the PTP domain is observed. This perturbation of the structure would potentially
alter the catalytic activity of SHP2 via alterations of the active site properties. In addition,
the changes may facilitate opening through alterations of this region that impact direct
interactions with the substrates that may lead to opening as well as direct interactions
between the PTP and N-SH2 domain. A potential network from residue 308 to the relevant
regions of the protein by which these changes may be communicated is presented.

Experimental studies were subsequently performed motivated by the above observations.
While not definitive, they, as well as previous studies*8, are consistent with a model by
which substrates play an active role in leading to the opening of SHP2 as required for
activity. They also are consistent with the model by which the mutants favor binding of
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activator peptides to the N-SH2 domain leading to additional activation of the protein. In
particular, the experiments show larger activation in the E76K mutant, which correlates with
the predicted ability of that mutant to induce a more bound-like state of the phosphopeptide
binding region of the N-SH2 domain.

The present study offers a number of hypotheses concerning the activity of SHP2 and the
impact of selected GOF mutants on the activity. While the present results are primarily
based on computational methods, emphasis has been placed on interpretation of the results
in the context of available experimental data as well as additional data generated as part of
the present study. It is hoped that the models presented in this study will stimulate additional
experimental work allowing more details of the molecular determinants of SHP2 regulation
to be elucidated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Images of the crystal structure of the SHP2 protein in cartoon representation. A and B
represents two orientations of the protein. The PTP domain is cyan, the N-SH2 domain is
blue and the C-SH2 domain is tan. Residues shown include Cys459 (yellow), Asn92 (purple,
on BG loop), Tyr66 (orange, on EF loop), Arg362 (green, on FH loop) and Asp425 (red, on
LF loop) in licorice and the three mutant residues in CPK are Asp61 (red, D61G), Glu76
(green, E76K) and Asn308 (purple, N308D). Images of the crystal structure in the region of
the C) D61G, D) E76K, and E) N308D mutations. The respective residues undergoing
mutation are in red CPK format and selected residues in the vicinity of the mutated residues
are in licorice, atom type coloring with the exception of Cys459 in yellow licorice in C and
E, Asp61l in red licorice in E, Asn92 in purple licorice in C and Arg362 in green in C.
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FIGURE 2.

Potential of mean force for opening of the N-SH2 domain from the PTP domain. A) Free
energy (kcal/mol) as a function of distance (RCOM, A) between the center of mass the PTP
and N-SH2 domains as calculated from the last 500ps of sampling in each window. B)
Expanded view of the minima in the PMF for all 4 systems.
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FIGURE 3.

Solvent accessible surface area (SASA, A2) with the 1.4 A probe sphere radius of the
catalytic site (residues 458 to 466) as a function of RCOM (A) from the four PMF
calculations. The inset is the SASA calculated for the WT with the 5 A probe sphere radius

as a function of RCOM (A). The values are calculated from the last 500ps of sampling in

each window.
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FIGURE 4.

Images of the opening of WT SHP2 taken from the PMF calculation at 30 top), 40 (middle)
and 50 (bottom) A using the time frame at the first 500 ps from the respective windows. The
PTP (cyan), N-SH2 (blue) and C-SH2 (blue2) domains are shown in cartoon format.
Residues shown include Cys459 (yellow), Asn92 (purple, on BG loop), Tyr66 (orange, on
EF loop), Arg362 (green, on FH loop) and Asp425 (red, on LF loop).
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FIGURE 5.
Solvent accessible surface area (SASA, A2) for Arg362 as calculated over the course of the
20ns MD simulations.
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FIGURE 6.

COM distances as calculated form the trajectory generated from the lowest mode1575
between A) the BG loop, residues 91-93 and EF loop, residues 66—68 and B) the FH loop,
residues 361-363 and LF loop, residues 425-427. The WT SHP2 is represented in black and
the mutants are: D61G in red, E76K in blue and N308D in green.
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FIGURE 7.
In vitro phosphatase activity of full-length SHP2, the PTP domain of SHP2, the E76K full-

length SHP2 mutant and the D61G full-length SHP2 mutant with both A) pY-EGFR and B)
pNPP as substrates. Phosphatase activity of SHP2 in WT and SHP2DP61G/D61G mytant mouse
embryonic fibroblasts stimulated with 15% fetal calf serum. Both C) pY-EGFR and D)
pNPP were used as substrates.
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Average RMSD values of Ca (A) of the entire protein from the 15 ns MD simulations. RMSD is calculated for
the entire protein A) based on the alignment to the full protein and B) based on the alignment of individual
domains (N-SH2, C-SH2 and PTP) to themselves. Averages and standard deviations in parentheses were
calculated using 3000 ps block averages.

| WT | D61G | E76K | N308D

A) Full | | | |

SHP2 2501 | 2602 | 2202 | 22(0.2)
N-SH2 16(0.1) | 2001 | 1.8(0.4) | 1.8(01)
C-SH2 36(03) | 42(04) | 34(05) | 32(0.2)
PTP 2400) | 2001 | 1702 | 19001
B) Each domain

N-SH2 1201 | 1301 | 1302 | 1301
C-SH2 2703) | 2202 | 2203) | 1.9(0.2)
PTP 2102 | 1501 | 1502 | 16021
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Average distance between the BG and EF loops based on the Ca atoms of residues Gly67 and Asn92 from the
average structure calculated from the 15 ns MD simulations and the values from the crystals structures of full
SHP2 and the N-SH2 domain alone. The averages and standard deviations in parentheses were calculated from

3000 ps block averages.
Structure Distance (A)
|
WT simulation 7.3(0.4)
D61G simulation 9.6 (0.7)
E76K simulation 11.8(0.9)
N308D simulation 79(1.2)
Full SHP2 crystal structure 8.2
N-SH2 domain crystal structure | 14.3
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