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Abstract
Phosphotyrosine hydrolysis by protein tyrosine phosphatases (PTPs) involves substrate binding by
the PTP loop and closure over the active site by the WPD loop. The E loop, located immediately
adjacent to the PTP and WPD loops, is conserved among human PTPs in both sequence and
structure, yet the role of this loop in substrate binding/catalysis is comparatively unexplored.
Hematopoietic tyrosine phosphatase (HePTP) is a member of the kinase interaction motif (KIM)-
PTP family. Compared to the other PTPs, the KIM-PTPs have E loops that are unique in both
sequence and structure. In order to understand the role of the E loop in the transition between the
closed and open states of HePTP, we identified a novel crystal form of HePTP that allowed the
closed-to-open state transition to be observed within a single crystal form. These structures, which
include the first structure of the HePTP open state, show that the WPD loop adopts an ‘atypically
open’ conformation and, importantly, that ligands can be exchanged at the active site, critical for
HePTP inhibitor development. These structures also show that tetrahedral oxyanions bind at a
novel, secondary site and function to coordinate the PTP, WPD and E loops. Finally, using both
structural and kinetic data, we reveal a novel role for E loop residue Lys182 in enhancing HePTP
catalytic activity through its interaction with Asp236 of the WPD loop, providing the first
evidence for coordinated dynamics of the WPD and E loops in the catalytic cycle which, as we
show, are relevant to multiple PTP families.
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The past decade has seen an expanding interest in protein tyrosine phosphatases (PTPs) as
potential therapeutic targets for the treatment of diseases ranging from diabetes to cancer.1-5
Atomic resolution structures of numerous classical class I human PTP catalytic domains
have been solved, and comparison of these structures reveals that the overall structure of the
catalytic domain is highly conserved.6 The architecture of the PTP active site is formed by
several loop regions. The PTP loop, which contains the catalytic cysteine that is 100%
conserved among classical human PTPs,7 forms the base of the active site, a highly
positively charged pocket into which the phosphate group of the substrate phosphotyrosine
binds. The WPD loop, which contains the catalytic aspartate that is 80% conserved among
classical human PTPs,7 functions as a flexible ‘gate’ to the active site, and has been
observed in the ‘open’ state (active site-accessible),8;9 the ‘closed’ state (active site-
inaccessible),10;11 as well as in intermediate conformations.9 The roles of these loops in the
PTP catalytic cycle involve: 1) opening of the WPD loop (‘open’ state), 2) binding of
tyrosine-phosphorylated substrate at the active site, 3) closure of the WPD loop (‘closed’
state), 4) hydrolysis of the substrate phosphotyrosine, and 5) re-opening of the WPD loop
and release of product phosphate and the dephosphorylated substrate.12-16

A third loop region, named the E loop after a glutamate residue present within the loop that
is 100% conserved among classical human PTPs,7;17 is also located immediately adjacent to
the active site. Primary sequence comparison of more than 20 classical class I human PTPs
reveals that the E loop contains multiple highly conserved residues (Fig. 1a).7 A comparison
of 74 different structures of PTPs (Table S1) also showed that, in more than 75% of these
structures, the E loop adopts an identical β-hairpin conformation. The close proximity of the
E loop to the active site and its conserved sequence/structure together suggest it may also
play a role in substrate binding and catalysis.

Hematopoietic tyrosine phosphatase (HePTP) is an immune cell-specific PTP that
negatively regulates the activation and proliferation of the extracellular signal-regulated
kinases 1/2 (Erk1/2) and p38. HePTP is one of three members of the kinase interaction motif
(KIM)-PTP family, which also includes the striatum-enriched phosphatase (STEP) and
STEP-like PTP (PTP-SL/PCPTP1). Interestingly, compared to the other human PTPs, the
KIM-PTP family has a unique E loop. First, the KIM-PTPs have a truncated E loop, being
shorter by one residue compared to the other human PTPs (Fig. 1a, top row). Second, in
contrast to the β-hairpin structure formed in the other human PTPs, the KIM-PTP E loops
form several unique structures. For instance, in STEP, the E loop has been observed to form
a helical structure, to be partially disordered,9 or to be completely disordered (PDB ID:
2CJZ). Likewise, in every previously reported structure of HePTP,9;10;17 the E loop is also
completely disordered. This differs from other PTPs in which the E loop is visible and
highly ordered. The members of the KIM-PTP family also have an unusual WPD loop. For
example, in previously reported structures of STEP,9 its WPD loop adopts an ‘atypically
open’ conformation, even when bound to phosphotyrosine. Conversely, with the exception
of CD45, HePTP is the only classical class I PTP in which the WPD loop has been observed
exclusively in the closed conformation,9;10;17 in spite of extensive efforts to crystallize the
HePTP open state (tens of 1000s of crystallization experiments; data not shown). This
suggests that the dynamics of the HePTP WPD loop in the open state prohibits crystal
formation.

Although visualizing conformational dynamics within individual protein crystals is not
novel, it is rare, as it requires crystals in which the conformational changes of the protein do
not disrupt the overall crystal lattice. For example, profilin:β-actin (PA) crystals grow in 1.8
M potassium phosphate (the ‘open’ state).18 Soaking these crystals in increasing
concentrations of potassium phosphate or ammonium sulfate causes the actin to transform
from the ‘open’ to the ‘closed’ state, in which large conformational changes between the
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actin subdomains cause them to collapse about the bound ATP, occluding it from solvent.
Notably, the crystals do not lose their diffracting power, allowing the structures of both
states to be determined to high resolution and providing novel structural insights into actin
ATP hydrolysis and polymerization.18;19

In order to understand the unique role of the E loop and its interactions with the WPD loop
in the transition between the closed and open states during the catalytic cycle, we identified
a novel crystal form of HePTP that, when depleted of its active site oxyanion, maintained its
diffraction quality, allowing the closed-to-open state transition to be observed within a
single crystal form.

A rare crystal form provides the first HePTP crystals suitable for visualizing
the closed-to-open state transition

HePTP residue Ser72 is an HePTP-specific phosphorylation target of Erk2.20 Recently, we
generated the S72D mutant of HePTP (the aspartic acid mimics the size and charge
distribution of phosphoserine21;22) in order to determine whether or not phosphorylation at
this residue alters the structure of HePTP. Unexpectedly, HePTP S72D did not crystallize in
the crystal form commonly observed for most apo HePTP wild-type (WT) and mutant
structures (P61; PDB IDs: 1ZC0, 2GP0, 2HVL, 2QDC), but instead crystallized readily in a
rare crystal form for apo HePTP (C2; PDB ID: 2QDM). The HePTP P61 crystal form has a
high solvent content (70%) and the loops comprising the HePTP active site are located at a
ternary crystal contact.10;17 Moreover, attempts to deplete phosphate from the active site by
soaking these crystals in solutions lacking phosphate failed, as the crystals dissolved in these
solutions. In contrast, the solvent content of the C2 crystal form is much lower (45%) and
the HePTP active site is accessible and not located at crystal contacts. These characteristics
of the C2 crystal form were of interest because they suggested that it might be amenable to
crystal soaking experiments that would enable the structure of the open state and, more
importantly, the structural changes that occur in the closed-to-open state transition of HePTP
to be determined.

The HePTP S72D C2 crystals, which crystallized in 1.7–1.9 M ammonium sulfate pH 5.0,
diffracted to 1.90 Å (hereafter referred to as HePTP0). In order to determine if these crystals
would be suitable for depletion soaks, the HePTP0 crystals were transferred into a solution
which did not contain sulfate (0.2 M ammonium tartrate pH 6.6, 20% (w/v) PEG 3,350;
hereafter referred to as the depletion solution). This solution was selected because it had
previously been shown to stabilize the HePTP C2 crystal form (HePTP:Erk2 peptide
complexes crystallized in the C2 crystal form in this condition17). For 24 hour soaks,
HePTP0 crystals were briefly washed through multiple drops of the depletion solution to
remove any residual mother liquor, then transferred to a drop of fresh depletion solution and
stored for 24 hours at 4°C. For 240 hour soaks, HePTP0 crystals were treated similarly,
except transferred to drops of fresh depletion solution also on days 7, 9 and 10, for a total of
eight transfers (the 24 hour- and 240 hour-soaked crystals are hereafter referred to as
HePTP24 and HePTP240

; Fig. 1b). Critically, both HePTP24 and HePTP240 crystals
maintained their diffraction quality, diffracting to 2.6 Å and 2.25 Å, respectively, allowing
their structures to be determined (Table 1; details of crystallization and structure
determination are described in the table legend). Comparison of the HePTP0, HePTP24 and
HePTP240 structures reveals that the closed-to-open state transition of HePTP was induced
within a single crystal form. Unlike PTP1B,11 the closed-to-open transition does not involve
a change in the water structure at the HePTP active site, but rather involves a novel,
coordinated opening/disordering of the WPD and E loops.
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An ordered HePTP E loop reveals a novel network of interactions between
multiple catalytic site loops

The structure of HePTP0 is highly similar to the structure of WT HePTP (Fig. 2a), in spite of
the fact that WT HePTP and HePTP0 crystallized in different space groups, P61 and C2,
respectively, and that residue Ser72 does not mediate crystal contacts in either of these
crystal forms. The structures of WT HePTP and HePTP0 superimpose with a root mean
square difference (RMSD) of less than 0.5 Å, with differences localized primarily to
peripheral loops located at crystal contacts (Fig. 2a). In addition, the S72D mutation does
not induce any conformational changes in the loop containing Ser72, nor does it
significantly alter the electrostatic surface in this region, showing that phosphorylation of
Ser72 by Erk2 does not alter the overall charge or structure of HePTP. Notably, the
conformation of the active site, and in particular the PTP and WPD loops, is essentially
unchanged between the two structures.

From the early stages of refinement, a well-ordered, tetrahedron-shaped region of electron
density (13.6σ in the initial mFO-DFC electron density map) was observed at the HePTP0
active site (Fig. 2b), which was modeled with a sulfate ion at an occupancy of 1. The WPD
loop, which was closed about the active site, was also well-ordered and adopted the ‘closed’
conformation, with the catalytic acid/base Asp236 orientated towards the bound sulfate.

Unexpectedly, a second well-ordered tetrahedron-shaped region of electron density (9.9σ in
the initial mFO-DFC electron density map) was also observed in a pocket immediately
adjacent to the active site (Fig. 2b), hereafter referred to as the E loop oxyanion-binding
pocket. This density was also modeled with a sulfate ion at an occupancy of 1. In HePTP0,
the E loop sulfate binds via a bipartite hydrogen bonding interaction to PTP loop residue
Arg276 (Fig. S1), which is 100% conserved among classical human PTPs. The E loop
sulfate is also coordinated by E loop residue Lys182, the last residue in the E loop and
which is also highly conserved among classical human PTPs (80% sequence identity, 100%
sequence similarity; the only other residue at this position is either an arginine or a
glutamine, both of which are capable of forming ionic and/or hydrogen bonding interactions
with a bound oxyanion).

HePTP0 is also the first structure of HePTP with an ordered E loop, as this loop was
disordered in all previously reported structures of HePTP (PDB ID: 1ZC0, 2A3K, 2GP0,
2HVL, 2QDM, 2QDC, 3D42, 3D449;10;17). This E loop flexibility is similar to what has
been observed for other KIM-PTPs, in which the E loop has either adopted distinct
conformations with high B-factors (STEP, PTP-SL; PDB ID: 2BV5, 2A8B) or is missing
altogether (STEP; PDB ID: 2CJZ). Strikingly, from the initial stages of refinement, HePTP0
showed continuous, well-ordered electron density for the residues of the E loop (Fig. 2c).
The E loop is stabilized in part through interactions at crystal contacts (Fig. S2; symmetry
mate residues 122–125), but also through an intramolecular interaction with the WPD loop.
Specifically, the catalytic acid/base Asp236 from the WPD loop hydrogen bonds with the
conserved E loop Lys182 (Fig. 2c). Both the Asp236-Lys182 interaction (WPD and E loops)
and the interaction between the E loop sulfate, Arg276 (PTP loop) and Lys182 (E loop)
stabilize and order the E loop. Moreover, this interaction between the catalytic aspartate of
the closed WPD loop and the conserved lysine of the E loop has been observed in structures
of a number of other PTPs (Fig. 2d), including RPTPβ,23 RPTPρ,6 GLEPP1,24 PTP-BAS,25

and PTP1B,15;26;27 indicating that it is important for many PTPs.
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Catalytic site dynamics within single crystals of HePTP reveal novel,
coordinated motions of the WPD and E loops

The transfer of HePTP0 crystals into solutions lacking sulfate resulted in substantial
conformational changes at the active site, specifically in the WPD and E loops. In contrast to
fresh HePTP0 crystals, soaking crystals in depletion solution for 24 hours (i.e. HePTP24)
resulted in depletion of 50% of the sulfate ions from the HePTP active site and depletion of
100% of the sulfate ions from the E loop binding pocket. The depletion of oxyanions from
these binding pockets was accompanied by a coordinated opening and disordering of both
the WPD and E loops (Fig. 3a, 3d). In addition, HePTP24 residues 122–125 were also
destabilized (Fig. S2), as evidenced by increased B-factors in the residues of this loop,
consistent with the disruption of E loop interactions at crystal contacts with symmetry mate
residues 122–125. In the structure of HePTP240, these changes were even more striking.
Like HePTP24, the residues of the WPD and E loops were completely disordered (Fig. 3a,
3e) and not visible in the HePTP240 electron density map. However, in contrast to HePTP24,
the active site oxyanion was completely depleted from the active site and instead replaced
with tartrate (Fig. S3), a component of the depletion solution. The HePTP0, HePTP24 and
HePTP240 structures show that the active site has a higher affinity for tetrahedral oxyanions
than does the E loop binding pocket, since in HePTP24, the oxyanion was only 50% depleted
from the active site, whereas the E loop binding pocket was fully depleted (Fig. 3d). A
sulfate bound in the E loop binding pocket has also been observed in PTP1B (Fig. S4).26

The HePTPO structures also show an intramolecular interaction between the conserved
residue Lys182 in the E loop and the catalytic residue Asp236 in the WPD loop (Fig. 2c).
This interaction stabilizes the E loop in the closed conformation, as the WPD loop and E
loop become increasingly disordered in both HePTP24 and HePTP240. An ordered E loop
has only been observed in one other structure of HePTP, HePTP C270S*, which crystallized
in P61 and not C2 (Table S2). Although the E loop adopts a different conformation in
HePTP0 versus HePTP C270S*, in both structures the Lys182-Asp236 interaction is present
and the WPD loop is in the closed conformation (Fig. 2c, 2d). This Lys182-Asp236
interaction may function to stabilize the WPD-closed conformation or alter WPD loop
dynamics, possibly modulating HePTP catalytic activity. In order to test this possibility, we
generated the K182A mutant of HePTP and measured its catalytic activity. Indeed, the
catalytic activity of HePTP K182A (Fig. S5) is less than one third that of WT HePTP.17

Together, our structural and kinetic data reveal a novel role for Lys182 in enhancing HePTP
catalytic activity. Notably, as described earlier, this interaction between the catalytic
aspartate of the closed WPD loop and the conserved lysine of the E loop has been observed
in other PTPs (Fig. 2d), including RPTPβ,23 RPTPρ,6 GLEPP1,24 PTP-BAS,25 and PTP1B.
15;26;27 Moreover, for some of these PTPs, opening of the WPD loop and disruption of the
WPD-E loop interaction has been accompanied by the E loop becoming disordered.23;24;28

Thus, the coordinated dynamics of the WPD and E loops is relevant not only to HePTP, but
also to multiple other human PTP subtypes.

Finally, the differences in the structures of HePTP24 and HePTP240 show that the WPD loop
adopts what has previously been referred to as an ‘atypically open’ conformation in
HePTP240. Specifically, the conserved WPD loop Pro235 is rotated ~90° upward in
HePTP240, displacing Pro240 in the hydrophobic pocket created by the conserved WPD
loop Trp234 and other residues (Fig. 3e). Previously reported structures of STEP,9 Lyp29

and GLEPP16;24 contain a similar ‘atypically open’ WPD loop. In these structures, the C-
terminal portion of the WPD loop forms a helical turn, thereby stabilizing the ‘atypically
open’ conformation. These structures are also typified by the conserved WPD loop proline
packing into the hydrophobic pocket formed by the conserved WPD loop tryptophan and
other residues. Likewise, in the structure of HePTP240, the conserved WPD loop Pro235 also
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adopts the conformation observed in ‘atypically open’ PTP structures (Fig. 3e), although the
C-terminal portion of the WPD loop is not visible in this structure. The ‘atypically open’
conformation of the WPD loop was previously proposed to represent a catalytically inactive
conformation which could be targeted for the development inhibitors that stabilize this
inactive state.6 The structure of HePTP240 provides the first evidence that HePTP also
adopts an ‘atypically open’ WPD loop conformation.

Conclusion
The structures of HePTP0, HePTP24 and HePTP240, which were obtained from a single
crystal form slowly depleted of bound oxyanion (i.e. sulfate), provide the first evidence for
the coordinated dynamics of the WPD and E loops in the PTP catalytic cycle. Together, our
structural and kinetic data reveal a novel role for Lys182 in enhancing HePTP catalytic
activity. Because Lys182, like Asp236, is highly conserved among PTPs and because this
WPD-E loop interaction has been observed in other PTPs, the coordinated dynamics
between the WPD and E loops are likely relevant to multiple other human PTP subtypes.
These structures also reveal that HePTP contains a secondary oxyanion binding pocket
immediately adjacent to the active site, at the interface of the PTP, WPD and E loops, and
that oxyanions bind at this site with lower affinity than at the active site. The structure of
HePTP240 also provides the first evidence that HePTP adopts an atypically open
conformation. Finally, these structures confirm that ligand bound at the active site in a
preformed crystal of HePTP in the C2 crystal form can be replaced with exogenous ligand
through soaking, providing a valuable tool for investigating the molecular basis for
specificity of inhibitors that bind at the HePTP active site.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PTP E loop sequence alignment and schematic of soaking experiments with HePTP crystals.
(a) Consensus sequence alignment of 12 human PTP subtypes. Conserved amino acids are
shaded in light gray. Members of the KIM-phosphatase family, including HePTP, are in
dark gray and the residue numbers above the alignment correspond to HePTP numbering.
The 100% conserved E loop glutamate and 80% conserved E loop lysine are boxed. The
sequences used for this analysis are described in Andersen et al. (2001).7 (b) Scheme for
crystal soaking and data collection. HePTP crystals were grown in 1.7–1.9 M ammonium
sulfate (left) and data collected immediately (HePTP0; blue), or soaked in 0.2 M ammonium
tartrate for 24 hours (HePTP24; green) or 240 hours (HePTP240; red) prior to data collection.
Protein models prepared using PyMOL.36
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Figure 2.
(a) The S72D mutation does not alter the overall structure of HePTP. Superposition of the
structures of HePTP0 (blue) and WT HePTP (grey; PDB ID: 1ZC010). The structures are
nearly identical (RMSD < 0.5 Å over all mainchain atoms). (b) HePTP0 contains sulfate
bound at the active site and at a secondary binding site. mFO – DFC electron density map
(green mesh; contoured at 3.0 σ to 1.90 Å) of the HePTP active site and interface of the
PTP, WPD and E loops. Both sites contained well-defined, tetrahedral electron density (≥9.9
σ) from the early stages of refinement. (c) Visualization of the E loop in HePTP0. Left panel,
2mFO – DFC electron density map (blue mesh; contoured at 1.0 σ to 1.90 Å) and mFO –
DFC electron density map (green mesh; contoured at 3.0 σ to 1.90 Å) of residues Leu176
and Val184 refined at an occupancy of 1.0 (blue, stick representation) with E loop residues
177–183 omitted from refinement. Right panel, 2mFO – DFC electron density map (blue
mesh; contoured at 1.0 σ to 1.90 Å) of E loop residues 176–184 refined at an occupancy of
1.0 (blue). E loop residue Lys182 forms a hydrogen bond (illustrated by a dashed line) with
the catalytic Asp236 of the WPD loop (yellow). Protein models prepared using PyMOL.36

(d) The WPD-E loop interaction is conserved across multiple, distinct PTP structures.
Although the conformation of the E loop is different between HePTP0 (blue, right panel of
(c)), HePTP C270S* (olive, left panel), PTP1B (beige, middle panel; PDB ID: 2B4S), and
RPTPβ (purple, right panel: PDB ID: 2I4E), the catalytic aspartate of the WPD loop
(yellow) in each of these structures forms a similar hydrogen bond with the conserved lysine
of the E loop (illustrated by a dashed line).
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Figure 3.
Depletion soaking induces coordinated movement of the HePTP WPD and E loops. (a)
Stereo image of the superposition of the PTP, WPD and E loops of HePTP0 (blue), HePTP24
(green) and HePTP240 (red). In HePTP0 (blue), the WPD and E loops are well-ordered, and
WPD loop residue Asp236 hydrogen bonds with E loop residue Lys182 (illustrated as a
dashed line). In crystals depleted of sulfate for 24 hours (i.e. HePTP24; green) and 240 hours
(i.e. HePTP240; red), the WPD and E loops simultaneously become disordered. Residues in
HePTP24 and HePTP240 at ordered-to-disordered boundaries are shown in stick
representation. The non-superposed PTP, WPD and E loops of HePTP0, HePTP24 and
HePTP240 are shown in (b), (c) and (d), respectively. (e) Residue Pro235 adopts the
‘atypically open’ conformation in HePTP240. Superposition of the WPD loops from HePTP0
(blue) and HePTP240 (red). In the WPD-closed structure (i.e. HePTP0; blue), residue Pro240
packs into the hydrophobic pocket formed by Phe231, Trp234, Leu246, and Phe321. In the
WPD-open structure (i.e. HePTP240; red), residue Pro240 is disordered (illustrated as dashed
lines), and residue Pro235 is rotated upward by ~90° (illustrated as a gradated, curved
arrow) and instead packs into the Phe231/Trp234/Leu246/Phe321 pocket. The conformation
of the conserved WPD loop proline (i.e. Pro235 in HePTP) in HePTP240 is identical to that
observed in ‘atypically open’ structures of STEP,9 Lyp29 and GLEPP16;24. Protein models
prepared using PyMOL.36

Critton et al. Page 11

J Mol Biol. Author manuscript; available in PMC 2012 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Critton et al. Page 12

Table 1

Data Collection and Refinement Statistics.

HePTP0
e HePTP24

e HePTP240
e

PDB ID 3O4S 3O4T 3O4U

Data Collection

 Space Group C2 C2 C2

 Unit Cell

  a, b, c (Å) 117.8, 39.1, 83.4 118.0, 39.0, 83.7 119.0, 39.2, 84.0

  α, β, γ (°) 90.0, 124.3, 90.0 90.0, 124.2, 90.0 90.0, 124.2, 90.0

 Wavelength (Å) 1.0 1.54 1.1

 Resolution (Å) 50.0-1.90
(1.93-1.90)a

50.0-2.60
(2.64-2.60)a

50.0-2.25
(2.29-2.25)a

 No. protein molecules/ASU 1 1 1

 Total/unique reflections 92396/25241 20892/8972 64467/15443

 Redundancy 3.7 (3.6)a 2.3 (2.0)a 4.2 (3.0)a

 Completeness (%) 99.7 (99.9)a 90.3 (86.9)a 99.0 (87.7)a

 Rmerge (%)b 9.2 (51.2)a 8.8 (29.6)a 11.3 (56.2)a

 Mean I/σ(I) 13.8 (3.5)a 11.4 (3.7)a 14.5 (2.6)a

Refinement

 Resolution range 20.00-1.90 20.00-2.60 20.00-2.25

 No. reflections (total) 23923 8530 14619

 No. reflections (test) 1287 440 772

 Rwork (%)c 16.2 19.9 19.0

 Rfree (%)d 21.2 25.3 24.3

 RMS deviations from ideal geometry

  Bonds (Å) 0.012 0.010 0.008

  Angles (°) 1.31 1.10 1.08

 Ramachandran plot

  Residues in allowed regions (%) 99.7 99.6 99.6

  Residues in disallowed regions (%) 0.3 0.4 0.4

 Mean B Value

  Protein

   Total 21.3 24.2 32.0

   Active Sitee 12.9 21.8 30.2

  Water

  Active Site Sulfate 16.6 25.4 N/A

  Active Site Tartrate N/A N/A 44.8

  Glycerol Molecules 44.3 44.6 43.1

 No. Atoms

  Protein 2340 2237 2189
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HePTP0
e HePTP24

e HePTP240
e

PDB ID 3O4S 3O4T 3O4U

  Water 277 181 143

  Sulfate molecules 6 1 0

  Tartrate molecules 0 1 2

  Glycerol molecules 5 2 2

a
Values in parentheses are for the highest resolution shell.

b
Rmerge = ∑|Ii−<Ii>|/∑|Ii| where Ii is the scaled intensity of the ith measurement, and <Ii> is the mean intensity for that reflection.

c
Rwork = ∑||Fobs|−|Fcalc||/∑|Fobs| where Fcalc and Fobs are the calculated and observed structure factor amplitudes, respectively.

d
Rfree = as for Rwork, but for 5.0% of the total reflections chosen at random and omitted from refinement.

e
Calculated for residues 270–276 of the HePTP PTP loop. HePTP (residues 44–339) containing the S72D mutation was subcloned into a derivative

of the pET28a bacterial expression vector (Novagen) containing an N-terminal expression and hexahistidine purification tag (MGSDKIHHHHHH).
30 Protein expression and purification was carried out using standard protocols.10;17 HePTP44–339 S72D initially formed clusters of small, one-
dimensional ‘needle’ crystals in 1.8 M ammonium sulfate pH 5.0 using the sitting drop vapor diffusion method at 4°C. These initial crystals were
used as seed for microseeding. This led to the formation larger, two-dimensional ‘plate’ crystals by microseeding into 1.7–1.9 M ammonium
sulfate pH 5.0 using the sitting drop vapor diffusion method at 4°C. HePTP0: unsoaked HePTP44–339 S72D crystals (HePTP0) were
cryoprotected in 1.28 M ammonium sulfate pH 5.0, 25% (v/v) glycerol for 30 seconds prior to diffraction screening and data collection. HePTP24:
a subset of HePTP44–339 S72D crystals were transferred from the crystallization drop to 0.2 M ammonium tartrate pH 6.6, 20% (w/v) PEG 3,350
for 30 seconds at 4°C, then to a second drop of this solution for 30 seconds at 4°C, and subsequently to a third drop of this solution for 24 hours at
4°C, after which they were cryoprotected in 0.16 M ammonium tartrate pH 6.6, 16% (w/v) PEG 3,350, 20% (v/v) glycerol for 20 seconds prior to
diffraction screening and data collection. HePTP240: another subset of HePTP44–339 S72D crystals were transferred from the crystallization drop
through five drops of 0.2 M ammonium tartrate pH 6.6, 20% (w/v) PEG 3,350 for 30 seconds/drop at 4°C, then to a second drop of this solution for
142 hours at 4°C, subsequently to a third drop of this solution for 72 hours at 4°C, and finally a fourth drop of this solution for 26 hours at 4°C,
after which they were cryoprotected in 0.15 M ammonium tartrate pH 6.6, 15% (w/v) PEG 3,350, 25% (v/v) glycerol for 20 seconds prior to
diffraction screening and data collection. Crystallographic data for the HePTP0/HePTP24/HePTP240 crystals were collected at Brookhaven
National Laboratory National Synchrotron Light Source (BNL-NSLS) Beamlines X6A and X25 at 100K using an ADSC QUANTUM 270 CCD
detector or at Brown University at 100K using a Rigaku MicroMax-007 X-ray generator and R-AXIS IV++ imaging plate detector. All

crystallographic data were indexed, scaled and merged using HKL2000 0.98.692i.31 The structures were solved by rigid body refinement using the
program RefMac 5.2.001932 and the structure of HePTP44–339 D236A/C270S/Q314A (PDB ID: 2QDM) or HePTP0 as input models, after
omitting solvent molecules, resulting in an initial Rfree = 31.2% and FOM = 0.75% for HePTP0, Rfree = 27.1% and FOM = 0.79 for HePTP24
and Rfree = 30.4% and FOM = 0.78 for HePTP240. All models were completed by cycles of manual building using the program Coot 6.0.233

coupled with structure refinement using RefMac 5.2.0019 against the datasets. The structure of HePTP0 was determined to 1.90 Å resolution and
refined to Rwork = 16.2% and Rfree = 21.2%, and contains 1 molecule of HePTP, 277 water molecules, 6 sulfate molecules, and 5 glycerol
molecules per asymmetric unit (HePTP residues 337–339 were not observed in the electron density map and so were not modeled). The structure of
HePTP24 was determined to 2.60 Å resolution and refined to Rwork = 19.9% and Rfree = 25.3%, and contains 1 molecule of HePTP, 181 water
molecules, 1 sulfate molecule, 1 tartrate molecule, and 2 glycerol molecules per asymmetric unit (HePTP residues 176–182, 235–239 and 337–339
were not observed in the electron density map and so were not modeled). The structure of HePTP240 was determined to 2.25 Å resolution and
refined to Rwork = 19.0% and Rfree = 24.3%, and contains 1 molecule of HePTP, 143 water molecules, 2 tartrate molecules, and 2 glycerol
molecules per asymmetric unit (HePTP residues 122–123, 175–183, 236–240 and 336–339 were not observed in the electron density map and so
were not modeled). The stereochemical quality of the models was analyzed using MolProbity,34 which performs Ramachandran plot, Cβ deviation,
and rotamer analyses. The agreement of the models to the diffraction data was analyzed using SFCheck 7.2.02.35 Atomic coordinates of the final
models and experimental structure factors for the HePTP structures presented herein have been deposited with the Protein Data Bank (PDB) as
entries 3O4S, 3O4T, 3O4U.

f
Calculated for ligand bound at the HePTP PTP loop.
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