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1. Introduction

Protein tyrosine phosphatases (PTPs) comprise more than a
hundred genes in the human genome that control phosphor-
ylation levels in cells (Tonks, 2006). They regulate cellular
signalling pathways associated with cell survival, apoptosis and
proliferation. Hence, their malfunction has been reported to
cause cancer, diabetes and neurological disorders (Zhang et
al., 2019; Wiesmann et al., 2004; Jeffrey et al., 2007). Receptor-
type PTPs (RPTPs), a subfamily of PTP proteins, are
membrane proteins with a single transmembrane motif to-
gether with an extracellular signal-receiver region and an
intracellular PTP catalytic region (den Hertog et al., 1999;
Mohebiany et al., 2013). The catalytic domain, similar to those
of other PTPs, has a signature motif (HCXsR) in the P-loop
and a conserved aspartic acid in the WPD (Trp-Pro-Asp
motif) loop.

The RPTP subfamily consists of 21 proteins that are cate-
gorized into eight types (R1/R6, R2a, R2b, R3, R4, RS, R7 and
R8) depending on the composition of their intracellular and
extracellular domains (Alonso & Pulido, 2016). Type 3 RPTPs
(R3-PTPs) have a transmembrane motif, tandem extracellular
fibronectin type III (FN3) domains and a single intracellular
phosphatase domain. The extracellular FN3 domains regulate
the phosphatase activity by interacting with ligand molecules
or other proteins, whereas the intracellular phosphatase
domain removes phosphate groups from substrates.

Five RPTP proteins, RPTPB (VE-PTP), RPTPJ (DEP-1/
CD148), RPTPO (GLEPP1), RPTPQ and RPTPH, are
grouped together as the R3-PTP type of RPTPs (Alonso &
Pulido, 2016). Among these, RPTPH, also known as stomach
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cancer-associated protein-tyrosine phosphatase-1, is involved
in the AKT signaling pathway and regulates cell apoptosis and
T-cell function (Ito et al., 2003; Takada et al., 2002). RPTPH
has been implicated in various disorders, such as colorectal
cancer and hepatic carcinoma (Sato et al, 2015; Seo et al,
1997). While the structures of other R3-PTPs have been
determined (Evdokimov et al., 2006; Barr et al., 2009; Almo et
al., 2007; Yu et al., 2013), that of RPTPH remains unresolved.
Here, we report the crystal structure of the catalytic domain of
RPTPH at 1.56 A resolution. Comparison of the structure of
RPTPH with those of other R3-PTPs revealed structural
differences in the active-site residues and loop conformations
despite the similarity in their overall structures (sequence
similarities of 55-60%), indicating the unique role of each R3-
PTP enzyme in substrate recognition and regulatory protein
interaction. These unique features may be exploited for the
development of specific inhibitors as therapeutic agents
against diseases associated with R3-PTPs.

2. Materials and methods
2.1. Macromolecule production and crystallization

To overexpress the protein for crystallization, we prepared
a plasmid encoding the catalytic domain of human RPTPH
(residues 798-1086; UniProt Q9HD43-1) by subcloning the
amplified insert gene into the pET-28a vector using Ndel and
Xhol restriction enzymes. Two mutations, C818A and C1020S,
were introduced to prevent oxidation of the protein. Detailed
information on protein expression, purification and crystal-
lization has previously been reported (Kim & Ryu, 2021).
Briefly, Escherichia coli BL21(DES3) cells transformed with the
pET-28a vector encoding the mutated RPTPH were cultured
in Luria-Bertani medium and protein overexpression was
induced with isopropyl pB-p-1-thiogalactopyranoside. The
harvested cells were lysed and the protein was purified by
nickel affinity chromatography. The purified protein was
pooled, concentrated to 20 mg ml~" and stored at —70°C. The
crystal used for data collection was obtained from a drop
consisting of a 2:1 ratio of protein and reservoir [0.1 M MES-
NaOH pH 6.5, 13%(v/v) PEG MME 550] solutions.

2.2. Structure solution and refinement

Data were collected from the RPTPH crystal on beamline
7A at the Pohang Accelerator Laboratory. The crystal was
flash-cooled in a nitrogen stream at 100 K after soaking in a
cryoprotectant solution [0.1 M MES-NaOH pH 6.5, 40% (v/v)
PEG MME 550, 10% glycerol] for 30s. HKL-2000 (Otwi-
nowski et al., 2003) was used to process, integrate and scale the
data. The merged data were used in molecular replacement
(MR) using the Phenix suite (Liebschner et al., 2019). For MR,
the crystal structure of the catalytic domain of the R3-PTP
RPTPJ (PDB entry 2nz6; Barr et al., 2009), with 47.9%
sequence identity to the catalytic domain of RPTPH, was used
as an initial search model.

The target protein for the MR search was prepared from the
RPTPIJ structure (PDB entry 2nz6) using Sculptor (Bunkoczi

Table 1

Structure solution and refinement.

Values in parentheses are for the outer shell.

PDB entry 7xc0
Space group P3,
Resolution range (A) 24.45-1.56 (1.62-1.56)
a, b, c (A) 56.46, 56.46, 80.45
o, B,y (°) 90.00, 90.00, 120.00
Total No. of reflections 149225
No. of unique reflections 38539
Ruerge 0.069 (0.32)
(Ilo(I)) 10.6 (2.9)
CCyp 0.997 (0.389)
Multiplicity 3.9
Completeness (%) 94.2 (87.7)
No. of reflections, working set 38471 (3574)
No. of reflections, test set 1980 (174)
Ryork/Riree (%) 17.81/20.74
No. of non-H atoms

Protein 2318

Ligand 5

Water 189
Protein residues 287
Average B factors (Az)

Protein 31.0

Ligand 22.1

‘Water 39.8
R.m.s. deviations

Bond lengths (A) 0.003

Angles (°) 0.6
Ramachandran plotf (residues)

Favored 276

Allowed 8

Outliers 1

+ The Ramachandran plot was calculated by MolProbity, which excluded the N- and
C-terminal residues during calculation.

& Read, 2011). An MR search using Phaser (McCoy et al.,
2007) found a solution with scores of TFZ = 30.9 and LLG =
914.5; MR calculations showed a single macromolecule in the
asymmetric unit. The structure was refined using phenix.refine
(Liebschner et al., 2019), with manual modifications imple-
mented using Coot (Emsley et al., 2010). The final structure
had Ryork and Ry values of 17.8% and 20.7%, respectively, at
1.56 A resolution. Table 1 presents the data-collection and
refinement statistics.

3. Results and discussion

The structure of the catalytic domain of RPTPH consists of
a typical PTP-fold composed of g-strands surrounded by
a-helices. Eight B-strands (81] 8218818318716 651 64])
are placed in the central region, flanked by six «-helices (a1,
a2, a4, o5, a6 and «7) on one side and an additional a-helix
(«3) on the other side (Fig. 1a). The WPD loop is placed
between 7 and o4, showing a ‘closed’ conformation. Conse-
quently, Asp986, the general acid in the catalytic reaction, is
close to the active-site pocket (Figs. 1a and 1b).

A phosphate ion was observed in the active-site pocket,
which was stabilized by an ionic interaction with Arg1026 and
by hydrogen bonds to the P-loop backbone amides (Figs. 1c¢
and 1d). The active site of PTPs is known to dephosphorylate
the substrates using the conserved cysteine and arginine
residues in the P-loop, which hold a phosphate group in this
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Figure 1

Structure of RPTPH. (a) Ribbon diagram of the structure of RPTPH shown with labels for the secondary-structural elements as determined using the
secondary-structure determination algorithm of PyMOL (B1, Ala877-Met880; 52, Glu888-Thr892; B3, Thr914-Met917; B4, Cys940-His942; 85, Leu945—
Val954; g6, Trp958-GIn967; B7, GIn971-Tyr981; B8, 11le1017-His1019; o1, Ala802-Glu813; o2, Ala818-Leu829; a3, Val900-GIn910; a4, Pro993-Gln1009;
a5, Gly1025-Glu1043; a6, Pro1048-Ser1058; o7, Glu1066-GIn1082). The WPD and P-loops are labeled WL and PL, respectively. The active site is
marked as an orange circle. The active site-bound phosphate (labeled P) is represented as a stick model. (b) Conformation of the active-site residues.
Representative residues (Asp986, Arg1026 and Val1063) in the active-site region are presented as stick models. The catalytic cysteine (labeled C1020S to
indicate the cysteine-to-serine mutation of this residue) is also presented. The phosphate ion is labeled P and the WPD and P-loops are labeled WL and
PL, respectively. (c) The 2F, — F, electron-density map (contoured at 2.00) of the P-loop residues and the phosphate ion in the active site of RPTPH.
The catalytic cysteine is labeled C10208S to indicate the cysteine-to-serine mutation of this residue. (d) Interactions between the phosphate ion and active-
site amino acids are presented as yellow dashed lines. The presented interactions have interaction distances of 2.7-3.4 A. The catalytic cysteine is labeled
C1020S to indicate the cysteine-to-serine mutation of this residue. (e, f) Structural superposition of R3-PTPs with RPTPH. The ribbon diagram of
RPTPH (green) was superposed with those of other R3-PTPs, namely RPTPB (PDB entry 2idg, yellow; Evdokimov et al., 2006) and RPTPQ (PDB entry
4ikc, magenta; Yu et al., 2013). The WPD and P-loops are labeled WL and PL, respectively. The view in (f) is a rotation of approximately 90° around the
vertical axis from that in (e).
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Figure 2
Differences in the inhibitor-binding sites. The inhibitor-binding region of RPTPB [cyan in (a) and orange in (b)] and bound inhibitor (yellow) (PDB
entries 2i4g and 2i4h, respectively) were compared with the corresponding region of RPTPH (green). Two types of inhibitor-binding modes, (a) and (b),
were reported for RPTPB (Evdokimov et al., 2006; see text for details). Representative interactions between RPTPB and its inhibitors are displayed as
dashed lines. The interaction distances are noted on the dashed lines. RPTPH does not make the interactions found in RPTPB, indicating a different
inhibitor-binding specificity. Residues of RPTPH and RPTPB are labeled with (H) or (B), respectively, at the end of their names.

Figure 3

Electrostatic surfaces of R3-PTPs. Electrostatic surfaces of R3-PTPs are presented in the same orientation (red, negative charge potential; blue, positive
charge potential). The central region of each representation corresponds to the active-site pocket. (¢) RPTPH, (b) RPTPB (PDB entry 2i4g; Evdokimov
et al., 2006), (c) RPTPJ (PDB entry 2nz6; Barr et al., 2009) and (d) RPTPO (PDB entry 2g59; Almo et al., 2007).
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pocket (Fig. 1b). A Ramachandran outlier (Vall063) was
detected using MolProbity (Chen et al., 2010). The electron
density for Vall063 was well resolved and the residue was
found to play an important role in the formation of a hydro-
phobic core near the P-loop (Fig. 15). The Vall063-containing
loop shows close interactions with the P-loop, contributing to
stabilization of the P-loop conformation.

The overall structure of RPTPH is similar to those of other
R3-PTPs (average C* r.m.s.d. values of 1.4, 1.4, 1.7 and 2.1 A
with RPTPB, RPTPO, RPTPJ and RPTPQ, respectively);
however, differences were observed in the loop regions
(Figs. le and 1f). The conformation of the B3-p4 loop in
RPTPH resembled that in RPTPB but differed from that in
RPTPQ (Fig. le). This M6 loop aids in the recognition of
phosphatidylinositide substrates in RPTPQ (Yu et al., 2013).
In comparison, RPTPH dephophorylates protein substrates
(Ito et al., 2003), consistent with the difference in conformation
of the loop. Other loops exhibiting pronounced differences
among R-PTPs include the al-$1, B6-87 and B1-B2 loops,
which are located on the surface opposite the active site
(Fig. 1f). The flexible o2—-81 loop was not observed in the
structure of RPTPB (Fig. 1f), while the f6-87 and B1-82
loops exhibited large deviations from those in RPTPH and
RPTPQ (Fig. 1f). The diverse conformations of these loops
among the different R3-PTPs indicate that the surface oppo-
site the active site may act as a site for specific interactions
with regulatory proteins.

The structure of the catalytic domain of RPTPB in complex
with inhibitors revealed the specific interactions between the
protein and its inhibitors (Evdokimov et al., 2006). The inhi-
bitor N-(¢-butoxycarbonyl)-L-tyrosyl-N-methyl-4-(sulfoamino)-
L-phenylalanylamide interacts with RPTPB in two different
modes (Evdokimov et al., 2006). Superposition of the RPTPH
structure with those of RPTPB-inhibitor complexes revealed
that the inhibitor-interacting residues were not conserved,
indicating that development of specific inhibitors would be
possible by exploiting the differences in the side chains near
the active-site pocket (Fig. 2). In the first inhibitor-binding
mode (Fig. 2a) the inhibitor interacted with the side chains of
His1871(B) and His1945(B). In the structure of RPTPH, the
conformations of the two residues are changed: His987(H) has
a different conformation, while Leul061(H) has a different
side chain and conformation. In the second mode (Fig. 2b) the
inhibitor interacts with the side chains of Asn1734(B) and
Asnl735(B); the two residues of RPTPH corresponding to
these residues have a different side chain [Arg851(H)] or
conformation [Asn852(H)]. The van der Waals surface and
charge representations of members of the R3-PTPs show
differences in the active-site pocket (Fig. 3), indicating that
specific inhibitor interactions can be exploited to design
selective inhibitors for different R3-PTP members.
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