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Although large-scale approaches have identified numerous
mitochondrial phosphoproteins, little is known about the mito-
chondrial kinases and phosphatases that regulate these phos-
phoproteins. Here, we identify two members of the atypical dual
specificity phosphatases (DSP), DSP18 and DSP21, that are
localized in mitochondria. Although DSP18 is widely expressed
in several mammalian tissues, DSP21 is selectively expressed in
the testes. We demonstrate that DSP18 and DSP21 are targeted
to mitochondria by cryptic internal localization signals. Sub-
fractionation of mitochondria demonstrated that DSP18 is
located in the intermembrane space as a peripheral membrane
protein of the inner membrane. In contrast, subfractionation of
rat testis mitochondria revealed DSP21 is localized to the matrix
as a peripheral membrane protein of the inner membrane.
Moreover, we demonstrate that a previously reported sub-
strate for DSP18, the stress-activated protein kinase, does not
localize to mitochondria in several different tissues, making
it an unlikely substrate for DSP18. Finally, we show that
induction of apoptosis by treatment with staurosporine
causes translocation of DSP18 from the intermembrane space
into the cytosol similar to other apoptogenic factors such as
cytochrome c. This work rigorously demonstrates the unique
location of two highly similar DSPs on opposing sides of the
mitochondrial inner membrane.

Regulation of reversible phosphorylation by protein kinases
and phosphatases is one of the most common forms of post-
translational modification and plays a vital role in numerous
physiological processes including cell growth and differentia-
tion, apoptosis, cell cycle, metabolism, sperm capacitation, and
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cytoskeletal organization (1-6). The primary work of Reed and
co-workers (7) provides evidence that proteins in the mito-
chondria undergo reversible phosphorylation. Recent studies
have suggested that reversible phosphorylation may participate
to a greater extent than previously thought in regulating mito-
chondrial function (5, 6, 8—11). These findings are highlighted
by the discovery that mutations in the mitochondrially local-
ized kinase PINK1 (PTEN-induced kinase) are associated with a
rare form of early onset Parkinson disease (12). In addition to
kinases, a number of serine/threonine phosphatases are known
to function in mitochondria, including the phosphatases for the
E1 subunit of pyruvate dehydrogenase (7, 13) and the E1b sub-
unit of the branched-chain a-keto acid dehydrogenase complex
(14, 15).

In contrast to serine/threonine phosphatases, we recently
identified the first dual specificity protein-tyrosine phospha-
tase (PTP),? PTPMT], to exclusively localize to the inner mem-
brane of mitochondria (16). PTPMT1 appears to play a critical
role in pancreatic -cell bioenergetics, since knockdown of
PTPMT1 protein in INS-1 cells causes a significant increase in
ATP production in response to low glucose. This in turn leads
to an increase in glucose-stimulated insulin secretion (16).

There have been a limited number of other reports of PTP
family members targeted to the mitochondrial outer mem-
brane (OM) or intermembrane space (IMS). Shp-2, a predom-
inately cytosolic non-receptor PTP can reside in the IMS. In
addition, the mitogen-activated protein kinase phosphatase
(MKP-1) and PTPD1 are suggested to localize to the cytosolic
face of the mitochondrial OM in response to specific stimuli
(17-19). MKP-1 is proposed to translocate to the OM antago-
nizing the pro-apoptotic effects of p38 MAPK on the anti-apo-
ptotic factor Bcl-2 (17). PTPD1 is targeted to the mitochondrial
OM via the protein kinase A anchoring protein (AKAP)-121
where it recruits and activates the tyrosine kinase Src (20). This

3 The abbreviations used are: PTP, protein-tyrosine phosphatase; OM, outer
membrane; IM, inner membrane; IMS, intermembrane space; MP, mito-
plast(s); SMP, submitochondrial particles; MAPK, mitogen-activated pro-
tein kinase; GST, glutathione S-transferase; BSA, bovine serum albumin;
DAPI, 4',6-diamidino-2-phenylindole; VDAC, voltage-dependent anion
channel protein; Bis-Tris, 2-[bis(2-hydroxyethyl)Jamino]-2-(hydroxymeth-
yl)propane-1,3-diol; EGFP, enhanced green fluorescent protein; ANT, ade-
nine nucleotide transporter; SAPK/JNK, stress-activated protein kinase/
Jun-N-terminal kinase; pNPP, para-nitrophenyl phosphate; SMAC, second
mitochondria-derived activator of caspase; Hsp70, heat shock protein 70;
DSP18.and DSP21, dual specificity phosphatases 18 and 21, respectively; IF,
immunofluorescence; Mito, mitochondria; cyt ¢, cytochrome c.
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signaling complex has been suggested to regulate ATP synthe-
sis via modulation of mitochondrial metabolism (21).

Members of the atypical dual specificity phosphatases are
poorly characterized enzymes no more than 250 amino acids in
length (3). In addition, unlike classical DSPs, they lack Cdc25
homology domains (CH2) and kinase interaction motifs that
mediate interaction with MAPKs (3, 22). The atypical DSPs
contain the universal Cys-X,-Arg (CX;R) active site sequence
motif characteristic of all PTPs and are distinguished by their in
vitro ability to dephosphorylate both phosphotyrosine and
phosphoserine/threonine residues (3, 22, 23). Two members of
the atypical dual specificity phosphatases, DSP18 and DSP21,
were originally identified via an EST data base search for tyro-
sine phosphatases (24). Concurrently, Wu et al. (25) cloned
DSP18 from a cDNA library and showed it to be widely
expressed in various tissues. DSP18 is a catalytically active
phosphatase with a preference for phosphotyrosine over phos-
phoserine/threonine oligopeptides in vitro (24, 25). Recently,
the crystal structure of human DSP18 was determined, reveal-
ing a unique C-terminal motif not seen in any known PTP
structure (26). Comparison of the structure of DSP18 to the
Vaccinia H1-related protein, VHR, reveals that the region crit-
ical for substrate recognition in VHR is absent in DSP18, sug-
gesting a unique region for substrate recognition in DSP18 (26).

In the current study we demonstrate that transiently
expressed DSP18 and DSP21 localize to the mitochondria. Fur-
thermore, we demonstrate that endogenous DSP18 is localized
to the IMS of rat kidney mitochondria where it peripherally
associates with the IM. In contrast, DSP21 is targeted to the
matrix compartment of mitochondria in testis tissue and, like
DSP18, is peripherally associated with the IM. Our results
reveal for the first time a DSP within the IMS compartment of
mitochondria.

EXPERIMENTAL PROCEDURES

Cloning and Expression Constructs—The complete open
reading frames of DSP14 (NP_008957), DSP24 (NP_076930),
DSP18 (NP_776106) (Invitrogen), and DSP21 (ATCC-
9898164) (27) were amplified by PCR from plasmids containing
full-length ¢cDNAs and cloned into pEGFP-N1, N2, or C1
(Clontech). DSP18 and DSP21 truncations were generated by
PCR and ligated into pEGFP-N1.

Vectors for the expression of recombinant C-terminal His-
tagged constructs were made using the pET21a vector (Strat-
agene). Murine forms of DSP18 and DSP21 were inserted into
pET21a at 5'-Ndel and 3'-Xhol in-frame with the C-terminal
His, tag. Vectors for expression of recombinant N-terminal
GST-tagged protein were made using the pGEX-4T1 vector
(GE Healthcare). DSP18 was inserted into pGEX4T1 at
5'-EcoRI and 3’-Xhol with a stop codon. Mutations were gen-
erated using site-directed mutagenesis. All constructs were ver-
ified by sequencing.

Protein Expression and Purification—Bacterially expressed
recombinant DSP18-His, and DSP21-His, were expressed in
BL21 (DE3) CodonPlus RIL cells (Stratagene) and purified
using Ni*"-agarose affinity resin (Qiagen) as described previ-
ously (28). Recombinant DSP18-His, and DSP21-His, were
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purified using Ni*"-agarose affinity resin followed by separa-
tion over a Superdex 200 column (Amersham Biosciences).

Bacterially expressed recombinant GST-DSP18 was ex-
pressed in BL21 (DE3) CodonPlus RIL cells (Stratagene) and
purified using glutathione-agarose affinity resin (Sigma) as
described previously (29). Recombinant GST-DSP18 was fur-
ther purified by gel filtration chromatography using a Superdex
200 column and stored at —80 °C in 10% glycerol, 2 mMm EDTA,
and 2 mwm dithiothreitol.

Cell Culture, Transfection, Immunocytochemistry, and
Materials—CQOS-7 cells were maintained at 37 °C at 5% CO, in
Dulbecco’s modified Eagle’s medium (Invitrogen) containing
10% fetal bovine serum and 50 units/ml each penicillin and
streptomycin. Transient transfections were performed using
FuGENE 6 reagent (Roche Applied Science) according to the
manufacturer’s protocol. For immunocytochemistry, cells were
incubated with 100 nm MitoTracker Red (Invitrogen) for 20
min before fixation with 3.7% formaldehyde and were then per-
meabilized in phosphate-buffered saline containing 0.1%
Tween 20, 0.3% Triton X-100, and 6% BSA. Cells were incu-
bated with anti-DSP18 serum at 1:1000 or anti-DSP21 at 1:100
in phosphate-buffered saline containing 0.1% Tween 20 and 6%
BSA and Alexa Fluor 488 goat anti-rabbit-conjugated second-
ary antibody (Molecular Probes) at 1:500. Nuclei were stained
with 300 nm DAPI (Molecular Probes) for 1 min before viewing.
Fluorescence imaging was performed using a light microscope
(DMR; Leica) with a PL APO 63X 1.32 NA oil objective (Leica)
at room temperature, and images were captured with a CCD
camera (C4742-95; Hamamatsu) using OpenLab 4.0.1 software
(Improvision). The following antibodies were purchased: vol-
tage-dependent anion channel protein (VDAC; Calbiochem
#529536), second mitochondria-derived activator of caspase
(SMAC)/DIABLO (Calbiochem #567365), calreticulin (Calbio-
chem #208910), cytochrome ¢ (BD Biosciences #556433),
NDUFB6 (Mitosciences #MS108), stress-activated protein
kinase/Jun-N-terminal kinase (SAPK/JNK; Cell Signaling
#9258), phospho-SAPK/JNK (Cell Signaling #9255), heat shock
protein 70 (Hsp70; ABR #MA3028), enhanced green fluores-
cent protein (EGFP; BD Clontech #8371).

Generation of DSPI8 and DSP21 Polyclonal Antibodies—
Full-length recombinant GST-DSP18 (murine) or DSP21-His,
(murine) was used to generate polyclonal anti-sera in rabbits
(Cocalico). IgG was purified from serum using Prosep A (Mil-
lipore) chromatography according to manufacturer’s protocol.

SAPK Activation Assay—Cells were washed once in phos-
phate-buffered saline buffer then treated with 40 mJ/cm? of
ultraviolet light in a UV Stratalinker 2400 (Stratagene). After
irradiation, growth medium was added, and cells were further
incubated for 30 min.

Phosphatase Assays—Phosphatase assays were carried out in
50 ul of assay buffer containing 50 mm Bis-Tris, 25 mm Tris, and
2 mM dithiothreitol at pH 6 for 10 min at 30 °C. para-Nitrophe-
nyl phosphate (pNPP) assays were performed as described pre-
viously (30).

Purification of Rat Kidney and Testis Mitochondria—Mito-
chondria were purified as described (31-33) with minor mod-
ifications. Fresh rat kidneys or testes were harvested and placed
in ice-cold MSHE+BSA buffer (210 mMm mannitol, 70 mMm
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sucrose, 5 mm HEPES, pH 7.4, with KOH, 2 mm EGTA, 0.5%
fatty acid free BSA, and EDTA-free Complete protease inhibi-
tor mixture (Roche Applied Science)). The renal capsule was
removed, and kidneys were minced then washed 3 times in 150
mMm NaCl and 3 times in MSHE+BSA buffer. Kidneys were
disrupted with 10-15 strokes and testes 8 —10 strokes of a tight
fitting Potter-Elvehjem tissue homogenizer. Homogenate was
centrifuged for 10 min at 600 X g to remove unbroken cells and
nuclei. The pellet was re-homogenized and spun at 600 X g.
Supernatants were combined and spun at 15,000 X g for 10 min
to pellet mitochondria. Pellets were washed two times in
MSHE+BSA followed by one wash in BSA-free MSHE buffer.
Mitochondria were resuspended in 1-2 ml of MSHE and lay-
ered over a gradient of 35% histodenz (Sigma), 17.5% histodenz,
and 6% Percoll (Sigma) that was centrifuged at 45,500 X g for 45
min at 4 °C. Mitochondria were collected from the 17.5-35%
interface, centrifuged at 15,000 X g for 15 min, and resus-
pended in a small volume of MSHE buffer.

Immunogold Electron Microscopy—Rat kidney was perfused
with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer and
further immersion-fixed overnight in 4% PFA in phosphate
buffer. Samples were rinsed with 0.15% glycine in 0.1 M phos-
phate buffer, pelleted in 10% gelatin in phosphate buffer, and
cryoprotected by infusion with 2.3 M sucrose, phosphate buffer
overnight at 4 °C. Tissue blocks (1 mm?®) were mounted onto
specimen holders and snap-frozen in liquid nitrogen. Ultrathin
cryosections (70-90 nm) were cut at —100°C on a Leica
Ultracut UCT with EM FCS cryoattachment using a Diatome
diamond knife, picked up with a 1:1 mixture of 2.3 M sucrose
and 2% methyl cellulose (15 cp) as described (34), and trans-
ferred onto Formvar- and carbon-coated copper grids. Immu-
nolabeling was performed by slight modifications of the “Toku-
yasu technique” (35) using anti-DSP18 at 1:2 followed by 10-nm
gold-conjugated goat anti-rabbit IgG (GE Healthcare) at 1:25.
Grids were viewed and photographed using a JEOL 1200EX II
transmission electron microscope (JEOL, Peabody, MA).

Mitochondrial Subfractionation—Separation of inner and
outer mitochondrial membranes was performed as described
previously (16) with minor modifications. Gradient-purified
mitochondria were resuspended in hypotonic solution (10 mm
KCl, 2 mm HEPES, pH 7.2) at 5— 8 mg/ml on ice for 20 min with
gentle agitation. One-third volume of hypertonic solution (1.8
mM sucrose, 2 mm ATP, 2 mm MgSO,, 2 mm HEPES, pH 7.2)
was then added and allowed to incubate for an additional 5 min.
Mitochondria were then sonicated with a probe for 15 s at 3
amps and layered on a step gradient containing 0.76, 1, and 1.32
M sucrose. Gradients were spun at 75,000 X gfor 3hat4 °C. The
IMS-soluble fraction was collected from the uppermost super-
natant. The OM fraction was collected from the 0.76 and 1 M
sucrose interface, washed with MSHE, and pelleted by centrif-
ugation at 120,000 X g. Mitoplasts (MP) were collected from
the pellet, washed with MSHE, and pelleted by centrifugation at
15,000 X g.

Submitochondrial particles (SMP) were generated from MP
as described previously (36). MP were sonicated 3 X 2 min on
ice with 1-min intervals. The solution was spun at 15,000 X gto
remove intact MP, and the resulting supernatant was spun at
120,000 X g for 45 min at 4 °C to pellet SMP. The soluble matrix
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FIGURE 1. Immunofluorescent analysis of predicted mitochondrial PTPs.
Fluorescent images of COS-7 cells transiently transfected for 24 h with con-
structs encoding EGFP only (A) or C-terminally EGFP tagged DSP18 (B), DSP14
(C), or DSP24 (D). Additionally, cells were stained with the mitochondrial
marker, MitoTracker Red, and the nuclear marker, DAPI (blue). Co-localization
is represented in the merged images in yellow.

fraction was collected from the supernatant. SMP were washed
once and resuspended in MSHE.

Cytochrome c Translocation Assay—Assays for translocation
of cytochrome c were performed as described previously (37).
Briefly, apoptosis was induced in COS-7 cells by the addition of
500 nm staurosporine (Sigma) 2 h before fixation. Slides were
prepared as described above and assessed visually using fluo-
rescence microscopy.

RESULTS

Immunofluorescence Screen for Subcellular Localization of
PTPs—Many of the ~107 PTPs are not well studied, especially
the large number of atypical DSPs (3). As part of a larger effort
to uncover the subcellular localizations of PTPs, we initially
cloned full-length open reading frames of several genes into a
vector encoding a C-terminal EGFP. We then transiently trans-
fected COS-7 cells and analyzed subcellular localization via
immunofluorescence (IF). Interestingly, of the PTPs we initially
examined, only DSP18-EGFP redirected the predominantly
cytosolic and nuclear EGFP to mitochondria, where it co-local-
ized with the mitochondrial marker MitoTracker Red (Fig. 14
and data not shown). Mutation of the catalytic cysteine to ser-
ine showed no change in the ability of DSP18 to target to mito-
chondria (data not shown). In contrast, DSP14-EGFP and
DSP24-EGFP did not show distinct subcellular localizations
and did not co-localize with MitoTracker Red (Fig. 1, Cand D).
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tion is represented in the merged images in yellow.

DSP18 Orthologs and Homologs—DSP18 is a class I cysteine-
based PTP and falls into the atypical DSP subgroup, which cur-
rently contains 19 phosphatases (3, 25). We performed PSI-
BLAST data base searches using the murine form of DSP18 and
found that it is a highly conserved protein among vertebrates,
with a potential ortholog in Drosophila (supplemental Fig. 14).
The DSP18 orthologs contain the active site consensus
sequence (H/V)CX,R(S/T) found in both classical and atypical
DSPs but lack the MAPK interacting CH2 domain and kinase
interaction motifs found in classical DSPs (supplemental Fig.
1B) (22).

DSP18 Has an Internal Mitochondrial Localization Signal—
The discovery that DSP18-EGFP localizes to mitochondria led
us to explore its targeting sequence. We generated several trun-
cated constructs of DSP18 fused to the N terminus of EGFP
(Fig. 24) and transiently transfected these constructs into
COS-7 cells. Although localization to the mitochondria is often
encoded by the N terminus, the first 94 residues of DSP18 were
unable to redirect EGFP from the cytosol and nucleus to mito-
chondria as compared with wild type DSP18 (Fig. 2, B and C).
However, constructs containing amino acids 47-141 and
95-188 of DSP18 targeted EGFP to the mitochondria as indi-
cated by colocalization with MitoTracker Red (Fig. 2, D and E).
Furthermore, the placement of EGFP at the N terminus of
DSP18 blocked localization of DSP18 to the mitochondria (Fig.
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FIGURE 2. An internal signal sequence directs DSP18 to mitochondria. A, schematic of DSP18 truncations
used to assess targeting of EGFP to mitochondria. COS-7 cells transiently expressing C-terminal EGFP-tagged
DSP18 (B), 1-94-EGFP (C), 47-141-EGFP (D), 95-188-EGFP (E), and N-terminal EGFP-tagged DSP18. Fluorescent
images were taken 24 h post-transfection after co-labeling with MitoTracker Red and DAPI (blue). Co-localiza-

2F), suggesting that N-terminal
epitope tags impede import into the
mitochondria. The expression of
DSP18 constructs was confirmed by
immunoblotting with an anti-EGFP
antibody (supplemental Fig. 2). Col-
lectively these findings suggest an
internal region of DSP18 from
amino acid 95 to 141 is necessary for
localization to mitochondria and
that import requires an uncon-
strained N terminus.

Detection of Endogenous DSP18—
To verify our overexpression stud-
ies, we examined the localization of
endogenous DSP18. We generated a
DSP18-specific, polyclonal anti-
body against full-length recombi-
nant protein. The anti-DSP18 anti-
body did not cross-react with the
highly similar protein DSP21 (Fig.
3A). IF analysis of endogenous
DSP18 in COS-7 cells probed with
the anti-DSP18 antibody exhibited
mitochondrial localization (Fig. 3B).
Cells probed with pre-immune
serum (Fig. 3C) or cells stained with
antibody blocked with recombinant
GST-DSP18 showed no mitochon-
drial localization (Fig. 3D). Similar
staining patterns were observed in
HEK 293 cells and HeLa cells (data
not shown). To biochemically con-
firm the IF results, we isolated highly purified mitochondria
from homogenized rat kidneys by differential centrifugation
followed by histodenz gradient purification. Immunoblot anal-
ysis demonstrated that endogenous DSP18 was highly enriched
in the mitochondrial fraction along with the mitochondrial
protein marker SMAC, whereas the endoplasmic reticulum
protein marker calreticulin was removed during histodenz gra-
dient purification (Fig. 3E).

To investigate the location of DSP18 at a higher resolution,
we performed immunogold labeling of DSP18 of ultrathin cryo-
sections from rat kidney tissue and COS-7 cells transiently
expressing DSP18-EGFP (Fig. 3F, panels 2 and 3, respectively)
and analyzed them by electron microscopy. Gold particles were
found predominantly within mitochondria, suggesting DSP18
is localized to either the matrix, IM, or IMS, possibly the intra-
cristal spaces (Fig. 3F). These results indicate that endogenous
DSP18 is enriched in mitochondria and traffics to one of the
interior compartments of the organelle.

Endogenous DSP18 Is an IMS Protein That Peripherally Asso-
ciates with the Inner Mitochondrial Membrane— After identifi-
cation of DSP18 as a mitochondrial protein, we sought to rig-
orously define its location within mitochondria. Rat kidney
mitochondria were purified on a histodenz gradient as previ-
ously shown (Fig. 3E) and separated into the following fractions
(Fig. 4A): OM, IMS (soluble material between the IM and OM),
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FIGURE 3. Detection of endogenous DSP18. A, for raising polyclonal antibody, recombinant DSP18-His, and
DSP21-Hisg was purified from bacteria, separated by SDS-PAGE, and immunoblotted with protein A-purified
anti-DSP18. Blots were stripped and reprobed with an anti-His antibody. Fluorescent images were taken of
COS-7 cells probed with anti-DSP18 (B) and pre-immune serum (C), or anti-DSP18 was blocked with recombi-
nant GST-DSP18 (D). B-D, cells were stained with MitoTracker Red and DAPI before visualization. Co-localiza-
tion is represented in the merged images in yellow. Bars, 10 um. E, 20 g of rat kidney homogenate (HOM),
differential centrifugation purified mitochondria (DC), and histodenz gradient-purified whole Mito were sep-
arated by SDS-PAGE and immunoblotted with anti-calreticulin (endoplasmic reticulum marker), anti-SMAC
(mitochondrial marker), and anti-DSP18 antibodies. f,immunogold EM labeling of rat kidney sections (7 and 2)
and COS-7 cells transiently expressing DSP18-EGFP (3). Sections were probed with Pre-lmmune serum (7) or
a-DSP18 antibody (7 and3) and labeled with 10-nm gold-conjugated anti-rabbit secondary antibodies. Bar,
100 nm.

the matrix side of the IM (16). A
trace amount of DSP18 was also
seen in the soluble matrix (SM) frac-
tion (Fig. 4B).

Compartments within the mito-
chondria can have vastly different
protein environments and, there-
fore, play differing roles in signaling
events. Because of the location of
DSP18 on the IM, we sought to
determine whether DSP18 was
located on the IMS or the matrix side
of the IM. MP and SMP were treated
with the proteolytic enzyme trypsin
to cleave exposed proteins (Fig. 4C).
In MPs treated with trypsin, DSP18
showed a decrease in signal over time
in contrast to the matrix protein
PTPMT1. However, DSP18 showed
no loss of signal from SMP treated
with trypsin, suggesting that DSP18 is
attached to the IM facing the IMS
compartment. The Complex I pro-
tein NDUFB6, which is buried within
the IM, was used as a loading control.

To evaluate the strength of asso-
ciation of DSP18 to the IM, we
washed either MP or pre-swollen
whole mitochondria with high salt,
an alkaline wash, pH 11.5, or control
buffer. The whole mitochondria
were pre-swollen to expose the
outer surface of the inner mem-
brane. DSP18 remained bound to
the membrane after treatment with
high salt but was subsequently
released during the alkaline wash
(Fig. 4D). Conversely, the tightly
associated integral membrane pro-
tein PTPMT1 was not released by
either treatment. Collectively, these
results suggest that DSP18 is a mito-
chondrial IMS protein, which is
peripherally associated with the IM
predominantly along the cristae.

DSP21 Is a Highly Similar DSP
That Is Also Targeted to Mitochon-
dria via an Internal Mitochondrial

submitochondrial particles partially depleted of OM, mito-
plasts (MP-intact IM and matrix), and soluble matrix. These
fractions were blotted with antibodies against known marker
proteins (Fig. 4B) for demonstration of purity. The VDAC, an
OM marker, is enriched at contact sites between the outer and
inner membranes and is, therefore, typically detected in both
OM and MP/SMP fractions when using the swell/shrink sepa-
ration method used here (16). DSP18 was enriched in the inner
membrane-containing SMP and MP fractions (Fig. 4B), similar
to PTPMT1, a known integral membrane protein located on
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Localization Signal—Using DSP18 as an index protein, we
searched for other highly similar phosphatases that localize to
mitochondria. Based on high sequence identity or similarity
(69.3 and 80.4%, respectively), we identified a 21.5-kDa protein,
DSP21, as a potential candidate for being targeted to mitochon-
dria (Fig. 5A4). To determine DSP21 subcellular localization, we
transiently expressed a DSP21-EGEFP fusion protein in COS-7
cells. Interestingly, DSP21-EGFP also showed mitochondrial
localization when co-stained with MitoTracker Red (Fig. 5B).
To verify our overexpression data, we generated a polyclonal
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Mitoplasts (MP) - § = § these data indicate that DSP21 is

l o § c 9 § - 9 targeted to the mitochondria via an
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%%Q U C #® O O & O a common mechanism of import;
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FIGURE 4. DSP18is associated with the inner mitochondrial membrane facing the intermembrane space.
A, diagram of mitochondrial subfractionation as described under “Experimental Procedures.” B, 20 ug of each
submitochondrial fraction (Fig. 4A) were separated by SDS-PAGE and immunoblotted with markers for OM
(anti-VDAQ), IMS (anti-SMAC), IM (anti-PTPMT1), and soluble matrix (SM; anti-Hsp70 - heat shock protein 70).
C, 200 g of MP and SMP were treated with 2.5 ug of trypsin in 100 ul of buffer for the indicated amounts of
time. Samples were pelleted, washed, separated by SDS-PAGE, and immunoblotted with anti-DSP18 and anti-
PTPMT1. The Complex 1 subunit NDUFB6 was not susceptible to trypsin digestion and was used as a loading
control. D, 100 ug of osmotically swollen whole mitochondria and MP were washed with either control buffer,
high salt (200 mm KCl, 2 mm HEPES, pH 7.2), or high pH (0.1 m Na,CO,, pH 11.5) buffer, repelleted, washed, and
separated out by SDS-PAGE. Immunoblots were probed with antibodies against DSP18, cyt ¢, and PTPMT1.

antibody against full-length recombinant DSP21 and labeled
cells with anti-DSP21 antibody (Fig. 5C). IF analysis of endog-
enous DSP21 showed mitochondrial localization and co-la-
beled with MitoTracker Red. However, no mitochondrial local-
ization was observed in cells stained with pre-immune serum or
serum blocked with recombinant DSP21-His, (data not
shown). The high degree of sequence similarity to DSP18 led us
to investigate whether DSP21 also contained an internal mito-
chondrial localization signal. We generated several constructs
containing truncations of DSP21 fused to EGFP and transiently
transfected these constructs into COS-7 cells (Fig. 5E). Similar
to DSP18, DSP21 is targeted to the mitochondria via an internal
localization signal. Constructs containing amino acids 43—128
were both necessary and sufficient to redirect EGFP to the
mitochondrion (Fig. 5, D and E).

MAY 30, 2008+VOLUME 283 +NUMBER 22

Mitochondrial Inner Membrane—
To determine whether DSP21 is
localized to the same compartment
as DSP18, we sought to thoroughly
define its location within rat testis
mitochondria using the previously
described fractionation method
(Fig. 4A). The mitochondrial OM
marker VDAC and the IM marker
adenine nucleotide transporter (ANT) are both found at
OM/IM contact sites; therefore, they can be found in both
membrane fractions. The observation that DSP21 was enriched
in both the SMP and MP fractions but not the OM suggests that
DSP21 is localized to the IM (Fig. 6A). We examined its orien-
tation on the IM using MP and SMP fractions treated with
trypsin over time. MP treated with trypsin showed no loss of
signal for DSP21 as assessed by Western blot (Fig. 6B). In con-
trast, trypsin-treated SMP fractions showed a rapid decrease in
signal for DSP21 similar to that seen by the IM marker ANT.
The electron transport chain Complex I subunit NDUFB6 was
used as a loading control. Interestingly, these data suggest
DSP21 is associated with the IM, but in contrast to DSP18,
DSP21 is found facing the matrix compartment. As well, we
treated SMP with either a buffer control, a high salt solution to

JOURNAL OF BIOLOGICAL CHEMISTRY 15445



Biochemical Characterization of Mitochondrial Phosphatases

A.

10 20 30 40 50

DSP18 AAH20036 [MT'S P W S/AFPVQTIPQP - STRGLSQITKSLFISNGVAANNKLLLSSNQITTV

DSP21 NP_082844 MTTA S CIFPSQATQQDNIYGLSQITASLFEISNSAVANDKLTILSNNHITTI
60 70 80 90 100

DSP18 AAH20036 TNV SVEVANTFYEDIQYVQVPVVDAPVARLSNFFDSVADRIHSVEMQKGR

DSP21 NP_082844 INVSAEVVNTFFEDIQYVQVPVSDAPNSYLYDFFDPIADHIHGVEMRNGR
110 120 130 140 150

DSP18 AAH20036 TLLIC-RIAALCLAYLMKYHAMSLVDAHTWTKSCRPIIRPNSGFWE

DSP21 NP_082844 T L Liflc REIATLCLAYLMKYHNMTLLDAHTWTKTCRPIIRPNNGFWE
160 170 180 190

DSP18 AAH20036 [Q LT HYE L Q/LF GKNTMoMMD[SPIMGRITPDIYEKETRIMIPL

DSP21 NP_082844 Q L IHYEFKLFSRNTVRMIYSPIGLIPNIYEKEAYLMELM

hydrolyze pNPP more efficiently
than the DSPs MKP-3/rVH6 and
PTPMT]1 but not as efficiently as
Vaccinia H1-related protein (VHR;
Table 1) (38—41). Mutation of the
catalytic active site cysteine to ser-
ine abolished phosphatase activity
of both DSP18 and DSP21 (supple-
mental Fig. 3). These results dem-
onstrate that DSP18 and DSP21 are

catalytically active phosphatases

B. e E. Mito having kinetic constants consistent
1 189 Jargeted  yyith other members of the DSP
+ family of phosphatases.
1—20 - Currently there are several DSPs
1 96 - that have been reported to dephos-
ST l—————166 ++ phorylate MAPK (22). A recent
43 128 ++

report (42) describes DSP18 as a
MAPK phosphatase with the ability
to dephosphorylate the p54 SAPK/
JNK using an overexpression system
in HEK-293 cells. Because we have
shown that DSP18 resides in the
mitochondria, we thought it was
important to investigate whether
endogenous SAPK/JNK is localized
to mitochondria where it could act
as a substrate for DSP18. Because
mitochondria can have different
protein compositions in different
tissues, we isolated mitochondria
from kidney, liver, and testis. Rat tis-
sue was isolated and separated into
the following fractions: homoge-
nate, post-nuclear supernatant,

GFP gl Phosphatase [l -

MitoTracker

D 43-128EGFP

Hom DC Mito
Calreticulin (ER)

[— |
EIVDAC (Mito)
p o

DSP21

FIGURE 5. DSP21 is a highly similar phosphatase to DSP18 localized to mitochondria. A, sequence align-
ment of DSP18 and DSP21, with identities highlighted in gray, and the amino acids of the catalytic triad (D, C, R)
highlighted in yellow. The active site residues (PTP-loop; CXsR) are highlighted in red. GenBank™ accession
numbers are listed next to the sequence. B, COS-7 cells transiently expressing C-terminal EGFP-tagged DSP21.
C, fluorescent images were taken of COS-7 cells probed with anti-DSP21. D, COS-7 cells transiently expressing
amino acids 43-128 of DSP21 with a C-terminal EGFP tag. B-D, cells were stained with MitoTracker Red and
DAPI before visualization. Co-localization is represented in the merged images in yellow. E, schematic of DSP21
truncations used to assess targeting of EGFP to mitochondria. F, 20 g of rat testis homogenate (HOM), differ-
ential centrifugation purified mitochondria (DC), and histodenz gradient purified whole Mito were separated
by SDS-PAGE and immunoblotted with anti-calreticulin (endoplasmic reticulum marker), anti-VDAC (mito-

chondrial marker), and anti-DSP21 antibodies.

remove loosely associated proteins, or an alkaline wash to
remove peripheral membrane proteins. Analogous to DSP18,
DSP21 remained membrane-associated after the buffer control
and high salt washes; however, SMP treated with the alkaline
wash released DSP21 from the membrane as assessed by immu-
noblots using anti-DSP21 antibodies (Fig. 6C). In contrast, the
ANT, an integral membrane protein of the IM, was not
removed during the alkaline wash. This indicates that DSP21,
like DSP18, is a peripheral membrane protein, and collectively
these data suggest that DSP21 is localized to mitochondria in
testis tissue where it peripherally associates with the IM within
the matrix compartment.

Phosphatase Activity of DSP18 and DSP21—To demonstrate
that DSP18 and DSP21 are catalytically active, the murine
forms of DSP18 and DSP21 were expressed in bacteria, purified
to homogeneity (data not shown), and assayed for phosphatase
activity. Kinetic analysis of DSP18-His, and DSP21-His, was
carried out using pNPP as a substrate. DSP18 and DSP21 had
K, values of 0.46 and 0.92 mm and k_,,/K,,, values of 848 and
91.5s5  'm ', respectively. Thus, DSP18 appears to be modestly
more active than DSP21 against pNPP. DSP18 and DSP21

15446 JOURNAL OF BIOLOGICAL CHEMISTRY

Mito (histodenz gradient-purified

mitochondria), and post-mitochon-
drial supernatant. Equal amounts of each fraction were sepa-
rated by SDS/PAGE and analyzed by immunoblotting with
antibodies against SAPK/JNK, the mitochondrial marker
Hsp70, and DSP18. SAPK/JNK was detected in the homogenate
(Homo) and post-nuclear supernatant (PNS) and post-mito-
chondrial supernatant (PMS) fractions but not in the Mito frac-
tions as compared with Hsp70 and DSP18 (Fig. 7A). The high
sequence similarity between DSP18 and DSP21 led us to exam-
ine whether SAPK/JNK could possibly be found in mitochon-
dria isolated from rat testes. Similar to the kidney fractions,
SAPK/JNK was not detected in mitochondria isolated from tes-
tes (Fig. 7B). Moreover, SAPK/JNK was not detected in mito-
chondria from liver tissue, which does not express DSP18 or
DSP21 (Fig. 7C).

To determine whether activation of SAPK/JNK was required
for translocation to mitochondria, we treated HEK-293A cells
with 40 mJ/cm? of ultraviolet (UV) light, a known activator of
the SAPK/JNK pathway (43). After UV treatment, HEK-293A
cells were homogenized, and crude Mito were isolated using
differential centrifugation. Activation of SAPK/INK was
assessed by immunoblotting against the phosphorylated forms

VOLUME 283+NUMBER 22-MAY 30, 2008
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A. \ito SMP IMS MP SM OM
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FIGURE 6. DSP21 is a peripheral mitochondrial inner membrane protein
facing the matrix. A, 20 n.g of each submitochondrial fraction (Fig. 4A) were
separated by SDS-PAGE and immunoblotted with markers for OM (anti-
VDAC), and IM (anti-ANT). B, 200 g of MP and SMP were treated with 2.5 ug
of trypsin in 100 wl of buffer for the indicated amounts of time. Samples were
pelleted, washed, separated by SDS-PAGE, and immunoblotted with anti-
DSP21 and anti-PTPMT1.The Complex 1 subunit NDUFBG6 is not susceptible to
trypsin digestion and was used as a loading control. C, 100 ug of SMP were
washed with either control buffer, high salt (200 mm KCl, 2 mm HEPES, pH 7.2),
or high pH (0.1 m Na,CO;, pH 11.5) buffer, repelleted, washed, and separated
out by SDS-PAGE. Immunoblots were probed with antibodies against
DSP21and ANT.

TABLE 1

Comparison of catalytic activity of DSP18 and DSP21 to other dual
specific phosphatases utilizing pNPP

K, Keat keat! K,s

mm s! s In!
DSP18” 0.46 0.39 848
DSP21¢ 0.92 0.084 91.5
MKP3/rVH6” 9.85 0.16 1.58
PTPMT1¢ 5.9 0.91 153.2
VHR? 1.59 5.2 3240

“ Data are from this study.

? Data are from Wiland et al. (40).

¢ Data are from Pagliarini et al. (41).
4 Data are from Denu (39).

of SAPK/JNK. Phospho-SAPK/JNK was detected in the whole
cell lysates of irradiated cells but not in the mitochondria after
UV radiation (Fig. 7D). Furthermore, we were unable to detect
a change in phospho-SAPK/JNK levels in UV-irradiated HEK-
293A cells overexpressing DSP18 when compared with a cata-
Iytically inactive mutant (Fig. 7E).

Collectively these data demonstrate the MAPK SAPK/JNK is
not localized to the same subcellular compartment as DSP18
and, therefore, is highly unlikely to be its in vivo substrate under
physiological conditions. We can rationalize the result obtained
by Wu et al. (42) on the basis of overexpression of DSP18 leads
to inappropriate localization and SAPK/JNK dephosphoryla-
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FIGURE 7. Endogenous SAPK/JNK is not localized to mitochondria. A, rat
kidneys were isolated and homogenized (HOM), nuclei and unbroken cells
were removed (post-nuclear supernatant (PNS)), Mito were removed, and the
post-mitochondrial supernatant (PMS) was collected. Fractions were sepa-
rated out by SDS-PAGE and immunoblotted with antibodies against both the
p54 and p46 SAPK/JNK isoforms, mitochondrial marker protein Hsp70, and
DSP18. B, fractions collected from testis tissue were separated out by SDS-
PAGE and immunoblotted with antibodies against SAPK/JNK, Hsp70, and
DSP21. C, fractions collected from rat liver tissue were separated out by SDS-
PAGE and immunoblotted with antibodies against SAPK/JNK and Hsp70.
D, HEK-293A cells were homogenized (Hom), and Mito were isolated by dif-
ferential centrifugation after treatment with 40 mJ/cm? of UV radiation and
compared with untreated controls. Fractions were separated out and immu-
noblotted with antibodies against phospho (p)-SAPK/JNK (active), SAPK/INK,
and NDUFB6. E, HEK-293A cells transfected with DSP18-EGFP or a catalytic
inactive mutant DSP18(C/S)-EGFP. After 24 h cells were treated with 40
mJ/cm? of UV radiation, and equal amounts of whole cell lysate were sepa-
rated out by SDS-PAGE and analyzed for changes in SAPK/JNK
phosphorylation.

tion. This underscores the importance of accurately determin-
ing the subcellular localization of substrate and enzyme. How-
ever, we should also point out that our observations do not rule
out the possibility that under specific signaling conditions
SAPK/JNK or DSP18 could be re-directed to a common subcel-
lular compartment where the phosphatase could catalyze
SAPK/JNK dephosphorylation.

DSP18 Is Released from the IMS during Apoptosis—Because
DSP18 targets to the IM within the IMS compartment, we con-
sidered whether DSP18 would be released into the cytosol upon
induction of apoptosis, similar to cytochrome ¢ (cyt c). Cells
treated with the nonspecific kinase inhibitor staurosporine,
which induces apoptosis through a BAX- and BAK-mediated
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A. BISERE

=] DSP18-EGFP

FIGURE 8. Induction of apoptosis causes translocation of DSP18 from mitochondria into the cytosol.
COS-7 cells stained with anti-DSP18 (A) or transfected with DSP18-EGFP (B) were chemically induced to
undergo apoptosis. Cells were co-stained with anti-cyt c antibody and DAPI, then visualized by IF for release of
cyt ¢ from mitochondria into the cytosol. White arrows (B) indicate a cell not undergoing apoptosis. DAPI
staining demonstrates characteristic nuclear condensation and fragmentation.
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FIGURE 9. Schematic representation of where the dual specificity phosphatases are localized to in the
mitochondria. Bc/-2, B cell lymphoma 2; PTP-MTT1, protein-tyrosine phosphatase localized to mitochondria 1.
Proteins are not drawn to scale.

pathway, results in release of cyt ¢ into the cytosol (44 —46).
Endogenous DSP18 and cyt ¢ showed cytosolic localization
after treatment with staurosporine (Fig. 84). Likewise, cells
overexpressing DSP18-EGFP showed cytosolic localization
with treatment (Fig. 8B). Similar results were observed using
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the topoisomerase II inhibitor eto-
poside (data not shown). These
results indicate that DSP18 translo-
cates from the IMS compartment to
the cytosol upon mitochondrial OM
permeabilization during apoptosis.

DISCUSSION

Mitochondria are dynamic or-
ganelles that, in addition to their
role in bioenergetics, regulate
numerous cellular signaling pro-
cesses ranging from calcium
homeostasis to programmed cell
death (47-49). Disruption of these
key signaling events can increase
the risk of age related disorders,
cardiovascular disease, neurode-
generation, diabetes, and cancer
(48, 50 -52). Given its role in mul-
tiple cellular processes, reversible
phosphorylation will also likely
play a significant role in regulating
mitochondrial functions. Cur-
rently there are more than 60
reports of mitochondrial phos-
phoproteins as well as ~27 kinases
and 10 phosphatases that are
reportedly localized to the mito-
chondrion (10). Many of the
kinase and phosphatase localiza-
tions have not been rigorously
examined. In the present study we
have clearly shown for the first
time that a dual specificity phos-
phatase, DSP18, is localized to the
IMS compartment of mitochon-
dria. We also identified a highly
similar phosphatase, DSP21, as a
protein selectively expressed in
testes that resides within the mito-
chondrion. In contrast to DSP18,
DSP21 is localized to the matrix
compartment of mitochondria.
DSP18 and DSP21 are both associ-
ated with the IM and can be
released after an alkaline wash,
making them classical peripheral
membrane proteins. Given the
similarity between DSP18 and
DSP21, it is intriguing that they
are located on opposing sides of
the IM. Interestingly, this is not

the first case of two highly similar proteins being targeted to
opposite sides of the IM. The yeast AAA proteases, Ymel
and YtalO with homologs in humans, are also targeted to the
IM but are oriented so they face opposing compartments
(53). This places DSP18 and DSP21 in unique locations for
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regulating signaling processes within mitochondria via
reversible phosphorylation (Fig. 9). Finally, our data suggest
that DSP18 is released from the mitochondrial IMS after
induction of specific apoptotic signals that result in mito-
chondrial outer membrane permeabilization.

Previously, published reports claimed that DSP18 and DSP21
are localized to the nucleus and cytoplasm (24, 42). However,
these were overexpression experiments utilizing N-terminal
tags which have been shown to commonly disrupt the localiza-
tion of mitochondrial proteins (54). Our data demonstrate that
N-terminal tags block the ability of DSP18 and DSP21 to local-
ize to mitochondria either by interfering with the mitochon-
drial localization signal or translocation machinery. Addition-
ally, previous work demonstrated that recombinant DSP18 and
DSP21 exhibits in vitro phosphatase activity against MAPK-like
phosphopeptides, suggesting that DSP18 may have an in vivo
preference for phosphorylated tyrosine residues over phospho-
serine/threonine residues (24). Although preliminary data from
our laboratory support this suggestion, questions still remain
regarding a physiological substrate(s). Recent work using an
overexpression system has suggested that the MAPK SAPK/
JNK is an in vivo substrate for DSP18 (42). However, this is in
contrast to previously reported data demonstrating no in vivo
phosphatase activity against a variety of MAPKs including
SAPK/JNK (24). Classical MAPK phosphatases contain CH2
and kinase interaction motifs, modules that allow them to rec-
ognize their MAPK substrates; however, DSP18 and DSP21
lack these binding motifs, suggesting a unique substrate recog-
nition motif for these phosphatases (22, 24). Furthermore, we
were unable to detect any SAPK/JNK localized to the mito-
chondria, indicating that it is not likely a substrate for DSP18
within the IMS compartment.

We identified a highly conserved internal mitochondrial
localization signal in DSP18 and DSP21. Roughly one-third of
known mitochondrial proteins do not contain classical N-ter-
minal signal sequences; yet, alternative import signals such as
internal mitochondrial localization signal have not been well
defined (55, 56). Additionally, many proteins containing an
internal mitochondrial localization signal are directed to either
the OM, IMS, or IM (55). For example, the IMS protein cyt ¢
and the IM protein ATP/ADP translocase (ANT) both contain
an internal mitochondrial localization signal (57). This is con-
sistent with our finding that endogenous DSP18 and DSP21
localize to the IM (Fig. 5). To date, DSP18 is the only DSP shown
to localize to the IMS compartment, whereas DSP21 is the sec-
ond DSP to be found predominantly within the matrix; there-
fore, they are in distinctive locations for regulating the function
of mitochondrial processes by dephosphorylation of proteins
both within the IMS and the matrix.

Our data shows that DSP18 is released from the mitochon-
drial IM of the IMS after induction of apoptotic events. These
events result in mitochondrial outer membrane permeabiliza-
tion and release of apoptogenic factors. Because DSP18 is
tightly associated with the IM, its release into the cytosol after
OM permeabilization is likely not an artifact. Unlike cyt c, there
is precedence for IMS proteins such as apoptosis-inducing fac-
tor to require proteolysis to enable release (58). It is possible
that such a process is required for DSP18 release. DSP18 is in a
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unique position to regulate signaling processes after its libera-
tion into the cytosol, or perhaps its release into the cytosol
allows for key phosphorylation events to take place in the IMS
to potentiate the apoptotic process. Further exploration of the
substrate for DSP18 as well as mouse knock-out models should
elucidate its role(s) in mitochondrial biology as well as in apo-
ptotic processes.

Thus, DSP18 and DSP21 are in different, but intriguing,
mitochondrial compartments to regulate signaling processes.
Although few PTPs have well defined in vivo substrates, our
work, which rigorously determines their location within mito-
chondria, dramatically narrows the number of potential phos-
phoprotein substrates. Further exploration of the substrates for
DSP18 and DSP21 should elucidate their role(s) in mitochon-
drial biology.
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