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Protein tyrosine phosphatases (PTPs) regulate cell signaling pathways implicated in cancers, diabetes, immune
diseases, and neurological diseases. Although PTPs are drug targets, inhibitor development has been limited by the low
selectivity caused by the shallow PTP active site pocket with a conserved motif. Recent studies on PTP inhibitors have
highlighted allosteric inhibition to circumvent these difficulties. PTPσ is a receptor-type PTP with phosphatase activity
in the cytoplasmic region. PTPσ plays a critical role in neural development and hematopoietic stem cell regeneration
and have been regarded as a drug target. We determined the crystal structure of the PTPσ complexed with its allosteric
inhibitor Allo1. The structure showed an inhibitor-binding near the WPD loop, restricting the loop conformation switch
during the catalysis. The allosteric binding site was further confirmed through mutagenesis and in vitro enzyme assays.
The structural information can be exploited for the development of potent inhibitors.
INTRODUCTION
Protein tyrosine phosphatase (PTP) family is one of the major
regulators of phosphorylation in cells and is categorized
into several subfamilies, such as classical PTPs and dual
specificity phosphatases (Andersen et al., 2001; Alonso et al.,
2004; Tonks, 2006). Receptor-type PTPs (RPTPs) are classical
PTP subfamily members anchored in the cell membrane by a
single transmembrane domain (Andersen et al., 2001; Tonks,
2006). RPTPs regulate cell signaling by dephosphorylating
target molecules through intracellular domains and controlling
their phosphatase activity through extracellular domains. The
intracellular RPTP region comprises catalytically active (D1) and
catalytically inactive (D2) domains in tandem. These enzymes
participate in various signaling pathways implicated in diseases
and are considered drug targets (Andersen et al., 2001; Tonks,
2006; Stanford and Bottini, 2017). Despite efforts to develop
PTP-targeting drugs, PTP inhibitors usually lack selectivity
and membrane permeability because of the highly conserved
and shallow active site pockets of PTPs. Thus, using allosteric
inhibitors is an alternative strategy (Li et al., 2014; Ryu and Kim,
2014).
PTPs contain a cataly tic domain composed of central
β-strands surrounded by α-helices (Barford et al., 1994; Barr
et al., 2009; Jeong et al., 2014). The catalytic domain has two
conserved loops, the P-loop and the WPD loop. The P-loop
contains a conser ved HCX 5 R motif, whose cysteine and
arginine residues play a crucial role in catalytic mechanism. The
WPD loop has a conserved aspartic acid that act as a general
acid in dephosphorylation and is located on the protein surface
(Barford et al., 1994; Barr et al., 2009; Jeong et al., 2014). Two
conformations of WPD-loop were observed in crystal structures
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of PTPs, the open and closed conformations. This change in
WPD loop conformation is associated with the catalytic activity
of PTPs.
PTPσ belongs to the subfamily of RPTPs and is involved
in neurite extension and hematopoietic stem cell (HSC)
regeneration (Lang et al., 2015; Zhang et al., 2019). Early studies
revealed that PTPσ is a chondroitin sulfate proteoglycans
( C S P G s ) r e c e p t o r a n d t h e P T Pσ - C S P G i n t e r a c t i o n s
downregulate neuronal regeneration after spinal cord injury
(Lang et al., 2015). When neuronal cells were treated with a
PTPσ inhibitor, neuronal extension was recovered in injured
nerves (Lee et al., 2016). Recent studies have shown that
PTPσ activity reduces HSC self-renewal and regeneration,
whereas PTPσ inhibitors promote HSC regeneration attenuated
by myelosuppressive therapy, such as radiation therapy
or chemotherapy (Zhang et al., 2019). Therefore, PTPσ is
considered a promising target for treating neurological diseases
and attenuating HSCs.
Herein, we report the crystal structure of PTPσ complexed
with an allosteric inhibitor. Enzyme kinetic assay confirmed
that the inhibition was allosteric. The structure revealed that
the inhibitor binds to a region near the WPD loop of the D1
domain and blocks loop closure during the enzyme catalysis.
The inhibitor binding site was further supported by mutagenesis
studies, which indicated that the water-mediated hydrogen
bond with a rigid loop region plays a major role in the inhibitorprotein interaction. The structural information indicates an
important role of the WPD loop interaction in the allosteric
inhibition of PTPs and therapeutics development.
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RESULTS
Allosteric inhibitor characterization
The allosteric PTPσ inhibitor (E)-3-(3,4-dihydroxybenzylidene)1-(naphthalene-2-yl)pyrrolidine-2,5-dione (Allo1) (Figure 1A) is
a non-peptide small-molecule inhibitor selected from an inhouse inhibitor library based on inhibitory activity against PTPs
(unpublished data). The inhibitor inhibited the phosphatase
activity of PTPσ with IC 50 value of 6.2 μM. (Figure 1B). An
enzyme kinetic assay was performed to identify the inhibition
type of Allo1 for PTPσ. In the Lineweaver-Burk plot, lines for
different concentrations of Allo1 met at the same point on the
x-axis, indicating that the inhibitor is an allosteric inhibitor
(Figure 2).
Structure determination
The recombinant PTPσ intracellular catalytic domains (residues
1377–1948; Uniprot Q13332-1) were expressed, purified, and
crystallized according to previously reported protocols (Jeon
et al., 2013). The protein contains seven cysteine-to-alanine

A

mutations to avoid air-oxidation of the cysteines (Jeon et al.,
2013). For co-crystallization with the inhibitor, native PTPσ
crystals were soaked in a soaking solution overnight prior
to X-ray diffraction. The crystal structure of the PTPσ:Allo1
complex was determined at 1.85 Å resolutions ( Table 1).
Although the overall PTPσ:Allo1 complex structure was highly
similar to that of the native PTPσ structure (Figure 3), there
was a notable extra electron density (Figure 4). An electron
density map (2mFo-DFc) of the PTPσ:Allo1 complex is shown
in Figure 4A. Among three ring moieties of Allo1 (Figure 1A),
the pyrrolidine and naphthalene moieties could be matched
with extra electron density (Figure 4A). However, in the initial
electron density maps, the dihydroxybenzylidene moiety
was not clear. To confirm the presence and orientation of
dihydroxybenzylidene moiety, the PanDDA method (Müller,
2017; Pearce et al., 2017) was adopted, which compares
multiple related crystallographic datasets to identify ligandbound regions. Data files and coordinate files from 39 native
PTPσ datasets of ~2.0 Å resolutions and ~95% completeness
were used to analyze the PTPσ:Allo1 structure (data not shown).
In the PanDDA event map, the dihydroxybenzylidene moiety
clearly fitted into the map (Figure 4B).
Inhibitor binding site
In the complex structure of PTPσ:Allo1, the inhibitor was
located near the WPD loop of the PTPσ D1 domain, interfering
with the role of the WPD loop in catalysis (Figure 3 and 5A). The
movement of the WPD loop has a crucial effect on the catalytic
activity of the PTPs (Barford et al., 1994; Barr et al., 2009; Jeong
et al., 2014). In classical PTPs, the WPD loop has an open
conformation in the absence of the substrate at the active site,

B

FIGURE 1 I Structure and IC 50 of Allo1. (A) Structure of Allo1. The
full chemical name of Allo1 is (E)-3-(3,4-dihydroxybenzylidene)-1(naphthalene-2-yl)pyrrolidine-2,5-dione. The E notation represents Estereoisomer. There are three ring moieties including dihydroxy benzene
(left), pyrrolidine (center), and naphthalene (right) rings. (B) IC 50 determination of Allo1 for PTPσ. The assay was conducted by measurements of remaining phosphatase activity after inhibitor treatment, in
three independent experiments. X- and Y-axes represent Log of Allo1
concentration in μM and remaining PTP activity in %, respectively. The
unit of X-axis is Log[μM]. Standard deviations are included as bars. The
50% inhibition point was indicated with broken lines. From the inhibition
curve, IC 50 was estimated to be 6.2 μM.
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FIGURE 2 I Lineweaver-Burk plot of Allo1. Initial velocity (V) of PTPσ
was measured in the presence of different inhibitor concentrations. Xand Y-axes represent the inverse of initial velocity and the inverse of
substate concentration in μM, respectively. The units of X- and Y-axes
are 1/μM and min, respectively.
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TABLE 1 I Data collection and refinement statistics
Data collection
Diffraction source

Beamline 7A, PAL

Wavelength (Å)

0.97933

Temperature (K)

100

Crystal-detector distance (mm)

230

Rotation range per image (°)

1

Total rotation range (°)

180

Exposure time per image (sec)

0.5

Space group

P61

a, b, c (Å)

94.25, 94.25, 123.96

α, β, γ (°)

90.00, 90.00, 120.00

whereas the loop closes upon substrate binding. To elucidate
the inhibitory mechanism of Allo1, a structural comparison was
performed with a PTP in the closed WPD-loop conformation.
The cr ystal structure of PTP1B (PDB ID 5K9W ), which
has a closed WPD-loop conformation, was aligned with the
PTPσ:Allo1 structure (Figure 5A). In the aligned structures,
Allo1 collided with the closed-WPD loop conformation. This
suggests that Allo1 prevents WPD loop closure over the active
site and thus blocks the catalysis that could occur after loop
closing. The inhibitor binds to the pocket under the WPD
loop of PTPσ by forming interactions with residues Q1633,
H1558, R1498, and K1496 (Figure 5B). The side chain of Q1633
makes a water-mediated hydrogen bond interaction with the

Refinement
Resolution range (Å)

31.07–1.85 (1.92–1.85)*

Total number of reflections

388250 (35702)

Number of unique reflections

52984 (5235)

Completeness (%)

99.7 (99.5)

Rmerge (%)

7.0 (67.8)

I/σI

16.3 (2.8)

Redundancy

7.3 (6.8)

R-work/R-free (%)

17.5/21.3

Number of total atoms
Protein/non-protein

4586/434

RMS (bonds) (Å)

0.011

RMS (angles) (˚)

1.06

Ramachandran plot (%)
Favored/allowed/outliers
2

Average B-factor (Å )

95.91/3.93/0.36**
35.2

*The values in the parenthesis are for the highest resolution shell.
**The Ramachandran outliers are residues V1632 and V1923 which are
equivalent residues in the D1 and D2 domains. These residues are involved in
formation of a strong hydrophobic core in each domain and have well defined
electron densities.

A

FIGURE 3 I Overall structure of the complex. Structure of the PTPσAllo1 complex (cyan and green for protein and inhibitor, respectively)
was superposed with that of apo-PTPσ (gray, PDB ID 4BPC). Locations
of the P-loop and the WPD loop were indicated as labels.

B

FIGURE 4 I Electron density map for the inhibitor. (A) The 2Fo-Fc map (1.1 σ). (B) The PanDDA event map (0.9 σ).
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A

dihydroxybenzylidene moiety of the inhibitor; that of His1558
a hydrogen bond with the pyrrolidine moiety; that of Arg1498
a Phi-Phi interaction with the naphthalene moiety; and that of
Lys1496 a hydrogen bond with the pyrrolidine moiety.
Mutagenesis of the Allo1 binding site
We mutated residues that made interactions between Allo1 and
PTPσ and analyzed their effects on the inhibition of PTPσ by
Allo1 (Table 2). If a mutation affected the inhibition efficiency, it
would support that the residue made interactions with Allo1. The
mutant proteins were expressed and purified under the same
conditions as the wild type (Jeon et al., 2013). The inhibitory
activity of Allo1 against four mutant proteins was evaluated and
compared with that of the wild type (Table 2). The IC50 values
significantly increased in the case of the Q1633A mutation (from
6.2 to 11.7), while the H1558A, R1498A, and K1496A mutants
exhibited slight increases in the IC50 values.
The residues H1558, R1498, and K1496 are on the surface
loop regions and mutations in the regions may have resulted
in little effects in the inhibitor binding (Table 2). In comparison,
the region including Q1663 forms a rigid structure. Q1663 is the
residue next to V1632 that makes a strong hydrophobic core
overcoming dihedral angle distortions (see notes of Table 1).
Thus, it is likely that the water-mediated interaction by Q1663
contributes a major force for the inhibitor interaction. To analyze
effects of the same mutations in the binding of a competitive
inhibitor, we per forme d IC 50 measurements by using a
competitive inhibitor, PTP inhibitor V (Choun, 2014; Seo and
Cho, 2015) (Table 2). In comparison to the Allo1 IC50 increase by
the mutations, the IC50 of the PTP inhibitor V was not affected
by the same mutations, supporting that Allo1 binding site is not
related to the catalytic pocket where the competitive inhibitor
binds.

B

DISCUSSION
FIGURE 5 I Inhibition mechanism. (A) Structure of the PTPσ-Allo1
complex (cyan and green for protein and inhibitor, respectively) was
compared with that of PTP1B (gray, PDB_ID: 5K9W). The WPD loop of
PTP1B in closed conformation is shown in orange. Side chains of the
conserved aspartic acid residues (D1577 and D181 in PTPσ and PTP1B,
respectively) of the WPD loop are shown in a stick representation. (B)
Side chains of residues of PTPσ interacting with Allo1 are shown in the
structure of the PTPσ-Allo1 complex. The water molecule (Wat21) mediating hydrogen bond interactions between the side chain of Q1633
and the hydroxyl group of the dihydroxybenzne moiety is shown as a
red sphere. In the figure, representative hydrogen bond interactions between PTPσ and Allo1 were presented with distances.

PTPs play essential regulatory roles in various cellular activities
and are implicated in cancers, autoimmune diseases, diabetes,
and neurological disorders (Stanford and Bottini, 2017). Recent
studies have reported that allosteric inhibitors have potential
to overcome the limitations of competitive inhibitors targeting
the highly conserved and polar nature of PTP catalytic sites
(Ryu and Kim, 2014). In this study, structural analysis of PTPσ
complexed with its allosteric inhibitor was performed. The
inhibition type of Allo1 was identified by enzyme kinetic analysis
using a Lineweaver-Burk plot. The linear regression of different

TABLE 2 I IC50 of inhibitors against PTPσ mutations
Wild type

Q1633A

H1558A

R1498A

K1496A

Allo1

6.2 ± 0.5*

11.7 ± 2.4

8.6 ± 1.2

7.2 ± 1.2

9.0 ± 0.5

Inhibitor V

6.7 ± 0.4

7.4 ± 0.1

7.1 ± 0.1

7.0 ± 0.1

7.0 ± 0.4

*IC50 values (unit: µM) were measured in quadruplicate (Allo1) or triplicate (Inhibitor V) and the average (avg) and standard deviation (SD) values are shown as avg ± SD.
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Allo1 concentrations intersected on the x-axis, indicating that
Michaelis-Menten constant (Km) is independent of the inhibitor
concentration, and thus Allo1 is an allosteric inhibitor. To identify
the binding site of Allo1, co-crystallization was performed by
soaking.
In the PTPσ:Allo1 structure, the electron density of Allo1 at
an allosteric site could interfere with the role of WPD loop in
catalysis. The mobility of the WPD loop has been proven to
play an important role in catalysis (Critton et al., 2011). Closure
of the WPD-loop allows the catalytic aspartic acid residue to
function as a general acid by bringing this residue close to
the phosphate group of the substrate in catalysis. Therefore,
the structural collision between Allo1 and closed WPD loop
conformation suggests that Allo1 inhibits PTPσ catalysis by
preventing the aspartic acid in the WPD loop from acting as a
catalytic acid upon substrate binding to the active site.
Studies on other allosteric inhibitors of other PTPs have
also reported mechanisms interfering with the role of the
WPD loop (Wiesmann et al., 2004; Jeong et al., 2011). The cocrystal structure of PTP1B and its allosteric inhibitor showed
that the inhibitor binds to the disordered C-terminal regions,
affecting WPD loop mobility (Wiesmann et al., 2004). In other
cases, a structural study of MKP-4 revealed that its allosteric
inhibitor targets the cleft region formed with open WPD loop
(Jeong et al., 2011). While Allo1 and other inhibitors bind to
different regions of the WPD loop, all of them affect WPD loop
movement. These results indicate that the inhibitor mechanisms
involved in regulating the role of the WPD loop are promising
strategies for allosteric inhibition. Structural information on
PTPσ:Allo1 can be exploited for developing potent Allo1derivatives as therapeutics.

METHODS
Protein preparation
The construct of PTPσ (residues 1377–1948; Uniprot Q133321) described previously was used for crystallization (Jeon et al.,
2013). In brief, intracellular domains of PTPσ were subcloned
into pET-28a vector using restriction enzyme sites of BamHI
and EcoRI, with 7 cysteine residues mutated to alanine (C1530A,
C1577A, C1651A, C1704A, C1723A, C1932A, and C1958A). The
recombinant protein was expressed in E. coli BL21-CodonPlus
(DE3)-RIL competent cells transformed with the expression
plasmid. Cells were incubated at 37°C in LB media until OD600
reached 0.6, then a final concentration of 0.1 mM β-D-1thiogalactopyranoside was added to the culture. The protein
expression was induced for 24 hours at 18°C. After induction,
cells were harvested and lysed by sonication as resuspended
in a lysis buffer (50 mM Tris-Cl pH 7.5, 0.5 M NaCl, and 5 mM
2-mercaptoethanol).
The soluble fraction of lysate was separated by centrifugation
for one hour; then loaded into Ni-NTA (Qiagen) resin. The
resin was washed with a buffer containing high concentration
of salt (50 mM Tris-Cl pH 7.5, and 1.0 M NaCl), and low
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concentration of imidazole (50 mM Tris-Cl pH 7.5, 0.5 M NaCl,
30 mM imidazole pH 7.5, and 5 mM 2-mercaptoethanol).
PTPσ was eluted with a linear gradient of imidazole, and the
N-terminal histidine tag was removed by thrombin cleavage at
4°C overnight. The eluted protein was additionally purified by
a S-100 gel filtration column (Cytiva) filled with an equilibration
buf fer (20 mM HEPES pH 7.0, 150 mM NaCl, and 2 mM
dithiothreitol). The protein was concentrated to 20 mg/ml and
stored at –70°C.
Crystallization
PTPσ crystals were prepared by the vapor-diffusion sitting drop
method in a 96-well 2-drop MRC crystallization plate (Swissci)
at 18°C as previously reported (Jeon et al., 2013). Crystals
were grown within 2 days in 1:1 mixture of protein solution and
reservoir solution (0.2–0.4 M succinic acid pH 7.0). For soaking
with Allo1, crystals were transferred to 1.5 μl soaking solution
(6.5 mM Allo1 and 0.5 M succinic acid pH 7.0) equilibrated with
the reservoir solution overnight in 96-well crystallization plate.
Data collection and refinement
A ll data sets we re c olle c te d at be a mline 7A in Pohang
Accelerator Laboratory (Park et al., 2017). For cryoprotection
of native and inhibitor-soaked crystals, crystals were soaked
in a cryoprotection buffer (addition of 25% glycerol to soaking
solution or reservoir solution). The datasets were processed
using the program HKL-2000 (Minor et al., 2006). The molecular
replacement calculation was conducted by the program
PHASER (McCoy et al., 2007) using human PTPσ intracellular
domains (PDB ID 4BPC) as an initial search model. The solution
was refined using the softwares PHENIX (Adams et al., 2010)
and Coot (Emsley et al., 2010). For ligand modeling, the Ligand
builder in Coot and the Readyset in PHENIX were used. The
inhibitor was docked into the electron density map produced by
the PanDDA in CCP4 suite (Winn et al., 2011). The statistics for
data collection and refinement are shown in Table 1.
Phosphatase assay
Phosphatase enzyme activity of the PTPσ wild-type and
mutants was measured using 6,8-difluoro-4-methylumbelliferyl
phosphate (DiFMUP) as a substrate in a reaction buffer (20 mM
Tris-HCl pH 8.0, 0.01% Triton X-100, and 5 mM dithiothreitol).
These proteins (0.07 nM) were incubated with Allo1 (1.25–80
μM) or PTP inhibitor V (Calbiochem, 2.63–30 μM) at room
temperature for 5 minutes, and then DiFMUP (2.5 μM) was
added to each well. The reactions were performed in a reaction
volume of 200 μl on 96-well black plates (SPL life science). The
relative fluorescence unit was measured at 355 nm/450 nm of
excitation/emission wavelengths by the Perkin Elmer Victor X2
2030 instrument. IC50 values were calculated from the doseresponse curve.
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Enzyme kinetic assay
Enzyme kinetic assay was performed with DiFMUP as the
substrate in the reaction buffer (20 mM Tris-HCl pH 8.0, 0.01%
Triton X-100, and 5 mM dithiothreitol). PTPσ (0.07 nM) was
incubated with Allo1 (0, 10, 15 and 20 μM) or PTP inhibitor V
(0, 10, 12.5 and 20 μM) at room temperature for 5 minutes and
then, various concentration of DiFMUP (0.63–20 μM) was added
to each well. The fluorescence unit was monitored by Perkin
Elmer Victor X2 2030 instrument.
ACKNOWLEDGEMENTS
We thank the staff members of beamline 7A at the Pohang
Accelerator Laboratory (PAL) for diffraction data collection.
This work was suppor ted by the biomedical technology
development projects, National Research Foundation, KOREA
[NRF-2015M3A9B5030302 and NRF-2021M3A9G8024747].
CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

Original Submission: Feb 24, 2022
Revised Version Received: Mar 22, 2022
Accepted: Mar 22, 2022

REFERENCES
Adams, P.D., Afonine, P.V., Bunkóczi, G., Chen, V.B., Davis, I.W.,
Echols, N., Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve,
R.W., McCoy, A.J., Moriarty, N.W., Oeffner, R., Read, R.J., Richardson,
D.C., et al. (2010). PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr
66, 213-221.
Alonso, A., Sasin, J., Bottini, N., Friedberg, I., Friedberg, I., Osterman, A.,
Godzik, A., Hunter, T., Dixon, J., and Mustelin, T. (2004). Protein tyrosine
phosphatases in the human genome. Cell 117, 699-711.
Andersen, J.N., Mortensen, O.H., Peters, G.H., Drake, P.G., Iversen, L.F.,
Olsen, O.H., Jansen, P.G., Andersen, H.S., Tonks, N.K., and Møller, N.P.
(2001). Structural and evolutionary relationships among protein tyrosine
phosphatase domains. Mol Cell Biol 21, 7117-7136.
Barford, D., Flint, A.J., and Tonks, N.K. (1994). Crystal structure of
human protein tyrosine phosphatase 1B. Science 263, 1397-1404.
Barr, A.J., Ugochukwu, E., Lee, W.H., King, O.N., Filippakopoulos, P.,
Alfano, I., Savitsky, P., Burgess-Brown, N.A., Müller, S., and Knapp, S.
(2009). Large-scale structural analysis of the classical human protein
tyrosine phosphatome. Cell 136, 352-363.
Choun, J., Kim, Y., and Cho, S. (2014). Inhibition of DUSP13B
phosphatase activity by PTP inhibitor V. Bull Korean Chem Soc 35,
3119-3121.
Critton, D.A., Tautz, L., and Page, R. (2011). Visualizing active-site
dynamics in single crystals of HePTP: opening of the WPD loop involves
coordinated movement of the E loop. J Mol Biol 405, 619-629.
Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010). Features
and development of Coot. Acta Crystallogr D Biol Crystallogr 66, 486501.
Jeon, T.J., Chien, P.N., Chun, H.J., and Ryu, S.E. (2013). Structure of the

22

Bio Design l Vol .10 l No. 2 l Jun 30, 2022

catalytic domain of protein tyrosine phosphatase sigma in the sulfenic
acid form. Mol Cells 36, 55-61.
Jeong, D.G., Wei, C.H., Ku, B., Jeon, T.J., Chien, P.N., Kim, J.K., Park,
S.Y., Hwang, H.S., Ryu, S.Y., Park, H., Kim, D.S., Kim, S.J., and Ryu, S.E.
(2014). The family-wide structure and function of human dual-specificity
protein phosphatases. Acta Crystallogr D Biol Crystallogr 70, 421-435.
Jeong, D.G., Yoon, T.S., Jung, S.K., Park, B.C., Park, H., Ryu, S.E., and
Kim, S.J. (2011). Exploring binding sites other than the catalytic core in
the crystal structure of the catalytic domain of MKP-4. Acta Crystallogr
D Biol Crystallogr 67, 25-31.
Lang, B.T., Cregg, J.M., DePaul, M.A., Tran, A.P., Xu, K., Dyck, S.M.,
Madalena, K.M., Brown, B.P., Weng, Y.L., Li, S., Karimi-Abdolrezaee,
S., Busch, S.A., Shen, Y., and Silver, J. (2015). Modulation of the
proteoglycan receptor PTPσ promotes recovery after spinal cord
injury. Nature 518, 404-408.
Lee, H.S., Ku, B., Park, T.H., Park, H., Choi, J.K., Chang, K.T., Kim, C.H.,
Ryu, S.E., and Kim, S.J. (2016). Identification of novel protein tyrosine
phosphatase sigma inhibitors promoting neurite extension. Bioorg Med
Chem Lett 26, 87-93.
Li, S., Zhang, J., Lu, S., Huang, W., Geng, L., Shen, Q., and Zhang,
J. (2014). The mechanism of allosteric inhibition of protein tyrosine
phosphatase 1B. PLoS One 9, e97668.
McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni,
L.C., and Read, R.J. (2007). Phaser crystallographic software. J Appl
Crystallogr 40, 658-674.
Minor, W., Cymborowski, M., Otwinowski, Z., and Chruszcz, M. (2006).
HKL-3000: the integration of data reduction and structure solution--from
diffraction images to an initial model in minutes. Acta Crystallogr D Biol
Crystallogr 62, 859-866.
Müller, I. (2017). Guidelines for the successful generation of proteinligand complex crystals. Acta Crystallogr D Struct Biol 73, 79-92.
Park, S.Y., Ha, S.C., and Kim, Y.G. (2017). The protein crystallography
beamlines at the Pohang Light Source II. Biodesign 5, 30-34.
Pearce, N.M., Krojer, T., and von Delft, F. (2017). Proper modelling of
ligand binding requires an ensemble of bound and unbound states. Acta
Crystallogr D Struct Biol 73, 256-266.
Ryu, S.E., and Kim, S.J. (2014). Targeting allosteric sites for protein
tyrosine phosphatase inhibition. Biodesign 2, 81-90.
Seo, H., and Cho, S. (2015). PTP inhibitor V inhibits dual-specificity
phosphatase 22 (DUSP22) activity. Bull Korean Chem Soc 36, 23752378.
Stanford, S.M., and Bottini, N. (2017). Targeting tyrosine phosphatases:
time to end the stigma. Trends Pharmacol Sci 38, 524-540.
Tonks, N.K. (2006). Protein tyrosine phosphatases: from genes, to
function, to disease. Nat Rev Mol Cell Biol 7, 833-846.
Wiesmann, C., Barr, K.J., Kung, J., Zhu, J., Erlanson, D.A., Shen, W.,
Fahr, B.J., Zhong, M., Taylor, L., Randal, M., McDowell, R.S., and
Hansen, S.K. (2004). Allosteric inhibition of protein tyrosine phosphatase
1B. Nat Struct Mol Biol 11, 730-737.
Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J., Emsley, P., Evans,
P.R., Keegan, R.M., Krissinel, E.B., Leslie, A.G., McCoy, A., McNicholas,
S.J., Murshudov, G.N., Pannu, N.S., Potterton, E.A., Powell, H.R., et
al. (2011). Overview of the CCP4 suite and current developments. Acta
Crystallogr D Biol Crystallogr 67, 235-242.
Zhang, Y., Roos, M., Himburg, H., Termini, C.M., Quarmyne, M., Li,
M., Zhao, L., Kan, J., Fang, T., Yan, X., Pohl, K., Diers, E., Jin Gim, H.,
Damoiseaux, R., Whitelegge, J., et al. (2019). PTPσ inhibitors promote
hematopoietic stem cell regeneration. Nat Commun 10, 3667.

www.bdjn.org

