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Abstract

SHP-1 (PTPNB) is a member of the SHP sub-family of protein tyrosine phosphatases and plays a
critical role in the regulation of the JAK/STAT signaling pathway. Previous studies suggested that
SHP-1 contains a PTP1B-like second phosphotyrosine pocket that allows for binding of tandem
phosphotyrosine residues, such as those found in the activation loop of JAK kinases. To discover
the structural nature of the interaction between SHP-1 and the JAK family member, JAK1, we
determined the 1.8 A co-crystal structure of the SHP-1 catalytic domain and a JAK1-derived
substrate peptide. This structure reveals electron density for only one bound phosphotyrosine
residue. To investigate the role of the predicted second site pocket we determined the structures of
SHP-1 in complex with phosphate and sulfate to 1.37 A and 1.7 A, respectively, and performed
anomalous scattering experiments for a selenate-soaked crystal. These crystallographic data
suggest that SHP-1 does not contain a PTP1B-like second site pocket. This conclusion is further
supported by analysis of the relative dephosphorylation and binding affinities of mono-and
tandem-phosphorylated peptide substrates. The crystal structures instead indicate that SHP-1
contains an extended C-terminal helix a.2” incompatible with the predicted second
phosphotyrosine binding site. This study suggests that SHP-1 defines a new category of PTP1B-
like protein tyrosine phosphatases with a hindered second phosphotyrosine pocket.
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1. Introduction

Tyrosine phosphorylation occurs in response to extracellular stimuli and facilitates the rapid
transmission of signals to manage cellular function. The protein tyrosine kinase and protein
tyrosine phosphatase (PTP) families of enzymes mediate signal transmission by the addition
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or removal of phosphate to specific substrate tyrosine residues, respectively. Control of
substrate specificity by these enzymes is mediated by multiple factors, including protein
localization, protein-protein interactions, and specific sequences in the substrate target
(Tonks and Neel, 2001). Therefore, understanding the exact molecular determinants of
substrate specificity is critical to understanding the phosphotyrosine-driven networks that
govern signal transduction.

Cytokines are a critical class of inter-cellular signaling molecules that transmit their
messages to target cells by interaction with extracellular receptors. Cytokine receptor-ligand
interaction, in turn, activates the Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) signaling pathway and consequent signaling events. The JAK kinase
domains are well studied at the atomic level (Alicea-Velazquez and Boggon, 2011), but the
molecular-level determinants of JAK kinase dephosphorylation are not understood as well.
This aspect of JAK regulation is important because dephosphorylation of kinase activation
loops is a key mechanism to downregulate activity. For cytokine signaling cascades one of
the PTPs that performs this critical regulatory role is SHP-1.

SHP-1 (PTPNG6) a member of the Src Homology 2 (SH2) domain containing protein tyrosine
phosphatase (SHP) sub-family of PTPs and is involved in the regulation of cytokine, growth
factor, and immunoreceptor signaling by dephosphorylation of cytoplasmic proteins (Tonks,
2006). SHP-1 can dephosphorylate all of the JAK kinase family members (David et al.,
1995; Klingmuller, 1997; Migone et al., 1998; Yetter et al., 1995), and specifically regulates
IL-2 and gp130 family cytokine signaling by dephosphorylating JAK1 (Migone et al., 1998).
SHP-1 has also been implicated in myeloid cell adherence through interactions with paxillin,
vimentin, and filamentous actin (Yeung et al., 1998), and it downregulates type |
phosphatidylinositidol 3-kinase activity (Cuevas et al., 1999; Zhang et al., 2000). More
recently, SHP-1 has been linked to phagolysosome maturation, where it plays a key role in
recruitment of signaling proteins to the phagosome and ultimately regulates phagosomal
acidification (Gomez et al., 2012). Here we conduct the first structural study of the
interactions between SHP-1 and JAK1.

For the PTP family, primary substrate recognition takes place at the catalytic pocket via
contacts with the incoming phosphotyrosine residue (Zhang et al., 1994), however, residues
flanking the target phosphotyrosine can also contribute to substrate recognition (Vetter et al.,
2000). Dephosphorylation site substrate selectivity has been very well-studied for PTP1B, a
cytoplasmic PTP that plays a key role in regulation of insulin signaling by
dephosphorylation of the insulin receptor kinase activation loop (IRKa ) (Byon etal.,
1998), a role similar to that played by SHP-1 for the JAK-STAT pathway. Interestingly,
PTP1B shows a preference for activity towards IRK 5, that is phosphorylated on adjacent, or
tandem, tyrosine residues (Salmeen et al., 2000). This is due to the presence of a second,
non-catalytic, phosphotyrosine-binding pocket close to the active site of PTP1B (Salmeen et
al., 2000). The structural determinants of this second pocket have recently been used to help
categorize the PTP family into five classes, termed categories | to V (Barr et al., 2009).
Category | PTP family members are most similar to PTP1B, and have been proposed to
contain a similar second pocket that enables this category to preferentially recognize
tandem-phosphorylated substrates. SHP-1 was proposed to be a member of the category |
group of PTPs (Barr et al., 2009).

Here we investigate the structural basis for SHP-1 recognition of JAK1 activation loop
(JAK1a1). We determine the co-crystal structure of SHP-1 with the JAK1, to 1.8 A
resolution, measure the enzymatic activity of SHP-1 towards JAK1x, , and quantify the
binding affinity of SHP-1 for different JAK1, phosphorylation states. We also investigate
the potential second pocket in SHP-1 and determine crystal structures of SHP-1 with
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phosphate or sulfate ions to 1.37 A and 1.7 A, respectively, and confirm our results by
anomalous diffraction from selenate-soaked SHP-1 crystals. These studies suggest that the
category | PTP group should be reclassified into two groups, one that recognizes tandem-
phosphotyrosines via a PTP1B-like second pocket, and one that does not.

2. Materials and Methods

2.1 Protein expression and purification

The catalytic domain (residues 243-530) of human SHP-1 was subcloned into a modified
PET-32 expression vector and expressed in Rosetta (DE3) Escherichia coli. SHP-1 was
expressed as N-terminally hexahistidine (6xHis) tagged protein by overnight induction with
0.5 mM isopropyl 1-thio-p-D-galactopyranoside at 16 °C. Cell pellets were resuspended in
lysis buffer (20 mM Tris pH 8.5, 200 mM NaCl, 1.5 mg/mL lysozyme) supplemented with
protease inhibitors, and lysed by repetitive freeze/thaw cycles and sonication. After
centrifugation at 20,000 rpm for 1 hour at 4 °C, cleared lysate was loaded onto a Ni-NTA FF
(GE) affinity column, eluted by an imidazole gradient and the tag removed by overnight
incubation at 4 °C with TEV protease. Following a second affinity column to remove His-
tagged TEV and uncut protein, SHP-1 was further purified by anion exchange
chromatography using a Resource Q (GE) column. Purified SHP-1 catalytic domain was
buffer exchanged to 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine
(Sigma) (TCEP). 6xHis-tagged SHP-1 was purified over a Ni-NTA FF affinity column,
followed by anion exchange chromatography using a Resource Q column and was buffer
exchanged to 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM TCEP. SHP-1 variants (C453S,
Q252A, Q252R, C453S/Q252A, and C453S/Q252R) were generated using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagene).

2.2 Peptide preparation

Phosphopeptides corresponding to the JAK1 activation loop, JAK1,, , with sequence
E02TDKEPYYTVKD, E02TDKEYpYTVKD, EI92TDKEpYpYTVKD, and
K1032EpYpY TV were synthesized, HPLC purified and lyophilized by Tufts University Core
Facility. The JAK14 -derived phosphomimetic peptide, with sequence K1932E-[F,PMP],-
TV, was synthesized, HPLC purified and lyophilized by Cambridge Research Biochemicals
(F2PMP indicates difluorophosphonomethyl phenylalanine). All peptides were resuspended
in 100 mM Tris pH 8.0,100 mM NacCl buffer.

2.3 Crystallization

Crystallographic data were collected for four types of SHP-1 co-crystal, termed
SHP-1:JAK1p; , SHP-1:PO,4, SHP-1:SO4 and SHP-1:SeQ,4. For all crystals, sparse matrix
and grid screens (Qiagen and Hampton Research) were set with a Matrix Hydra-11 eDrop
crystallization robot (Thermo Scientific) (Murthy, 2007) in order to identify initial
crystallization conditions. Crystal quality was optimized by micro-seeding (Bergfors, 2003).
SHP-1:.JAK1,, . Purified 6xHis SHP-1 wild type was buffer exchanged to 20 mM Tris pH
8.0, 50 mM NaCl, 1 mM TCEP and concentrated to 10 mg/mL. 6xHis-SHP-1 wild type was
incubated on ice for ~1hr with JAK1,, phosphomimetic peptide, K1032E-[F,PMP],-TV at a
1:3 protein:peptide ratio prior to crystallization. Crystals were grown in 0.2 M Ca Acetate,
13% PEG-3350 by the hanging drop method. SHP-1:PO,. Purified SHP-1¢453S was buffer
exchanged to 20 mM Tris pH 8.5, 50 mM NaCl, 1 mM TCEP and concentrated to 10 mg/
mL. SHP-1C453S was incubated with JAK1,, phosphomimetic peptide, K1032E-[F,PMP]-,-
TV peptide at a 1.5 protein:peptide ratio prior to crystallization. Crystals were grown in 0.2
M AmPOy,, 12% PEG-2000 by the hanging drop method. SHP-1.50,. Purified SHP-1C453S
was buffer exchanged to 100 mM Tris HCI pH 8.5, 5 mM EDTA, 5 mM DTT and
concentrated to 15 mg/mL. SHP-1¢453S was incubated on ice for ~1 hour with JAK1a.

J Struct Biol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alicea-Velazquez et al. Page 4

K1032EpYpY TV peptide at a 1:5 protein:peptide ratio prior to crystallization. Crystals were
grown in 0.1 M MES pH 6.5, 1.5 M AmSQy,, 3% PEG-400 by the hanging drop method.
SHP-1:5e0, Crystals were grown in ammonium sulfate conditions, as described for crystal
form SHP-1:POy4, and optimized by micro-seeding. Single crystals were soaked in 2 M
SeQy, 100 mM MES pH 6.5 and 30 % glycerol for 20 seconds prior to cryo-cooling.

2.4 Crystallography

X-ray diffraction data were collected on either beamline NECAT 24-ID-C at the Advanced
Photon Source (APS) or beamline X6A of the National Synchrotron Light Source (NSLS)
(Table 1). All data were processed using HKL2000 (Otwinowski, 1997). Initial phases were
obtained for each structure by molecular replacement using Phaser (McCoy et al., 2007)
with the SHP-1 phosphatase domain (PDB ID: 1FPR) (Yang et al., 2000) as the search
model. Each structure was then autobuilt using ARP/wWARP (Perrakis et al., 1999) to
mitigate model bias. Standard refinement and model building were conducted using Phenix
(Adams et al., 2010) and COOT (Emsley and Cowtan, 2004). The nal model was validated
using MolProbity (Chen et al., 2010).

In the SHP-1:JAK1,, co-crystal structure, the JAK1, phosphomimetic peptide was built
into unbiased positive electron density. We started by building a FoPMP residue into the
active site because its electron density was unambiguous (Figure S2). Multiple rounds of
refinement were conducted following building the FoPMP residue, and three more residues
were built as alanines. Interestingly, however, no side-chain density was observed for any of
these built alanines in either the FypsFealc OF 2Fops Fealc Maps preventing us from
unambiguously assigning the residues for JAK1,, . Restraints for the FoPMP
phosphomimetic residue were generated using ELBOW (Moriarty et al., 2009). Re ned
models are deposited in the protein data bank with accession codes: 4GRY, 4GRZ, 4GSO0.

Selenate anomalous difference map. Data from SHP-1:SeQ4 crystals were processed in
HKL2000 (Otwinowski, 1997). Phases were obtained by molecular replacement using
Phaser and the SHP-1:S0Oy4 structure as a search model.

2.5 Malachite Green Assay

A Malachite Green Assay kit (Bioassay Systems) (Geladopoulos et al., 1991) was used to
measure the dephosphorylation of JAK1a, phosphopeptides by SHP-1, SHP-1Q252R or
SHP-1Q252R JAK1,; phosphopeptides (240 M) were assayed with 15-30 nM SHP-1 in
20 mM Tris pH 8.0, 100 mM NaCl, 1 mM TCEP, at room temperature. The reaction was
quenched and developed by addition of the Working Reagent. Absorbance was measured at
620 nm using a Safire microplate reader (Tecan). The amount of inorganic phosphate
released was calculated from a phosphate standard curve.

2.6 Isothermal Titration Calorimetry (ITC)

SHP-1 and JAK1,, phosphopeptides were extensively dialyzed at 4°C against 20 mM Tris
pH 8.0, 100 mM NacCl, 0.5 mM TCEP buffer. ITC experiments were performed at 25°C
using a VP-ITC micro-calorimeter (GE). JAK1 phosphopeptides (200-300 M) were
titrated into the experimental cell, containing SHP-1C453S SHP-1C453S/Q252A of
SHP-1C4535/Q252R (6-10 M), over the course of 30-35 3 p.L injections. In order to obtain
the thermodynamic parameters of the SHP-1/ JAK1,, interaction, the raw data were
integrated and the ITC isotherm was fitted to a single-site binding model using the Origin
5.0 software (MicroCal).
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3. Results

PTPs have been well-studied structurally (Fig. 1) (Barr et al., 2009) and have been
categorized into five groups (I to V) based on structural analysis of their mode of substrate
recognition. Within this classification scheme the non-receptor PTP SHP-1 belongs to group
| (Barr et al., 2009). This group contains a second aryl phosphate-binding site that binds a
phosphotyrosine one residue C-terminal to the substrate phosphotyrosine (i.e. at position P
+1). This type of interaction between a group | phosphatase and a tandem tyrosine
phosphorylated substrate has previously been characterized between PTP1B and the tandem-
phosphorylated activation loop of insulin receptor kinase (IRK ;) (Salmeen et al., 2000),
however, the mode of binding differs from that previously observed for SHP-1 when bound
to a mono-phosphorylated peptide derived from the Signal-Regulated Protein a.-1
(SIRPa-1) (YYang et al., 2000). To further investigate the mode of substrate recognition
utilized by SHP-1 for tandem-phosphorylated substrates, specifically those within the
cytokine signaling pathway, we investigated the interactions of SHP-1 with the activation
loop of the tyrosine kinase JAK1.

3.1 Co-crystal structure of SHP-1 with the JAK1 activation loop

We began by determining the 1.8 A co-crystal structure of the catalytic domain of SHP-1
with a peptide derived from JAK1a, (denoted SHP-1:JAK1,; ) (Table 1). The JAK1aL
peptide, KE(F,PMP),TV, contained two non-hydrolyzable phosphotyrosine mimetics
(difluorophosphonomethyl phenylalanine, F,PMP) that have previously been successfully
used to investigate tyrosine phosphatase-substrate interactions crystallographically (Ala et
al., 2006; Bahta et al., 2011; Ivanov et al., 2005; Phan et al., 2003). In this crystal structure
there are two copies of SHP-1 in the asymmetric unit that are structurally similar (RMSD
0.65 A over 257 Ca atoms) with a significant conformational difference observed for the
phosphatase domain N-terminal helix, helix a2”. In chain B this helix is disordered but in
chain A the helix is ordered and stabilized by crystal contacts (Supplementary Fig. S1). In
this crystal structure the catalytic (WPD) loop is found in an open conformation, similar to
that previously observed for SHP-1 in complex with a mono-phosphorylated SIRPa.-1
peptide (Yang et al., 2000).

For both SHP-1 molecules very clear electron density is observed in the region of the active
site, however we observed electron density for only one JAK1, peptide that is bound to
chain B. This density shows a bound phosphotyrosine mimetic F,PMP moiety (Fig. 2A-C
and Supplementary Fig. S2). On building the F,PMP we expected to be able to trace the rest
of the peptide and conclusively show a PTB1B-like tandem phosphotyrosine recognition
interaction between SHP-1 and JAK1,, . We were, however, only able to build only the
JAK1,. peptide backbone for four residues, and we could not establish the register of the
peptide chain. Furthermore, we could not locate the second phosphotyrosine mimetic
FoPMP moiety, even though it was directly adjacent to the clearly observed F,PMP bound
in the active site. In our model we built the JAK1,, peptide as A-A-FoPMP-A.

3.2 JAK1, binds SHP-1 using a single aryl phosphate recognition site

We considered this lack of coherent side-chain register outside of the active site to be a
curious finding. It potentially indicated lack of specificity for the bis-phosphorylated
peptide, and little preference for binding either the N-terminal or C-terminal
phosphotyrosine mimetic at the active site. Furthermore, our crystal structure potentially
indicated an alternate binding mode for a group | PTP. We therefore compared the
SHP-1:JAK1,, co-crystal structure with two modes of binding previously observed
between PTP1B and tandem phosphorylated peptides; PTP1B in complex with the
phosphorylated activation loop of insulin receptor kinase, IRKa_ (Salmeen et al., 2000)
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(PDB ID: 1G1H) (denoted PTP1B:IRK ), and PTP1B in complex with a bisphosphonate
inhibitor, BzN-EJJ-amide, (Asante-Appiah et al., 2002) (PDB ID: 1LQF) that contains two
tandem F,PMP moieties. On comparison of these structures the phosphotyrosine or
phosphotyrosine mimetics that are bound in the active site (the PO position) all adopt a very
similar conformation (Fig. 2C). Furthermore, the substrate peptides all adopt a similar
backbone conformation at positions P-1 and P-2. However, only PTP1B bound to IRK 5
contains a phosphotyrosine bound in the second aryl phosphate site. For PTP1B in complex
with BzN-EJJ-amide the second phosphotyrosine mimetic is observed at the P-1 position
and is stabilized by a critical arginine residue (R47°TP1B), Since in SHP-1 the residue
analogous to R47PTP1B s 3 lysine (K277), we suppose that this difference is the reason why
SHP-1 does not bind tandem phosphorylated substrate in an identical manner to PTP1B in
complex with BzN-EJJ-amide, however, it was not clear why SHP-1 did not bind a natural
tandem-phosphorylated substrate using both of its previously suggested aryl phosphate
recognition sites.

3.3 The predicted SHP-1 second pocket does not bind PO4, SO4 or SeOy4

To investigate the reason for the lack of SHP-1 second pocket phosphotyrosine binding in
our crystal structure we investigated whether crystal packing may influence the
conformation. We found that in this crystal form both the active site and the second pocket
are solvent exposed and accessible to bind the JAK1,, peptide. We therefore wondered
whether the lack of second pocket binding for JAK1,, could indicate that SHP-1 is unable
bind tandem-phosphorylated substrate via the second pocket. For PTP1B, the use of 1.9 M
ammonium sulfate in the crystallization conditions results in sulfate ion binding both at the
active site and at the second site (Ala et al., 2006; Li et al., 2005). Therefore, to investigate
whether SHP-1 could bind a sulfate ion in the second pocket we conducted SHP-1
crystallization in a condition containing 1.5 M ammonium sulfate and determined the 1.8 A
crystal structure of the SHP-1 phosphatase domain bound to SO,4 (denoted SHP-1:SOy)
(Table 1).

On analysis of the SHP-1:S0, crystal structure we observed good electron density for a
sulfate ion in the catalytic site, coordinated by R459, S453, and the backbone of the PTP
signature motif. We did not, however, observe any density that could be interpreted as a
sulfate ion at the predicted site of the second pocket (Fig. 3) This was an unexpected result,
as previous studies with PTP1B showed that sulfate could bind in the second pocket (Ala et
al., 2006; Li et al., 2005). Therefore, to confirm the lack of ion binding to the second pocket
we determined the crystal structure of SHP-1 grown using 0.2 M ammonium phosphate as
the precipitant to 1.37 A resolution (denoted SHP-1:PO,) (Table 1). We found that this
structure also contained a phosphate ion at the catalytic site, but that there was no density for
a POy ion at the second aryl phosphate binding site (Fig. 3) Finally, to confirm these results
we soaked the SHP-1:SO4 crystals with 2 M SeO4 (denoted SHP-1:SeQ,) and collected a X-
ray diffraction data at the Se peak energy to investigate whether there was anomalous signal
for a low occupancy ion bound in the second site. In the phased anomalous difference
Fourier maps we observed a ~40 o peak at the active site that corresponded well to the
locations of the SO4 and POy, ions. In contrast we did not observe any anomalous signal at
the site of the predicted second pocket (Fig. 3D).

3.4 Surface electrostatic analysis indicates the lack of a second phosphotyrosine-binding
pocket in SHP-1

We next analyzed the surface electrostatics of our SHP-1 crystal structures and compared
them to that of PTP1B:IRK 5 (Fig. 4) As expected, there is electropositive surface potential
at the catalytic site for each of these structures, however, for the ion-bound SHP-1 crystal
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structures the predicted second aryl phosphate binding does not display a significant
electropositive surface potential.

3.5 Structural determinants of the PTP second pocket

As surface electrostatic analysis was one of the determinants previously used to distinguish
the presence of the second phosphotyrosine binding site in the class | PTPs (Barr et al.,
2009) we wondered why the previous study classified SHP-1 with a positive electrostatic
surface potential at the second site. We noted that the previous analysis had been conducted
for the structure of SHP-1 in complex with the monophosphorylated SIRPa-1 peptide
(Salmeen et al., 2000). In this structure, the carboxy-terminus of the SIRPa-1 peptide is
inserted into the predicted second pocket site, inducing a conformational shift in the N-
terminal helix a2”. This conformation is stabilized by crystal packing contacts.

We also noted that helix a2” is conformationally flexible among our crystal structures, and
that in the ion-bound structures, and in the full-length structure of SHP-1 (Wang et al.,
2011), it contains one extra C-terminal turn when compared to PTP1B. This suggests the
possibility of conformational divergence in the N-terminal helix of SHP-1 phosphatase
domain, however in the context of the full-length SHP-1, and in our crystal structures of ion-
bound SHP-1, the surface potential does not indicate a second pocket.

Our analysis of the N-terminal helix, helix a2”, also suggested that in the full-length enzyme
in its active state, and in our ion-bound crystal structures, SHP-1 does not contain a cavity
capable of binding a phosphotyrosine at the P+1 position (Fig. 3E-F). In SHP-1 the C-
terminal helical turn of helix a2”, encompassing residues E254, V255, K256, and N257,
creates a steric clash to the proposed position of the P+1 phosphotyrosine. In PTP1B, these
residues are replaced by A27 and S28, thus shortening the helix by one turn and providing a
cavity that allows phosphotyrosine binding. We therefore propose that the length of the N-
terminal helix, helix a2’, is potentially a determinant of the presence of a second
phosphotyrosine pocket, and thus that group | PTPs could be reclassified as group la
(PTP1B-like) and group Ib (SHP-1-like). Based on previously determined crystal structures
we propose that group la PTPs include PTP1B, TC-PTP, MEG2, BAS, DEP1, and GLEPP1,
and group Ib phosphatases include SHP-1, SHP-2, LYP, and BDP1. We note, however, that
the short side-chain residues S35 in LYP and S37 in BDP1 could potentially somewhat
compensate for hindrance due to the extension in helix a2”, therefore the competence of
these phosphatases to directly bind phosphotyrosine in the second pocket should be tested.

3.6 SHP-1 mutants in the predicted second pocket do not impact SHP-1 activity

Based on this analysis we confirmed the specificity of SHP-1 for phosphotyrosine substrates
with the expectation that SHP-1 would display similar activities towards mono- and tandem-
phosphorylated peptides. We therefore measured dephosphorylation of peptides
corresponding to the phosphorylated JAK1 activation loop, E192°TDKEpYYTVKD (termed
JAK1,yy), EIO2TDKEYpYTVKD (termed JAK1ypy), and EX029TDKEpYpYTVKD
(termed JAK1,ypy). We used a malachite green endpoint detection assay to measure release
of inorganic phosphate (P;) (Geladopoulos et al., 1991) following incubation of equimolar
amounts of peptide with SHP-1. We found that SHP-1 displays increased catalytic activity
towards JAK1,ypy when compared to equimolar amounts of the monophosphorylated
peptides JAK1ypy and JAK1pyy (Fig. 5A). Because this increase is small, it could be
largely attributed the effective doubling of phosphotyrosine substrate concentration for the
tandem- versus mono-phosphorylated peptides, however, as PTP1B also displays an
increase in activity towards tandem phosphorylated substrates (Salmeen et al., 2000), this
result could also potentially indicate that SHP-1 might contain a second pocket. We
therefore generated two mutated forms of SHP-1, Q252A and Q252R. Q252 is in the
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structural location analogous to PTP1B residue R24, and is one of the determinants of the
second pocket in SHP-1 (Barr et al., 2009). These mutants should therefore either disrupt
(Q252A) or potentiate (Q252R) phosphotyrosine binding to the second pocket. On
phosphatase assay of the second pocket mutants, we found that dephosphorylation of
JAK1,ypy by SHP-10252A or SHP-1Q252R did not differ significantly as compared with
wild-type SHP-1 (Fig. 5B). These observations support the interpretation that the predicted
second pocket does not impact dephosphorylation of tandem-phosphorylated substrate.

3.7 SHP-1 preferentially binds tandem-phosphorylated peptide

Finally we asked whether the difference in activity towards substrate was due to a difference
in SHP-1 binding affinity for JAK1yypy, JAKLypy or JAKL,yy. We used isothermal
titration calorimetry (ITC) to measure the binding affinity of the mono- and tandem-
phosphorylated JAK1 peptides to a catalytically inactive SHP-1 mutant, SHP-16453S (Fig.
6A and Table 2). We find that SHP-1C4%35 binds JAK 1,y ppy approximately 20-fold tighter
(Kg=0.7 uM) than JAK1,yy (Kg= 13.4 wM), and approximately 8-fold tighter than
JAKlYé,Y (Ky = 5.6 LM). The predicted second pocket mutants SHP-1C4535/Q252A op
SHP-1C4538/Q252R did not display a significant difference in binding affinity for JAK1pypy
(Kgq=0.6 and 0.5 wM, respectively) when compared with SHP-1¢4535 (Table 2). These
results indicate that although the predicted second pocket does not impact binding between
SHP-1 and tandem-phosphorylated substrate peptide, the protein displays increased affinity
for tandem-phosphorylated substrate when compared to mono-phosphorylated peptide.
Notably, the difference in binding affinity between the mono- and tandem-phosphorylated
peptides is not as large as previously observed for PTP1B, which displays ~70-fold higher
affinity for bis-phosphorylated over mono-phosphorylated IRK 5, peptide (Salmeen et al.,
2000).

4. Discussion

The classification of PTP substrate recognition motifs has important implications for
distinguishing the signaling pathways in which these enzymes function, and their
mechanisms of action (Tiganis and Bennett, 2007). To better understand the mechanisms of
substrate recognition utilized by the non-receptor tyrosine phosphatase, SHP-1, we
conducted a structure-directed study to investigate recognition of its known substrate, the
activation loop of the non-receptor tyrosine kinase JAK1. This kinase is a member of the
JAK family and is responsible for downstream signaling from multiple hematopoietic
cytokines via the 1L-2 and gp130 receptor (Migone et al., 1998). One of the critical
regulation mechanisms for JAK1, and consequently for cytokine signaling and the JAK/
STAT pathway, is phosphorylation and dephosphorylation of the tandem tyrosines on the
kinase activation loop. As the dephosphorylation event is mediated by SHP-1 (Shuai and
Liu, 2003) it is important to understand how SHP-1 recognizes the JAK1 activation loop.
Our phosphatase assays highlight a preference of SHP-1 for tandem- over mono-
phosphorylated substrate and our measurements of binding affinity suggest that SHP-1
displays an increased affinity for the tandem-phosphorylated JAK1 activation loop when
compared to the mono-phosphorylated form. The molecular basis for this preference,
however, is not clear. Our crystal structure of SHP-1 in complex with JAK1 activation loop
does not suggest an extended ordered conformation for the bound peptide, and the predicted
second pocket mutants do not impact enzymatic activity or binding affinity. In addition, the
structural data from SHP-1 in complex with high concentrations of phosphate or sulfate, and
from SHP-1 crystals soaked with anomalously scattering selenate, do not indicate that a
phosphate moiety can bind at the predicted second site. Furthermore, incorporation of
mutations in the predicted second pocket that should directly impact either substrate binding
or enzymatic activity towards tandem-phosphorylated substrate do not result in a measurable
effect. This contrasts with previous analyses of the bona fide second site-containing
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phosphatase PTP1B, where mutation of the second site significantly impacts enzyme-
substrate binding affinity and enzyme activity (Salmeen et al., 2000). We therefore conclude
that the basis for SHP-1 preference for tandem-phosphorylated JAK1 is not due to the
presence of a second pocket. Future studies will allow the determination of the mechanism
of SHP1 preference for tandem-phosphorylated JAK1.

Our analysis also suggests further classification of the PTP family. A previous study had
proposed that the catalytic domains of PTPs could be classified into five categories based on
their structural features (Table 2) (Barr et al., 2009). SHP-1 was classified as a category |
phosphatase because a previous SHP-1 crystal structure shared structural features with
PTP1B suggesting the existence of a second aryl phosphate binding pocket. Our study
conclusively shows that SHP-1 does not contain the predicted second phosphotyrosine-
binding pocket. We propose that this difference is mainly attributed by two factors. First, the
predicted second site of SHP-1 does not contain an electropositive surface that favors
binding of the phosphotyrosine phosphoryl moiety. Second, the presence of an extra C-
terminal turn in the N-terminal helix of SHP-1, helix a2’, that is not present in PTP1B.
There is an insertion of two residues in SHP-1 that results in the extra helical turn, and
consequently a steric block of the second pocket site (Fig. 7). This suggests that the category
I phosphatases could potentially be further classified into categories la and Ib based on the
presence of the N-terminal helix extension, with category la to include the PTP1B-like
phosphatases which contain a non-hindered pocket and a shorter N-terminal helix, and
category Ib, to include the SHP-1-like phosphatases whose second pocket is hindered
because of the presence of an extended N-terminal helix. From the current crystallographic
data available in the PDB category la PTPs could include PTP1B, TC-PTP, MEG2, BAS,
DEP1, and GLEPP1 and category Ib PTPs could include SHP-1, SHP-2, LYP, and BDP1

(Fig. 7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conserved motifswithin the catalytic domain of PTPs
The key conserved motifs have been highlighted and are indicated by the arrows. The sphere

within the PTP Signature Motif corresponds to the catalytic cysteine. The crystal structure
SHP-1:PQy is shown.
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Figure 2. Co-crystal structure of SHP-1 and JAK 1 activation loop (AL) peptidein the
bisphosphorylated state

A) peptide (green) is shown as a space filling model. Ribbon rendition of SHP-1cat Chain B
(purple) in complex with JAK1a; Zoomed-in view shows the interactions between JAK1a |
and SHP-1. FoPMP engages in extensive hydrogen bonding contacts with the backbone of
residues within the PTP Signature Motif and with the side chains of C453 and R459. The
peptide backbone engages in interactions with the backbone of K277 and the side-chain of
N278. B) Stereoview of the simulated annealing omit map of SHP-1:JAK1 contoured at
1.0o. C) Superposition of the SHP-1:JAK1; complex with PTP1B:IRKa; (Salmeen et al.,
2000) (top row) and with SHP-1:Bzn-EJJ-amide (Asante-Appiah et al., 2002) (bottom row).
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Figure 3. Analysis of the catalytic and second site pocket of SHP-1

A—C) Top row shows the 2 F,ps Fealc Map contoured at 1.0o at the catalytic pocket of SHP-1
in structures SHP-1:PO,4, SHP-1:SO4, and SHP-1:F,PMP, respectively. The bottom row
shows the 2 F,ps Fealc Map contoured at 1.0o at the predicted second site pocket. For clarity
the IRK 5 from the structure of PTP1B:IRK 5 (PDB ID: 1G1H) has been superposed to
show the location of the predicted second phosphotyrosine binding site (shown in yellow).
D) Top row shows selenate anomalous difference map at the catalytic pocket (with
phosphate from SHP-1:PO, superposed to for clarity). The bottom row shows the
anomalous difference map at the predicted second phosphotyrosine binding site, with IRK 5
from the structure of PTP1B:IRK 5 superposed for clarity. The anomalous map is
contoured at 100. E—F) Stereoviews of the predicted second site for SHP-1 and actual
second site for PTP1B. Panel E shows SHP-1:PO4 with IRK 5 from the structure of
PTP1B:IRKa. (PDB ID: 1G1H) superposed to show the location of the predicted second
phosphotyrosine binding site. Panel F shows the structure of PTP1B:IRKa, (PDB ID:
1G1H).
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Figure 4. Comparison of SHP-1 surface electrostatics

Surface electrostatics of the structures of PTP1B:IRK (top panel), SHP-1:PO, SHP-1:S04
and SHP-1:JAK1 (bottom panel) were rendered using CCP4mg. IRKa and JAK1
peptides are represented as yellow and green spheres, respectively. Arrows indicate the
catalytic and predicted second phosphotyrosine binding site. The location of the predicted
second phosphotyrosine binding pocket is highlighted in all structures by a green rectangle.
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Figure 5. Biochemical assessment of SHP-1/JAK 1| interactions

A) Dephosphorylation of JAK1a, phosphopeptides by SHP-1 assessed by Malachite Green
Assay (Geladopoulos et al., 1991). Peptide dephosphorylation is quantified as the amount of
released inorganic phosphate (P;) per pmol of enzyme. * indicates A<0.05 by t-test. B)
Dephosphorylation of JAK1,, in the tandem phosphorylated state by the different SHP-1
predicted second phosphotyrosine binding site variants Q252A and Q252R. Phosphate
release was normalized to wild type SHP-1. The standard error of the mean is shown for
both experiments.
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Figure 6. Binding affinity measurements of the SHP-1/JAK 15| peptideinteraction by ITC

ITC was performed by titrating JAK1,, peptide (200-300 M) into the experimental cell
containing SHP-1¢4535 (6-10p.M). The top panel shows the heat change upon ligand
titration; the bottom panel shows the integrated data and ITC isotherm (solid line), fitted to a
single-site binding model. A, B, and C show ITC data obtained from SHP-1¢453S pinding to
JAKLyyy, JAKLypy, and JAKL,ypy, respectively. Thermodynamic parameters for this data
are presented in Table 2.
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lb 0-1 Q/K Open Yes
Il 0 C Open -
I 3 D Open -
v 2-3 FIY4P Closed -
'} 0 P Closed -
B
Category Ia Category Ib

PTP1B ) B\ SHP—Tf\b \:
TCPTP SHP-2

A LYP -

s g

%

1 )

GLEPP1 %xg\ 0 %«’.g\ ~o4
S .

Figure 7. New categorization of PTPs

A) Summary of the structural features of the different categories of PTPs. Category Ib is the
new category based on our structural findings. Adapted from (Barr et al., 2009). B)
Comparison of the second phosphotyrosine binding pocket for PTP categories la and Ib.
IRK tandem phosphorylated peptide is represented in cylinders as a reference for the second
site pocket. The members of these two categories are listed. PDB IDs used: PTP1B, 1G1H;
TCPTP, 1L8K; MEG2, 2PA5; BAS, 1WCH; DEP1, 2NZ6; GLEPP1, 2GJT; SHP-1, 4GRZ;
SHP-2, 2SHP; LYP, 2P6X; BDP1, 20C3.
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Table 1

X-ray diffraction data reduction and structure refinement

Page 19

Crystal SHP-1:Jak1a, SHP-1:PO, SHP-1:50, SHP-1:Se0,
PDB ID 4GS0 4GRZ 4GRY -
Data collection
Space group P3; Cc2 P2,22, P2,22,
Cell
ab,c(A) 43.9,43.9,258.1 164.1,45.4, 44.7 45.6,57.3,110.9 456,57.4,1115
a, B,y (°) 90.0, 90.0, 120.0 90.0, 91.2,90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
X-ray source APS NECAT NSLS X6A NSLS X6A NSLS X6A
Wavelength (A) 0.9795 1.0781 0.9801 0.9784

Resolution (A)2
Total reflections

Unique reflections
Completeness (%)@
Rinerge (%)2
<lo(h>2
Multiplicity?
Wilson B factor (A2)

50.0 - 1.8 (1.86 — 1.80)

200865
51289
98.6 (99.0)

8.6 (66.9)
135 (2.0)
3.9(3.8)

233

50.0 - 1.37 (1.42 - 1.37)

327790
68145
98.0 (88.6)

4.9 (25.7)
28.9 (4.8)
438 (3.5)

14.9

30.0 - 1.7 (L.76 - 1.70)

174713
29703
90.5 (97.5)

5.8 (40.0)
19.5 (3.5)
5.9 (5.9)

21.1

50.0 - 1.7 (1.76 - 1.70)

652259
62276
100. 0 (99.9)

10.0 (83.6)
22.7 (2.8)
105 (9.1)

18.7

Refinement statistics

Resolution (A)4

43.0- 1.8 (1.83 - 1.80)

39.6 - 1.37 (1.39 - 1.37)

25.7-1.7 (1.75 - 1.70)

Rfactor (%)2 16.2 (26.1) 16.9 (27.0) 19.0 (24.9)

Free R factor (%)@ 19.5 (33.1) 18.9 (29.7) 23.1(28.5)

Free Rreflections (%) 5.1 5.1 5.1

No of free R reflections 2618 3445 1498

Molecules in AU 2 1 1

Residue range built A/ 260-523 A/ 243-524 AJ 243-525
B/ 243-527

lons built PO, Al SOy, SO4

Peptide built Al A-A-[F2PMP]-A

No. of non-H atoms 4734 2753 2468

No. of water molecules 287 391 228

Model quality

R.m.s.d. bond lengths (A) 0.007 0.006 0.006

R.m.s.d. bond angles (°) 1.062 1.109 0.994

Mean B factors (A2)

Overall 41.8 16.5 31.4

Protein A/36.5 B/33.0 18.8 254

Ligand/Water 59.8/38.0 9.3/21.3 36.2/32.6
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Crystal SHP-1:Jak1a, SHP-1:PO, SHP-1:50,4 SHP-1:Se0,
PDB ID 4GS0 4GRZ AGRY -
Ramachandran (%)

Favored/Allowed/Disallowed 975/22/04 97.3/2.3/0.3 98.5/15/0.0

a . . .
indicates high resolution shell
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