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ABSTRACT: Regulation of p53 phosphorylation is critical to control its
stability and biological activity. Dual-specificity phosphatase 26 (DUSP26) is a
brain phosphatase highly overexpressed in neuroblastoma, which has been
implicated in dephosphorylating phospho-Ser20 and phospho-Ser37 in the p53
transactivation domain. In this paper, we report the 1.68 Å crystal structure of a
catalytically inactive mutant (Cys152Ser) of DUSP26 lacking the first 60 N-
terminal residues (ΔN60-C/S-DUSP26). This structure reveals the architecture
of a dual-specificity phosphatase domain related in structure to Vaccinia virus
VH1. DUSP26 adopts a closed conformation of the protein tyrosine
phosphatase (PTP)-binding loop, which results in an unusually shallow active
site pocket and buried catalytic cysteine. A water molecule trapped inside the
PTP-binding loop makes close contacts both with main chain and with side
chain atoms. The hydrodynamic radius (RH) of ΔN60-C/S-DUSP26 measured from velocity sedimentation analysis (RH ∼ 22.7 Å)
and gel filtration chromatography (RH ∼ 21.0 Å) is consistent with an ∼18 kDa globular monomeric protein. Instead in crystal,
ΔN60-C/S-DUSP26 is more elongated (RH ∼ 37.9 Å), likely because of the extended conformation of C-terminal helix α9, which
swings away from the phosphatase core to generate a highly basic surface. As in the case of phosphatase MKP-4, we propose that a
substrate-induced conformational change, possibly involving rearrangement of helix α9 with respect to the phosphatase core, allows
DUSP26 to adopt a catalytically active conformation. The structural characterization of DUSP26 presented in this paper provides
the first atomic insight into this disease-associated phosphatase.

Dual-specificity phosphatases (DSPs) represent a hetero-
geneous subclass of the protein tyrosine phosphatase

(PTP) superfamily characterized by the unique ability to
dephosphorylate both phospho-tyrosine- and phospho-serine/
threonine-containing substrates.1−5 The first identified member
of this family, VH1, is encoded by the Vaccinia virus H1 locus,
which is conserved in all viruses of the Poxviridae family.6,7

Since its identification in 1991, the number of VH1-like DSPs
has quickly grown and, to date, includes 61 members divided
into seven diverse subgroups.5 The human genome encodes 38
different VH1-like DSPs5 (also termed “DUSPs”5) that are
essential cell signaling enzymes implicated in a multitude of
physiological and pathological processes.5 Similar to classical
PTPs, DSPs contain a catalytic triad consisting of a Cys, an Arg,
and an Asp.8 Whereas the catalytic Cys and Arg are part of a
phosphate-binding loop (or “PTP signature motif”) that has a
consensus Cys(X)5Arg(Ser/Thr) sequence, the highly con-
served Asp residue is located on a separate loop (known as the
“general acid loop”), near the top of the active site, usually 30−
40 residues from the active site motif in the primary sequence.8

DSPs share a similar catalytic mechanism with PTPs, characterized
by the formation of a transient enzyme−phospho-substrate
intermediate.1,2 Unlike PTPs, DSPs have broader substrate specifi-
city9 and can also dephosphorylate nonpeptidic substrates.
Examples of DPSs specific to nonpeptidic substrates include
PTEN-like DSPs that dephosphorylate D3-inositol phospholi-
pids,10 PIR that dephosphorylates mRNA,11 and the glycogen

phosphatase laforin.12 The high-resolution structure of Vaccinia
virus VH1, determined to 1.32 Å resolution,13,14 as well as a wealth
of other DSP structures determined over the past 20 years,8 has
revealed that the DSP active site consists of a shallow, surface-
exposed pocket, usually only ∼6 Å in depth. This active site is
simple and likely not sufficient to discriminate among the
thousands of different phospho-substrates present, at any given
time, in a living cell.3 Instead, substrate recognition and specificity
are likely achieved by a dedicated tertiary/quaternary structural
complementarity between the phosphatase and its target phospho-
substrate.
DUSP26, also known as MKP-8 (mitogen-activated protein

kinase phosphatase-815), LDP-4 (low-molecular mass DUSP-416),
or SKRP3 (stress-activated protein kinase pathway-
regulating phosphatase), is a human DSP of the VH1
superfamily. DUSP26 is mainly expressed in neurons,17 retina,16,18

heart,15,17 adrenal gland,18 and skeletal muscle,15,17,18 where it
localizes primarily to the cell nucleus.15,16 Several potential
substrates of DUSP26 have been identified. DUSP26 can
function as a p38-specific phosphatase15,19 and an Erk-
phosphatase,17 and in PC12 cells, overexpression of DUSP26
was found to downregulate the PI3K/Akt signaling pathway.18

Furthermore, several direct and indirect lines of evidence
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connect DUSP26 biology to tumorigenesis. First, DUSP26
inhibits p38-mediated apoptosis, thereby promoting anaplastic
thyroid cancer cell growth and survival.19 Second, DUSP26
associates with and dephosphorylates Kap3, a component of
the microtubule-directed protein complex KIF3, supporting a
role in intracellular transport of β-catenin/N-cadherin (an
established KIF3 cargo) and cell−cell adhesion.20 Finally,
DUSP26 has been shown to directly bind to and dephosphor-
ylate the p53 transactivation domain (TAD) at Ser20 and
Ser37, which results in repression of p53 transcriptional
activity.21 DUSP26 expression is greatly unregulated in
neuroblastoma cell lines, which, unlike many human cancer
cells, maintain normal levels of wild-type p53. Overexpression
of DUSP26 suppresses p53 “onco-suppressive” function in
response to genotoxic stress.21 For this reason, DUSP26 is a
novel and promising target for the development of small
molecule inhibitors for the treatment of neuroblastoma and
related pediatric malignancies. In this paper, we report a
structural and biochemical characterization of human DUSP26.
This work sheds light on the organization of a p53 phosphatase
whose hyperactivation is linked to neuroblastoma.

■ EXPERIMENTAL PROCEDURES
Molecular Biology and Biochemical Techniques. A

synthetic gene encoding human DUSP26 was cloned in
expression vector pET21b containing a C-terminal six-histidine
(6x-His) tag between restriction sites NdeI and XhoI (FL-
DUSP26). Constructs lacking N-terminal residues 1−14 (ΔN14-
DUSP26), 1−60 (ΔN60-DUSP26), and a core fragment spanning
residues 61−187 (DUSP26-core) were generated by long poly-
merase chain reaction using FL-DUSP26 as a template. ΔN60-C/
S-DUSP26 and C/S-DUSP26-core were generated by site-directed
mutagenesis of Cys152 to Ser. All DUSP26 constructs were
expressed in Escherichia coli strain BL21(DE3)-RIL for 9 h at
25 °C after induction with 0.4 mM IPTG at an OD600 of
∼0.5. FL- and ΔN14-DUSP26 were completely insoluble, while
constructs ΔN60-DUSP26, ΔN60-C/S-DUSP26, DUSP26-core,
and C/S-DUSP26-core were recovered in the soluble fraction.
Soluble DUSP26 constructs were purified by immobilized metal
affinity chromatography using TALON metal affinity resin
(Clontech) followed by gel filtration chromatography on a
Superdex 75 column 16/60 (GE Healthcare Life Sciences) in
150 mM sodium chloride, 20 mM HEPES (pH 7.5), 5 mM
β-mercaptoethanol, and 0.1 mM PMSF. Purified DUSP26
constructs were concentrated to ∼3 mg/mL using a 10K molecular
weight cutoff Vivaspin 15 concentrator (Sartorius). The Superdex
75 gel filtration column was calibrated using cytochrome c
(12.4 kDa), carbonic anhydrase (29 kDa), albumin (66 kDa),
alcohol dehydrogenase (150 kDa), and blue dextran (2000 kDa)
from the Gel Filtration Molecular Weight Markers Kit (Sigma).
The hydrodynamic radius (RH) of ΔN60-C/S-DUSP26 was deter-
mined by gel filtration chromatography22 knowing the hydrody-
namic radii of protein standards:23 cytochrome c, 17 Å; carbonic
anhydrase, 23.6 Å; albumin, 35.5 Å; alcohol dehydrogenase, 45.5 Å.
In Solution Biophysical Characterization. Circular

dichroism (CD) spectra were recorded using a Jasco J-810
spectropolarimeter equipped with a Peltier temperature control
system. Samples were measured in a rectangular quartz cuvette
with a path length of 1 cm at a final protein concentration of
10 μM in 20 mM HEPES (pH 7.0) and 150 mM NaCl at
20 °C. Temperature-induced unfolding of DUSP26 was
monitored by recording variations in ellipticity at 222 nm as
a function of temperature in 1.0 °C increments from 20 to 80 °C,

as previously described.13,24 The reversibility of unfolding was
checked by slowly cooling unfolded DUSP26 to 20 °C followed
by a second scan, which revealed DUSP26 unfolding is irreversible.
The apparent melting temperatures (appTm) observed for ΔN60-
C/S-DUSP26 and catalytically active ΔN60-DUSP26 were 69 and
68 °C, respectively, while for DUSP26-core, appTm was 59 °C. To
determine the oligomeric state of DUSP26 in solution, purified
ΔN60-DUSP26, ΔN60-C/S-DUSP26, and C/S-DUSP26-core in
20 mM HEPES (pH 7.0) and 150 mM sodium chloride were
analyzed in a Beckman Coulter ProteomeLab XL-1 analytical
ultracentrifuge in velocity sedimentation mode; 400 μL of sample
and 420 μL of reference buffer were loaded into separate
compartments of a 12 mm path-length Epon centerpiece cell.
Runs were performed at 40000 rpm and 20 °C. Absorbance values
were collected at a wavelength of 278 nm using 5−100 μM
protein samples. The data were fit using a continuous
sedimentation coefficient [c(s)] distribution model, and an
estimated molecular mass was obtained with SEDFIT [P. Schuck,
National Institutes of Health, Bethesda, MD (http://www.
analyticalultracentrifugation.com/download.htm)]. Both the CD
spectropolarimeter and the analytical ultracentrifuge used in this
study are part of the Kimmel Cancer Center X-ray Crystallography
and Molecular Characterization shared resource facility, at Thomas
Jefferson University.

Crystallization, Data Collection, and Structure Deter-
mination. Crystals of ΔN60-C/S-DUSP26 were obtained
using the hanging drop vapor diffusion methods by mixing
together 2 μL of gel filtration purified protein at 3 mg/mL with
1 μL of 0.15 M calcium acetate hydrate, 0.1 M sodium
cacodylate trihydrate (pH 6.5), and 17% (w/v) polyethylene
glycol 8000, at 18 °C. Crystals appeared within a few hours and
grew to a maximal length of ∼150 μm in 3 days. ΔN60-C/S-
DUSP26 crystals were harvested in nylon cryo-loops and using
30% glycerol as a cryoprotectant and flash-frozen in liquid
nitrogen. Diffraction data were collected at beamlines X6A and
X29 at the National Synchrotron Light Source (NSLS) on
ADSC Quantum Q270 and Quantum-315r CCD detectors,
respectively. Data indexing, integration, and scaling were
conducted with HKL2000.25 The asymmetric unit contains
four copies of ΔN60-C/S-DUSP26 arranged into two dimers
(termed protomers A, B, C, and D) with ∼42% solvent content.
The structure of ΔN60-C/S-DUSP26 was determined by
molecular replacement using an ensemble search model containing
the DSP-core of phosphatases VH1 [Protein Data Bank (PDB)
entry 3CM3] and DUSP27 (PDB entry 2Y96), as implemented in
PHASER.26 This initial phasing model was subjected to rounds of
manual rebuilding using COOT27 followed by refinement with
phenix.refine, from the PHENIX software suite,28 and Refmac,29

using cycles of positional and anisotropic B factor refinement,
enforcing torsional noncrystallographic symmetry restraints. The
final atomic model of ΔN60-C/S-DUSP26 has Rwork and Rfree
values of 18.5 and 21.5%, respectively, calculated using all diffraction
data between 10 and 1.68 Å resolution (Table 2). The test set for
the calculation of Rfree was defined using 3540 randomly chosen
reflections. The final atomic model of ΔN60-C/S-DUSP26
contains residues 61−211 for protomers A−C and residues 61−
209 for protomer D and 532 water molecules. All protomers
contain an additional N-terminal methionine at position 60; at the
C-terminus, protomers A and B contain two additional residues
(Leu/Glu) and protomer C contains only one additional residue
(Leu) from the cloning site. The stereochemistry was checked using
PROCHECK:30 the final model has good geometry with root-
mean-square deviations (rmsds) from ideal bonds and angles of
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0.006 Å and 1.0°, respectively. The Ramachandran plot shows
95.5% of residues in the most favored regions, 4.5% of residues in
additional allowed regions, and no residues in disallowed residues.
Refinement and data collection statistics are listed in Table 2.
Structure Analysis. All ribbon diagrams and surface repre-

sentations in the paper were prepared using Pymol.31 Nonlinear
Poisson−Boltzmann electrostatic calculations were performed
using APBS Tools.32 The topological diagram was generated
using PDBsum,33 and structural superimpositions were conducted

in Coot.27 The interface surface area was analyzed using the PISA
server.34 Hydrodynamic radii were calculated from atomic coor-
dinates using HYDROPRO.35 Atomic coordinates and exper-
imental structure factors have been deposited as PDB entry 4HRF.

■ RESULTS

Domain Organization and Stability of DUSP26.
DUSP26 consists of 211 residues and has a predicted molecular
mass of ∼23945 Da. Bioinformatics analysis of DUSP26
organization reveals a central DSP-core spanning residues 61−
186 surrounded by two predicted N-terminal α-helices (helix
α1, residues 5−14; α2, residues 40−58) and a C-terminal helix
(α9, residues 187−211) (Figure 1A). Aiming at structural
studies, we synthesized the gene encoding human DUSP26 and
expressed it in bacteria fused to a C-terminal 6x-His tag.
Attempts to purify full-length DUSP26 (FL-DUSP26) under
native conditions, in the presence of nonionic detergents, or
DUSP26 fused to a large affinity tag were unsuccessful, because
of the marked insolubility of the phosphatase. As the first 60
residues of DUSP26 are highly enriched in hydrophobic amino
acids, we generated two N-terminally deleted constructs lacking
either helix α1 (ΔN14-DUSP26) or both helices α1 and α2
(ΔN60-DUSP26), as well as a minimal DUSP26-core (residue
61−187) spanning only the predicted phosphatase core (Figure 1A).
These constructs displayed different solubilities when expressed
in bacteria, and among them, only ΔN60-DUSP26 and to a
lesser extent DUSP26-core could be purified under native con-
ditions for biophysical analysis.
To assess the conformational stability of DUSP26 and

determine how N- and C-terminal deletions destabilized the
protein, we measured heat-induced denaturation by monitoring
variations in ellipticity at 222 nm as a function of temperature
(Figure 1B and Table 1). ΔN60-DUSP26 was found to unfold
irreversibly in a highly cooperative manner, with an apparent
melting temperature (appTm) of ∼68 °C. Replacing the active
site cysteine 152 with serine yielded an inactive phosphatase
(ΔN60-C/S-DUSP26) that was less prone to aggregation in
solution and of comparable thermal stability (appTm ∼ 69 °C).
Instead, the smaller DUSP26-core had a significantly reduced
thermal stability (appTm ∼ 59 °C), consistent with the lack of
structural determinants at both N- and C-termini. Thus, DUSP26
is a stable protein phosphatase; N- and C-terminal structural
elements flanking the predicted DSP-core affect the enzyme
stability likely by mediating intra- or intermolecular interactions.

ΔN60-DUSP26 Is Monomeric in Solution. The DUSP26
oligomeric state was investigated in solution by AUC sediment-
ation velocity analysis. As FL-DUSP26 was completely insoluble,
we restricted our analysis to ΔN60-DUSP26 and DUSP26-core,
which are soluble under physiological conditions. Figure 2A shows

Table 1. Biophysical Parameters Measured by CD, AUC, and Gel Filtration Chromatography for the Study of DUSP26
Conformational Stability and Oligomeric State

protein
appTm
(°C)

apparent sedimentation
coefficient, sa (S)

standardized sedimentation
coefficient, s20,w (S)

frictional
ratio ( f/f 0)

hydrodynamic
radius, RH (Å)a

calculated
mass (kDa)

theoretical
mass (kDa)b

ΔN60-
DUSP26

68 1.925 2.012 1.23 22.7/21.0 18.1 18.2

ΔN60-C/S-
DUSP26

69 1.922 2.007 1.23 22.7/21.0 18.1 18.2

DUSP26-
CORE

59 1.811 1.948 1.20 20.2/20.0 16.6 15.4

aHydrodynamic radius from AUC and gel filtration. bThe theoretical mass includes additional C-terminal residues introduced by cloning
(GLEALEHHHHHH).

Figure 1. Domain organization and stability of DUSP26. (A)
Schematic diagram of DUSP26 domain organization and deletion
constructs generated in this study. The DSP domain (residues 61−
186) is colored gray and is flanked by two predicted N-terminal α-
helices (α1 and α2) and a C-terminal helix (α9) (colored red). (B)
Stability of DUSP26 against thermal denaturation monitored by
measuring changes in the ellipticity intensity at 222 nm as a function of
temperature. The concentration of DUSP26 constructs used in this
experiment was 10 μM. All Tm values measured in this experiment
were apparent (appTm) as DUSP26 constructs unfolded irreversibly.
A complete list of appTm values is given in Table 1.
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a typical sedimentation profile of ΔN60-C/S-DUSP26 obtained in
20 mM HEPES (pH 7.0) and 150 mM sodium chloride at 4 °C.

In a concentration range from 5 to 100 μM, ΔN60-C/S-DUSP26
migrated as a homogeneous species characterized by a monophasic

Figure 2. DUSP26 exists as a monomer in solution. (A) Sedimentation velocity profiles of ΔN60-C/S-DUSP26 measured in 0.15 M sodium chloride
at 20 °C. The top panel shows the raw absorbance at 278 nm plotted as a function of radial position. Data at intervals of 20 min are shown as dots
for sedimentation at 40000 rpm. The monophasic sedimentation boundaries suggest that ΔN60-C/S-DUSP26 exists as a single species of a
homogeneous oligomeric state. The middle panel shows the residuals between the fitted curve and raw data. The bottom panel shows the fitted
distribution of the apparent sedimentation coefficient (s*) calculated for ΔN60-C/S-DUSP26 is 1.925 S (and s20,w = 2.012 S), which corresponds to
an estimated molecular mass of ∼18.1 kDa, consistent with a monomer. A complete list of hydrodynamic parameters is given in Table 1. (B) Gel
filtration analysis of purified ΔN60-C/S-DUSP26. The Superdex 75 gel filtration column was calibrated using molecular mass markers, whose elution
volumes and relative molecular masses are indicated by arrows. ΔN60-C/S-DUSP26 eluted after 91 mL, consistent with an ∼20 kDa monomeric
species. The inset shows a calibration curve obtained by plotting elution volumes of molecular markers (in milliliters) vs known hydrodynamic radii
(RH) (●). The hydrodynamic radius of ΔN60-C/S-DUSP26 estimated from this calibration (○) is ∼21.0 Å (Table 1).
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sedimentation boundary (Figure 2A). This is indicative of a single
major (>94.7%) component in solution migrating with an apparent
sedimentation coefficient (s*) of 1.925 S (Table 1). Conversion of
the distribution of the apparent sedimentation coefficient to
molecular mass revealed a molecular mass of ∼18.1 ± 0.5 kDa,
which agrees well with that of a monomer of ΔN60-C/S-DUSP26
(expected molecular mass of ∼18.2 kDa). Furthermore, the ΔN60-
C/S-DUSP26 frictional ratio (f/f 0) of ∼1.23, consistent with a
globular protein with a hydrodynamic radius (RH) of ∼22.7 Å
(Table 1). Essentially identical hydrodynamic parameters were
measured for ΔN60-DUSP26 (Table 1), confirming the active site
mutation did not affect oligomerization. Finally, DUSP26-core was
also monomeric in solution (sedimentation coefficient of ∼1.811 S)
and had a globular shape (frictional ratio f/f 0 of ∼1.20) (Table 1),
as expected for a minimal DSP core.
To validate the AUC data, we also investigated the hydro-

dynamic properties of ΔN60-C/S-DUSP26 by gel filtration
chromatography using a Superdex 75 column. At physiological
salt concentrations, in a range of concentrations between 5 and
100 μM, ΔN60-C/S-DUSP26 migrated as a monodisperse major
peak, eluting after ∼91 mL (Figure 2B). Molecular mass
calibration standards confirmed this elution volume is consistent
with an ∼20 kDa globular species with a hydrodynamic radius of
∼21.0 Å (Figure 2B and Table 1). Thus, in contrast to VH113,14

and DUSP27,36 ΔN60-C/S-DUSP26 adopts a monomeric
conformation in solution.
Atomic Structure of ΔN60-DUSP26. To shed light on

the three-dimensional structure of DUSP26, we crystallized

ΔN60-DUSP26 and ΔN60-C/S-DUSP26. As observed for
VH1,13 the active site mutant gave larger crystals that diffracted
to 1.68 Å resolution using synchrotron radiation. The structure
of ΔN60-C/S-DUSP26 was determined by molecular replace-
ment and refined to Rwork and Rfree values of 18.5 and 21.5%,
respectively, using all reflections between 10 and 1.68 Å resolution
(Table 2).ΔN60-C/S-DUSP26 crystallized as a tetramer generated
by two C-terminally swapped dimers (Figure 3A) rotated by
180° in the crystallographic asymmetric unit. Each ΔN60-C/S-
DUSP26 dimer is stabilized by helix α9, which is swapped
between two protomers, thereby generating a compact
structure 60 Å in length and ∼45 Å in width (Figure 3A).
Because ΔN60-C/S-DUSP26 has been proven to be monomeric
in solution, at physiological ionic strengths and concentrations
(between 5 and 100 μM) (Figure 2), the domain-swapped dimer
seen in the asymmetric unit likely reflects a crystallographic artifact
caused by the high protein concentration achieved during cry-
stallization and the presence of precipitant. The tertiary structure
of ΔN60-C/S-DUSP26 is illustrated in Figure 3B. The protein
resembles a “lollipop”, built by a globular DSP domain ∼40 Å in
diameter connected to a 35 Å long C-terminal helix (α9), nearly
orthogonal to the phosphatase core. The dual-specificity
phosphatase core (residues 61−187) (Figure 3B,C) consists of a
central five-stranded β-sheet (β1−β5) (highlighted in light blue in
Figure 3C) sandwiched between two clusters of three α-helices
(α3−α5 and α6−α8) that surround the central core and make
contacts with the solvent. The last DSP-core helix, α8, connects to
the long helix α9 (residues 191−208), which is swapped between
two subunits (Figure 3A−C). This helix is significantly longer than
those in most DUSPs (20 residues vs 10−12 residues) and
presents several conserved basic and hydrophobic residues.

Architecture of the DUSP26 Active Site. The 1.68 Å
resolution structure of ΔN60-C/S-DUSP26 provides a detailed
view of the enzyme active site. The DUSP26 catalytic triad
consists of Arg158, Asp120, and Cys152, which is replaced with
a serine in our structure (Figure 4A). The conformation
adopted by the PTP-binding loop (PTP-loop) in DUSP26
renders the active site pocket very shallow, almost impercep-
tible by scanning the enzyme surface (Figure 4B). Catalytic
residue Cys152 (Ser152 in our structure) sits at the bottom of
the active site, buried ∼7 Å below the enzyme surface, at a
position that appears to have minimal solvent exchange. The
DUSP26 catalytic triad, residues Arg158, Asp120, and Cys152,
can be structurally superimposed on the catalytic triad of the
prototypical VH113 (Figure 5A), as well as those of other VH1-
related DUSPs such as VHZ37 and DUSP2736 (data not
shown). However, the orientation of the PTP-loop of DUSP26
between residues 153 and 157 deviates significantly from that
seen in VH1. In DUSP26 residues 153−157, main chain atoms
are shifted ∼3.5 Å upward compared to those of VH1 and the
carbonyl groups of Val154 and Gly155 point down inside the
active site, as opposed to projecting outward as in VH1 (Figure
5A). This backbone conformation is made possible by the fact
that position 155 of the PTP-loop of DUSP26 is occupied by a
glycine (as opposed to alanine as in VH113), which allows
considerably greater main chain flexibility because of the small
van der Waals radius of its single hydrogen atom side chain.
Interestingly, the closed conformation of the PTP-loop of
DUSP26 resembles the conformation visualized crystallo-
graphically in phosphatase MKP-4.38 This protein also presents
backbone carbonyl groups pointing into the active site and has
minimal catalytic activity in the absence of substrate33 (Figure 5B).
Furthermore, the DUSP26 active site lacks a bulky phosphate

Table 2. Crystallographic Data Collection and Refinement
Statistics

Data Collection
wavelength (Å) 0.9789
space group P212121
unit cell dimensions (Å) a = 81.9, b = 82.3, c = 91.7
angles (deg) α = β = γ = 90
resolution range (Å) 15−1.68
Wilson B factor (Å2) 20.0
total no. of observations 754413
no. of unique observations 69003
completeness (%) 96.3 (97.7)
Rsym (%) 5.0 (55.3)
⟨I⟩/⟨σ(I)⟩ 40.2 (3.8)

Refinement
no. of reflections (10−1.68 Å) 64,739
Rwork/Rfree (%) 18.5/21.5
no. of copies in the asymmetric unit 4
no. of water molecules 491
B value of model (Å2)

chain A 32.1
chain B 27.9
chain C 44.2
chain D 43.2
waters 41.1

rmsd from ideal
bond lengths (Å) 0.006
bond angles (deg) 1.0

Ramachandran plot (%)
core 95.5
allowed 4.5
generously allowed 0.0
disallowed 0.0
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(or sulfate) ion (as seen in VH113 or DUSP2736) but is occupied
by a water molecule (termed “active site water” or “WAS”) (Figure 4A),
visible as an ∼3.5σ peak in an Fo − Fc electron density difference
map (Figure 5C). This active site water molecule is coordinated
by backbone atoms of PTP-loop residues 153−158, and it
makes close contacts (2.9−3.0 Å) with side chain atoms of
Arg158, Ser152, and Asp120 (Figure 5C). Accordingly, the
anisotropically refined B factor of WAS varies between 22.5 and
31.0 Å2 in the four protomers present in the asymmetric unit,
which is significantly lower than the average B factor of protein
(36.9 Å2) and solvent (∼41.1 Å2) atoms (Table 2), under-
scoring slow solvent exchange.
Evidence of a Closed Conformation of the C-Terminal

Helix α9. To investigate the degree of structural conservation,

we superimposed ΔN60-C/S-DUSP26 on the prototypical
VH1, which we previously determined to 1.32 Å resolution13

and whose crystallographic structure matches the conformation
observed in solution.14 Despite the low level of sequence
identity (∼26%), the two phosphatases are structurally
superimposable (rmsd of ∼1.92 Å), with 109 of 153 residues in
DUSP26 topologically matched in VH1 (Figure 6A). While the
DSP-core is remarkably conserved, the position of the C-
terminal helix α9 of DUSP26 is dramatically different from that
of its counterpart in VH1, helix α6VH1 (highlighted in red in
Figure 6A). In VH1, this helix adopts a closed conformation
that packs against the DSP-core and engages in hydrophobic
contacts with helix α4VH1 (continuous with the PTP-loop)
(Figure 6A). In contrast, in our structure, helix α9 swings 180°

Figure 3. Atomic structure of ΔN60-C/S-DUSP26 at 1.68 Å resolution. (A) Ribbon diagram of the ΔN60-C/S-DUSP26 crystallographic dimer
(side and top views) that is present in two copies in the asymmetric unit. Two protomers of a dimer (termed A and B) are colored cyan and gray,
respectively. The position of the protomer A catalytic residue (Ser152) is shown as a red ball. (B) Ribbon diagram of protomer A showing all
secondary structure elements. (C) Topological diagram of ΔN60-C/S-DUSP26 protomer A with α-helices and β-strands forming the DSP-core
colored red and purple, respectively, and domain-swapped helix α9 colored gray. The central β-sheet formed by strands β1−β5 is shown with a light
blue background. A complete list of crystallographic parameters is given in Table 2.

Biochemistry Article

dx.doi.org/10.1021/bi301476m | Biochemistry 2013, 52, 938−948943



away from its DSP-core to make contacts with another subunit
(“protomer B”), to which it is related by 2-fold noncrystallographic
symmetry. Examination of the crystallographic domain-swapped
interface (Figure 3A) (which, as previously demonstrated,
represents a crystallographic artifact) reveals that helix α9 of
protomer B (α9B) (colored gray in Figure 6A) also packs against
the DSP-core of protomer A, occupying the same position as helix
α6VH1 in VH1. Thus, an intermolecular contact between the DSP-
core of ΔN60-C/S-DUSP26 protomer A and helix α9B mimics in
our crystal structure the closed conformation of helix α6VH1
generated intramolecularly in VH1. Helix α9B also interacts with
the general acid loop, mainly via electrostatic contacts between
Asn191 (of protomer B) and Asp120 (of protomer A). This
interaction does not perturb the conformation of the DUSP26
general acidic loop, which can be superimposed with its
counterpart in VH1 (rmsd of ∼1.1 Å).
Next, we asked if the extended conformation of helix α9 seen

in the crystal is also populated in solution, or if this helix folds
back onto its DSP-core to generate a globular structure similar
to that of VH1.13 To answer this question, we generated an
atomic model of ΔN60-C/S-DUSP26 with helix α9 folded
onto its DSP-core (closed-ΔN60-C/S-DUSP26) to mimic the
position occupied by helix α9B (or α6VH1) (Figure 6B). This
model appears to be very plausible, as most of the hydrophobic
residues mediating packing of helix α6VH1 to its DSP-core are
also conserved in helix α9 of DUSP26 (shown by arrows
in Figure 6A). Accordingly, the hydrodynamic radius of

closed-ΔN60-C/S-DUSP26 calculated from atomic coordinates
(∼24.3 Å) is remarkably similar to ΔN60-C/S-DUSP26’s RH
determined experimentally using velocity sedimentation anal-
ysis (∼22.7 Å) and gel filtration chromatography (∼21.0 Å)
and strikingly smaller than the RH measured from the crystal-
lographic coordinates of ΔN60-C/S-DUSP26 (∼37.9 Å)
(Figure 6B and Table 1). Thus, ΔN60-C/S-DUSP26 exists in
solution in a conformation more globular than in crystal, likely
because of the closed conformation of helix α9.

■ DISCUSSION
More than 50% of all human cancers have mutations or
deletions in the p53 gene.24 In neuroblastoma, an aggressive
pediatric malignancy, p53 levels are mostly wild-type levels but
the protein is poorly active because of hypo-phosphorylation of
its TAD, which is partially structured in solution.39 In the
classical model of p53 activation, exposure to DNA-damaging
agents and cytotoxic stress result in phosphorylation at several
Ser and Thr residues in p53-TAD, which is important for p53
stabilization, DNA binding, and transcriptional activity.40−42 In
particular, phosphorylation of Ser20 creates a phospho-
SDLxxLL docking motif critical to the stabilization of the
binding of the transcriptional coactivator p300.43−45 Mis-
regulation of p53 stabilization by dephosphorylation of its TAD
is linked to chemoresistance in neuroblastoma and other
cancers.46,47 Hypophosphorylated p53 is in fact unstable and
has reduced tumor suppressor function,40 which contributes to
chemoresistance, tumor metastasis, and poor patient surviv-
al.48−50 Shang et al. recently demonstrated that DUSP26 is
highly overexpressed in neuroblastoma, where it represses p53
oncosuppressor function by specifically dephosphorylating
pSer20 and pSer37.21 Furthermore, a high level of DUSP26
promotes resistance of human neuroblastoma to doxorubicin, a
drug commonly used in cancer chemotherapy. As a corollary,
inhibition of DUSP26 is a potential target for enhancing
p53-mediated response, which could be useful for the treat-
ment of neuroblastomas insensitive to chemotherapy and
increase the likelihood of the success of treatment. The 1.68 Å
crystal structure of ΔN60-C/S-DUSP26 presented here
provides the first atomic insight into this disease-associated
phosphatase.

DUSP26 Is a Monomeric Phosphatase. Dimerization is
emerging as an important structural determinant for small dual-
specificity phosphatases, previously assumed to be monomeric.
In at least three cases, dimerization has been shown to
modulate phosphatase catalytic activity. Liu et al. demonstrated
that laforin dimerization is essential for phospho-glycogen
recognition and catalytic activity.51 Likewise, dimerization of
myotubularin (MTM)-related protein 2 (MTMR2) via a C-
terminal coiled coil was found to be essential for membrane
association and phosphoinositide dephosphorylation.52 Finally,
we recently demonstrated that VH1 dimeric structure is
essential for recognition and dephosphorylation of activated
STAT1.13,14 The crystal structure of DUSP27 was also recently
reported,36 and as in VH1, this phosphatase also dimerizes via
an N-terminal domain-swapped α-helix. In contrast, in this
paper we provide compelling evidence that ΔN60-C/S-DUSP26
adopts a monomeric conformation in solution, in a range of
concentrations between 5 and 100 μM, likely close to the
physiological concentration of DUSP26 in brain cells. Using
sedimentation velocity analysis and gel filtration chromatography,
we determined that ΔN60-C/S-DUSP26 exists in solution as a
globular species with a hydrodynamic radius (RH) of ∼22.7/21.0 Å

Figure 4. Architecture of the DUSP26 active site. (A) Magnified view
of the ΔN60-C/S-DUSP26 active site visualized at 1.68 Å resolution.
The final 2Fo − Fc electron density map contoured 1.5σ above
background (cyan) is displayed around the refined model of the PTP-
loop of ΔN60-C/S-DUSP26 (shown as sticks). Residues forming the
catalytic loops are labeled. (B) Cut-through view of the DUSP26
catalytic pocket revealing the location of Ser152, which is buried from
the solvent ∼7 Å below the enzyme surface.
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(Table 1). This conformation is different from the crystallographic
structure, which is elongated because of the extended conformation
adopted by helix α9. Structural comparison of ΔN60-C/S-
DUSP26 with VH1 suggested that the extended conformation of
helix α9 seen in the crystal is stabilized by a crystallographic contact
with another protomer (protomer B), which packs its helix α9B
against the DSP-core, mimicking the closed conformation seen in
VH1 (Figure 6A). Although this crystallographic packing results in
an artificial dimeric structure (Figure 3A) that is not observed
in solution, the ability of helix α9 to swing by >180° around
its DSP-core reflects the potential flexibility of this secondary
structure element. Intriguingly, the extended conformation of
helix α9 projects five basic residues to the solvent (Arg192,
-196, -203, -204, and -206), all clustered on one side of the
helix (Figure 7). These residues generate a continuous basic
surface that, together with four arginines from helix α4
(Figure 3B,C) and a few residues from the DSP-core,
accounts for 11 arginines, all facing the solvent (Figure 7).

We speculate this continuous basic surface clustered on one side of
the enzyme could provide an attachment point for highly
acidic substrates, such as the phosphorylated p53-TAD, and
promote the recruitment of substrate to DUSP26. Because the
closed conformation of helix α9 is predicted to pack against
helix α7, which is directly continuous with the PTP-loop
(Figure 6A), this interaction may trigger a conformational
change in the PTP-loop that mediates its activation. The PTP-
loop of DUSP26 observed crystallographically is in fact closed
and tightly coordinated to a water molecule (Figure 5C). In
analogy to phosphatase MKP-4,38 which presents a closed
conformation of the PTP-loop and has minimal catalytic
activity in the absence of substrate,53 substrate binding to
DUSP26 may trigger a conformational change that opens the
PTP-loop, thereby marking the transition from an inactive to
an active conformation of the phosphatase. The suggested
mechanism is distinct from that proposed for VH1 and laforin,
in which dimerization is thought to be essential for catalytic

Figure 5. Conformation of the PTP-loop of DUSP26. Superimposition of the PTP-loop of ΔN60-C/S-DUSP26 with VH1 (PDB entry 3CM3) (A)
and MKP-4 (PDB entry 3LJ8) (B), in side (left) and top views (right). In all panels, DUSP26 is colored gray while VH1 and MKP-4 are colored
yellow. For the sake of clarity, only the DUSP26 catalytic triad and WAS have been labeled (and the phosphate ion trapped in the VH1 active site has
been omitted). (C) Snapshot of ΔN60-C/S-DUSP26 WAS (red sphere) trapped inside the PTP-loop (shown as sticks). An Fo − Fc electron density
map (colored gray) contoured 3.5σ above background is overlaid on WAS. The density was calculated after WAS had been omitted from the refined
model. Distances between WAS and PTP-loop main and side chain atoms are indicated by black and green dashed lines, respectively.
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activity, by generating a binding surface complementary to the
phospho-substrate (phosphorylated STAT1 for VH113,14 and
phospho-glycogen12 for laforin).
Concluding Remarks. Several debilitating human diseases

such as cancer, diabetes, inflammation, and Alzheimer’s disease
are intimately linked to DUSPs. Inhibiting DUSPs is a potential
therapeutic strategy of great interest in pharmacology.54,55

Unlike kinases, for which the molecular determinants for
substrate specificity are well understood,56 it is unclear how
DUSPs selectively recognize their substrates. In this paper, we
have described the structural organization of human DUSP26
and characterized its conformational stability and oligomeric
state in solution. This work is a step forward toward
characterizing DUSP26 composition and biologically active
conformation. DUSP26 is indeed a powerful and novel

therapeutic target for the treatment of aggressive pediatric
malignancy, and its inhibition may be of great usefulness for
increasing neuroblastoma chemosensitivity.
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