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Summary
Activation of the c-JUN N-terminal kinase (JNK) pathway is implicated in a number of important
physiological processes, from embryonic morphogenesis to cell survival and apoptosis. JNK
stimulatory phosphatase 1 (JSP1) is a member of the dual specificity phosphatase subfamily of
protein tyrosine phosphatases (PTPs). In contrast to other dual specificity phosphatases, which
catalyze inactivation of mitogen-activated protein kinases, expression of JSP1 activates JNK-
mediated signaling. JSP1 (and its relative DUSP15) are unique among members of the PTP family
in that they contain a potential myristoylation site at the N-terminus (MGNGMXK). In this study,
we investigated whether JSP1 was myristoylated and examined the functional consequences of
myristoylation. Using mass spectrometry, we showed that wild type JSP1, but not a JSP1 mutant
in which glycine 2 was mutated to alanine (JSP1-G2A), was myristoylated in cells. Abrogation of
myristoylation did not impair the intrinsic phosphatase activity of JSP1, but changed the
subcellular localization of the enzyme. Compared to wild type, the ability of non-myristoylated
JSP1 to induce JNK activation and phosphorylation of the transcription factor c-JUN was
attenuated. Upon expression of wild type JSP1, a subpopulation of cells, with highest levels of the
phosphatase, was induced to float off the dish and undergo apoptosis. In contrast, cells expressing
similar levels of JSP1-G2A remained attached, further highlighting that the myristoylation mutant
was functionally compromised.

Keywords
Apoptosis; JNK; JSP1; myristoylation; phosphatase

Introduction
Mitogen-activated protein kinases (MAPK) signaling pathways are critical regulators of
cellular responses to environmental stimuli, such as growth signals and stress, that modulate
cell behavior, such as proliferation, differentiation, or cell death [1–4]. All MAPK pathways
consist of a central three-tiered core signaling module in which MAPK kinase kinases
(MAPKKK or MEKK) phosphorylate MAPK kinases (MAPKK or MEK) on Ser/Thr
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residues with concomitant activation. MAPKKs are dual specificity kinases that, upon
activation, phosphorylate both the Tyr and Thr residue of the conserved TXY motif in the
activation loop of MAPKs, resulting in MAPK activation. Activated MAPKs phosphorylate
specific Ser and Thr residues in target substrates, which include effector protein kinases, like
MAPK-activated protein kinases (MAPKAP-Ks) and transcription factors, such as Activator
Protein-1 (AP-1) [1–3].

Four major subgroups of MAPKs have been delineated in mammals, i.e. extracellular signal-
regulated kinases (ERK1/2), Jun N-terminal kinases (JNK1/2/3), p38 proteins (p38α/β/γ/δ),
and ERK5, which are activated by distinct sets of stimuli [1–4]. Of particular importance to
this study is the JNK family of MAPKs, which are predominantly activated by
proinflammatory cytokines and a variety of environmental stresses [2,4]. The JNK family
comprises three distinct genes, JNK1-3, with further structural diversity due to alternative
mRNA splicing. The Jnk1 and Jnk2 genes are expressed ubiquitously, whereas expression of
Jnk3 is largely restricted to brain, heart, and testis [4,5]. JNK is phosphorylated and
activated by the MAPKKs MKK4 and MKK7 [6,7], with MKK7 primarily responding to
cytokines, whereas MKK4 is preferentially activated by environmental stress [5,8].
Depending on the stimulus and cellular context, the JNK pathway has been implicated in
both apoptosis and cell survival [9].

The duration and extent of MAPK activation depends not only upon the activity of kinases,
but also the protein phosphatases that dephosphorylate the Tyr and Ser/Thr residues in
substrate proteins that are part of the MAPK signaling modules. Although protein
phosphatases have long been viewed as negative regulators that terminate MAPK signaling,
it is now evident that they play an important role in determining the magnitude and duration
of MAPK activation, which determines the cellular response [10,11]. Moreover, protein
phosphatases can also regulate MAPK signaling positively. For example, the prototypic
member of the protein tyrosine phosphatase (PTP) superfamily, PTP1B, acts as a positive
mediator of the ErbB2-induced signaling pathways that trigger mammary tumorigenesis and
metastasis [12,13], and the tyrosine phosphatase SHP-2 is necessary for activation of ERK
in response to a number of growth factors, including insulin growth factor-1, platelet-
derived growth factor, and epidermal growth factor [14,15].

Various protein phosphatases have been implicated in the regulation of MAPK signaling,
including the subfamily of PTPs known as dual-specificity phosphatases (DSPs) [16,17].
DSPs form a structurally and functionally heterogeneous subgroup of the PTP superfamily,
and share little sequence similarity beyond the conserved active-site signature motif
HCX5R. Although they use the same catalytic mechanism as the classical PTPs, the catalytic
cleft of DSPs is shallower, which allows accommodation of both phosphorylated Ser/Thr
and Tyr residues [18]. Several DSPs have been established as MAPK phosphatases (MKPs)
that dephosphorylate the Tyr and Thr residues in the activation loop of MAPKs and thereby
attenuate signaling [17,19]. In addition, there is a group of low molecular weight DSPs that
lack the regulatory N-terminal Cdc25 homology domain found in the MKPs [18]. One
member of this subgroup is the dual-specificity phosphatase 22 (DUSP22), which was first
identified by this lab as JNK-stimulatory phosphatase 1 (JSP1) [20]. Subsequently, it was
also reported as JNK pathway-associated phosphatase (JKAP), which is a splice isoform of
JSP1 [21], Low-molecular weight DSP2 (LMW-DSP2) [22], and VHR-related MKPX
(VHX) [23]. JSP1 is expressed in multiple tissues [20,23], although expression of the
murine splice isoform JKAP was shown to be testis- and liver-specific [21]. JSP1
preferentially dephosphorylates Tyr residues in assays in vitro [20] and was shown to
stimulate JNK activation specifically, thus acting as a positive regulator of JNK signaling
[20,21]. However, other reports have implicated JSP1 in the negative regulation of MAPK
function [22–25].
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JSP1 contains a putative myristoylation consensus sequence at its N-terminus (Met-Gly-X3-
Asn-Lys-). In the present study, we aimed to confirm JSP1 myristoylation by mass
spectrometry, as well as to analyze its possible role in regulating JSP1 functional activity.
We demonstrated that JSP1 was myristoylated at its N-terminus, which was not necessary
for the intrinsic phosphatase activity of the enzyme. However, myristoylation determined the
subcellular localization of JSP1, and was required for JSP1-induced activation of the JNK
signaling pathway. When overexpressed, wild type JSP1, but not a myristoylation mutant,
induced apoptosis in cells, further highlighting the importance of myristoylation for JSP1
functional activity.

Results
JSP1 was myristoylated in cells

JSP1 contains the putative myristoylation consensus sequence Met-Gly-X3-Asn-Lys- at its
N-terminus (Fig. 1A). To test whether JSP1 was myristoylated in cells, the phosphatase was
overexpressed and isolated from a human cell line and analyzed by mass spectrometry. We
constructed a GFP-tagged version of JSP1, with the tag being added to the C-terminus in
order not to interfere with myristoylation. The construct was expressed in 293T cells, GFP-
tagged JSP1 was immunoprecipitated from whole cell lysates and analyzed by nanoflow LC/
ESI-MS/MS. The tandem mass spectrum of the N-terminal tryptic peptide GNGMNK from
wild type JSP1 (JSP1-wt) revealed myristoylation of the first glycine residue (Fig. 1B),
which was not detectable in a mutant form of JSP1 in which the myristoylation site (Gly2)
was mutated to alanine (JSP1-G2A) (data not shown). The methionine residue in this
peptide was oxidized, which occurred either in the cells or during sample preparation. The
singly-charged peptide with monoisotopic mass of 846.48, which corresponds to the
predicted protonated mass of the myristoylated and oxidized peptide, was selected for
sequencing. In addition to all of the predicted b and y fragment ions, abundant peaks due to
the neutral loss of CH3SOH (molecular mass of 64 Da) from the oxidized methionine
residue were observed which confirmed the interpretation of the MS/MS spectrum [26]. The
N-terminal peptide eluted late in the reverse phase HPLC gradient during LC-MS
experiments, as would be expected for a hydrophobic (myristoylated) peptide (data not
shown).

JSP1 phosphatase activity was not dependent on myristoylation
Having confirmed that JSP1 was myristoylated in cells, we tested whether myristoylation
was essential for the intrinsic phosphatase activity of JSP1. We examined the activity of
JSP1-wt, JSP1-G2A or an inactive mutant, in which the active site cysteine (Cys88) was
changed to serine (JSP1-CS). These were expressed with a C-terminal 6xHis-tag in E. coli,
and the recombinant protein was purified using Ni-NTA Sepharose. Since JSP1
preferentially dephosphorylates Tyr residues [20], we used 32P-labeled reduced
carboxamidomethylated and maleylated lysozyme (RCML) as a substrate to determine
phosphatase activity in vitro. Whereas JSP1-CS did not show any phosphatase activity,
JSP1-wt and the -G2A mutant displayed comparable specific activities (Fig. 2), indicating
that myristoylation was not necessary for the intrinsic phosphatase activity of the enzyme.

Myristoylation regulated the subcellular localization of JSP1
Myristoylation is a post-translational modification that can target proteins to the plasma
membrane. In order to determine the subcellular localization of myristoylated versus non-
myristoylated JSP1, we expressed GFP-tagged JSP1-wt or -G2A in MCF-7 cells, and
analyzed JSP1 localization by confocal laser scanning microscopy (Fig. 3). Whereas JSP1-
wt localized to distinct sites in the cytoplasm, and was excluded from the nucleus, JSP1-
G2A was uniformly distributed throughout the cell. Cells transfected with a control GFP
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expression plasmid displayed a uniform distribution of GFP in the cytoplasm and nucleus,
excluding the possibility that the distinct localization of JSP1-wt could be due to the
attached tag (Fig 3). This suggested that myristoylation determined the subcellular
localization of JSP1 in cells. While the JSP1-G2A mutant displayed diffuse cytoplasmic and
nuclear localization, the perinuclear pattern of JSP1-wt expressing structures was indicative
of localization with intracellular membrane structures. We tested colocalization of JSP1-wt
with endosomal and Golgi structures using specific markers (EEA1, TfnR for endosomes
and GM130, TGN46 for Golgi) and found that JSP1-wt partially colocalized with the Golgi
apparatus and showed minimal colocalization with endosomes (data not shown).

Myristoylation was necessary for JSP1-induced activation of JNK
In contrast to most phosphatases, which negatively regulate MAPK signaling, JSP1 was
shown to be a positive regulator of the JNK signaling pathway [20,21]. Since myristoylation
determined the subcellular localization of JSP1, we asked whether abrogation of
myristoylation would also affect JSP1-induced JNK activation. We transfected Cos-1 cells
with expression constructs encoding JSP1-wt or the -G2A mutant, and determined
phosphorylation of JNK at Thr183 and Tyr185 using phospho-specific antibodies. In
contrast to JSP1-wt, the -G2A mutant failed to stimulate JNK phosphorylation (Fig. 4A,
compare lanes 2–3 and 4–5). Notably, JSP1 seemed to stimulate preferentially the
phosphorylation of the p46-isoform of JNK, whereas sorbitol treatment induced
phosphorylation of both the p46- and p55-isoforms. To confirm functional activation of the
JNK signaling pathway, we performed a solid-phase kinase assay using the downstream
transcription factor c-JUN as substrate. In accordance with JNK phosphorylation, expression
of JSP1-wt, but not the myristoylation mutant, enhanced phosphorylation o f c-JUN (Fig.
4B). Thus, myristoylation was necessary for JSP1-induced activation of the JNK signaling
pathway.

Wild type JSP1, but not the myristoylation mutant, induced cell death
During the course of our experiments, we observed that ~ 30% of the cells transfected with
the JSP1-wt expression construct started floating off the dish 24 hrs post-transfection. In
contrast, cells expressing JSP1-G2A, or the inactive mutant JSP1-CS, remained attached to
the culture dish. Anchorage-dependent cells normally undergo apoptosis after losing contact
with neighbouring cells or the extracellular matrix in a process termed anoikis. To test
whether the detached cells displayed features of apoptosis, we analyzed the phenotype of
transfected cells after staining with DAPI (Fig. 5A). We observed that the floating cells
showed condensation of chromatin, a morphological characteristic of apoptosis [27]. This
was in contrast to cells expressing JSP1-G2A or -CS, or to those transfected cells expressing
JSP1-wt that remained attached to the culture dish. Since detachment of cells and
condensation of chromatin also occurs during mitosis [28], we tested the impact of the pan-
caspase inhibitor Z-VAD-FMK on cell floating (Fig. 5B). Compared to the DMSO control,
Z-VAD-FMK significantly reduced the number of floating JSP1-wt-transfected cells. To
confirm further that JSP1-wt-transfected cells undergo apoptosis, we analyzed lysates from
transfected cells by immunoblotting with antibodies specific for cleaved Caspase-9 and
PARP (Fig. 5C). We detected both cleaved caspase-9 and PARP in JSP1-wt expressing,
floating cells. In contrast, cells expressing the -G2A mutant, and those transfected with the
JSP1-wt expression construct that remained attached to the dish, did not show cleavage of
Caspase-9 or PARP. Interestingly, the floating cells expressed considerably higher levels of
JSP1-wt than those cells that remained attached to the culture dish. Furthermore, cells
expressing the JSP1-G2A mutant remained attached to the dish despite the fact that the
mutant protein was expressed at similar levels to those of the wild type protein that was
encountered in the floating cells (Fig. 5C). Taken together, these data indicated that JSP1-
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wt, but not the -G2A mutant, induced detachment of cells and induction of apoptosis, further
demonstrating that the myristoylation mutant was functionally impaired.

Discussion
The dual-specificity phosphatase JSP1, and its relative DUSP15, are unique among members
of the PTP family in that they contain a potential myristoylation consensus sequence at the
N-terminus (MGNGMXK). In their study of VHY/DUSP15, Mustelin’s group demonstrated
that the VHY and VHX proteins incorporated 14C in cells metabolically labeled with [14C]-
myristic acid [29]. The goal of the present study was to demonstrate directly that JSP1 was
myristoylated, to apply a mass spectrometric approach to identify the residue in JSP1 that
was modified, and to analyze whether myristoylation had an effect on JSP1 function.

Modification by covalently linked fatty acids, i.e. myristoylation or palmitoylation, has been
shown to occur on a wide variety of signaling proteins. These hydrophobic modifications
can confer reversible association with membranes and other signaling proteins, which
modulates the specificity and efficiency of signal transduction [30]. N-myristoylation is the
covalent attachment of myristate, a 14-carbon saturated fatty acid, to the N-terminal glycine
of eukaryotic and viral proteins. The process is catalyzed by N-myristoyl transferase (NMT),
and generally occurs co-translationally following removal of the initiator methionine residue
by methionylaminopeptidases. The consensus sequence for NMT protein substrates is Met-
Gly-X3-Ser/Thr-Lys/Arg-, but only the requirement for Gly at the N-terminus is absolute.
For example, the tyrosine kinase c-Abl, a myristoylated protein, contains Gly and Lys at
positions 2 and 7, respectively, but no Ser/Thr at position 6 [31,32].

Between 0.5% and 3% of all eukaryotic proteins are N-myristoylated. These proteins have a
broad range of functions and include protein kinases and phosphatases, Gα proteins, nitric
oxide synthase (NOS), ADP-ribosylation factors (ARFs), and membrane-or cytoskeleton-
associated structural proteins (e.g. MARCKS). The myristoyl moiety serves several
functions: it can promote reversible binding and localization to membranes, stabilize the
conformation of proteins, and regulate protein interactions. For example, myristoylation of
Src is required for its localization to the plasma membrane, which is critically important for
its proper function. A non-myristoylated mutant of Src, although catalytically active, has no
transforming activity [33,34]. Stabilization of a protein by myristoylation is exemplified by
the example of cAMP-dependent protein kinase, where the myristoyl group binds to a
hydrophobic cleft in the protein, thus stabilizing its tertiary strucutre [35]. An unusual
example for the regulation of protein interaction is NADH-cytochrome b5 reductase (b5R),
where myristoylation interferes with binding of the signal recognition particle, resulting in a
part of b5R escaping the ER insertion pathway and relocating to the outer mitochondrial
membrane [36]. Myristoylation has also been implicated in the regulation of apoptosis.
Although normally a co-translational process, several proteins, including the proapoptotic
protein Bid, actin and the Ser/Thr kinase Pak2, become myristoylated at newly generated N-
terminal glycines after caspase cleavage [32]. In the case of Bid, the myristoylated fragment
relocates to the mitochondrial membrane, where it induces oligomerization of Bak and
subsequent cytochrome c release [37].

Myristoylation can also influence the movement and final destination of a signaling protein
within the cell. We observed that myristoylation of JSP1 determined its localization to
distinct sites in the cytoplasm. Signaling from internal membranes is now considered to be
an important aspect of the spatial and temporal regulation of signaling pathways, e.g. the
Ras/MAPK pathway [38,39]. In order to specify the JSP1-containing structures, we tested
colocalization of JSP1 with various marker proteins. Although we found that JSP1
colocalized with Golgi markers, further study is required to ascertain more precisely the

Schwertassek et al. Page 5

FEBS J. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distribution of JSP1 within the cell and to define its phosphorylated substrates and, thereby,
its mechanism of action.

We have previously reported that JSP1 specifically activated the JNK pathway, hence the
name JNK-stimulatory phosphatase 1 [20]. This result was supported by a second study that
showed that the murine DSP JNK-pathway associated phosphatase (JKAP), a splice isoform
of JSP1, specifically activated JNK when overexpressed in human embryonic kidney 293T
cells [21]. Overexpression of a catalytically inactive mutant (JKAP-C88S) blocked tumor
necrosis factor-α-induced JNK activation. Moreover, in murine JKAP−/− embryonic stem
cells, JNK activation was abolished in response to tumor necrosis factor-α and transforming
growth factor-β, but not in response to ultraviolet-C irradiation. These data illustrate that
JSP1 is required for cytokine-induced activation of the JNK pathway. In contrast, Ayoama et
al. suggested that when overexpressed in Cos-7 cells, JSP1/LMW-DSP2 dephosphorylated
and inactivated p38, and, to a lesser extent, JNK after stimulation of the kinases with the
appropriate agonists [22]. In addition, Alonso et al. reported a negative effect of JSP1/VHX
on T cell receptor-induced activation of ERK2 in transfected Jurkat T cells [23]. The reason
for these discrepancies is unclear, but could be due to differences of JSP1 function in the
different cell systems used. In the present study, we have confirmed activation of JNK and
its downstream transcription factor c-JUN by JSP1, which was dependent on a functional
myristoylation site. Since myristoylation was not necessary for the intrinsic phosphatase
activity of JSP1, but determined the subcellular localization of the phosphatase, this result
suggests that correct localization of JSP1 to specific subcellular compartments is critically
important for its functional activity in the JNK signaling pathway.

Overexpression of wild type JSP1, but neither the myristoylation-deficient mutant nor a
catalytically inactive mutant, induced ~ 30% of the transfected cells to float off the dish and
undergo apoptosis. Interestingly, the cells could tolerate high levels of the myristoylation-
deficient mutant and remain attached, whereas similar levels of the wild type protein
induced apoptosis. This study illustrates that the toxicity of wild type JSP1 presents a
technical challenge that prohibits functional analysis using overexpression systems.
Consistent with this, we have not been able to create stable cell lines expressing JSP1-wt
constitutively, and almost all of the existing cell lines we have examined do not express
detectable levels of JSP1 protein. In fact, in order to generate sufficient quantities of wild
type protein for mass spectrometric analysis of the myristoylation site, we used 293T cells as
expression system, since the presence of the SV40 large T antigen in these cells enhances
their resistance to apoptosis.

Apoptosis is a tightly regulated mechanism for disposal of damaged cells and to remove
cells during normal growth and development [27,40]. Cells that undergo apoptosis initially
become rounded, which is accompanied or followed by membrane blebbing, resulting in
small vesicles termed apoptotic bodies. Inside the cell, apoptosis is characterized by
condensation and fragmentation of the nucleus [27], as well as hydrolysis of nuclear DNA
into distinct fragments by endonucleases [41]. Two main pathways lead to caspase-
dependent apoptosis. In the extrinsic pathway, binding of death ligands to their respective
receptors recruit adaptor proteins, such as Fas-associated death domain protein (FADD),
which in turn bind and aggregate caspase-8 molecules, resulting in their autocleavage and
activation. Active caspase-8 proteolytically processes and activates downstream caspases,
eventually leading to substrate proteolysis, such as the nuclear poly (ADP-ribose)
polymerase PARP [40]. In the intrinsic pathway, cell stress or damage activates members of
the pro-apoptotic BH3-only protein family, which induce permeabilization of the outer
mitochondrial membrane. Release of mitochondrial cytochrome c triggers assembly of a
caspase-9-activating complex and subsequent activation of the downstream caspase cascade.
These pathways are not mutually exclusive and are connected by caspase-8, which can
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trigger proteolysis of the BH3-only protein BID. When we analyzed the phenotype of JSP1-
transfected, floating cells, we observed typical signs of apoptotic cell death, including
condensed chromatin in the nucleus. Further analysis revealed that floating could be
inhibited by treating the cells with a pan-caspase inhibitor, Z-VAD-FMK, simultaneously
with JSP1 transfection. Induction of apoptosis was further implicated by the presence of
cleaved Caspase-9 and PARP in floating cells (with high expression of wild type JSP1), but
not in attached cells (low JSP1 expression), or cells with equally high expression of the
myristoylation mutant. These results suggest that JSP1 induces apoptosis when
overexpressed in cells, and further demonstrate the importance of myristoylation for this
functional activity of JSP1.

It is reasonable to suggest that elevated JNK activity may precede the detachment and
induction of apoptosis in the sub-population of cells expressing high levels of JSP1. We
attempted to test this by treating cells with the JNK-inhibitor SP600125 concomitant with
transfection, to determine whether inhibition of JNK abrogated the effect despite JSP1
expression. However, these efforts were frustrated by the lack of specificity of SP600125,
which has also been reported by others [42,43]. Resolution of the importance of JNK
activation will require further experimentation.

In summary, JSP1, and VHY/DUSP15, are unique among the members of the PTP family in
having a putative N-terminal myristoylation sequence and unusual in light of their potential
to promote signaling. In this study, we demonstrate that JSP1 is myristoylated. Although this
modification is not required for the intrinsic phosphatase activity of JSP1, we demonstrate
that myristoylation is necessary for the ability of JSP1 to activate JNK signaling and to
trigger apoptosis upon overexpression in our cell models. Further studies will focus on
identification of physiological substrates of JSP1, to reveal the mechanism underlying its
effects on JNK signaling and whether this is linked to the observed triggering of apoptosis.

Experimental procedures
Mammalian expression constructs

Full-length human JSP1 (UniProt accession number: Q9NRW4) was cloned into the
mammalian expression vector pDEST12.2 (Invitrogen, Carlsbad, CA, U.S.A.). JSP1 mutants
were generated by site-directed mutagenesis using the QuickChange II Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, U.S.A.). For GFP-tagged JSP1, JSP1 wild type
or mutants were cloned into the eukaryotic expression vector pEGFP-N1 (Clontech,
Mountain View, CA, U.S.A.).

Cell culture, transfection and lysate preparation
Cos-1, 293T and HeLa cells were maintained at 37°C and 5% CO2 in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone, Logan,
Utah, U.S.A.), 100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen). Cells were
transfected with pDEST12.2-JSP1-wt, -G2A or -CS, and pEGFP-N1-JSP1-wt or -G2A,
respectively, using TransIT-LT1 Transfection Reagent (Mirus, Madison, WI, U.S.A.),
FuGENE 6 Transfection Reagent (Roche Applied Science, Indianapolis, IN, U.S.A.) or
Effectene Transfection Reagent (Qiagen, Valencia, CA, U.S.A.) according to the
manufacturer's protocol. After 24 hrs, floating cells were collected by centrifugation and
resuspended in lysis buffer (PBS/1% Triton X-100/25 µg/ml Aprotinin/25 µg/ml Leupeptin/
1 mM Na3VO4/5 mM NaF). Attached cells were collected directly in lysis buffer, and
lysates were cleared by centrifugation.
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Immunoblot analysis
Protein concentration of whole cell lysates was determined by Bradford assay, and equal
amounts of total protein were subjected to SDS-PAGE, followed by transfer to nitrocellulose
membrane (Whatman, Florham Park, NJ, U.S.A.). The membrane was blocked in 5% non-
fat dried milk in Tris-buffered saline containing 0.05% Tween 20 (TBST) and incubated
with primary antibody (Phospho-SAPK/JNK (Cell Signaling Technology, Danvers, MA,
U.S.A.), JNK1/JNK2 (BD Biosciences, San Jose, CA, U.S.A.), JSP1 (generated in this lab),
Cleaved Caspase-9 (Cell Signaling Technology), PARP (kind gift of Dr. Yuri Lazebnik,
CSHL) or β-actin (Sigma, Saint Louis, MO, U.S.A.)). Bands were visualized with
horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, U.S.A.) and ECL Western Blotting Detection Reagent (GE Healthcare,
Piscataway, NJ, U.S.A.).

Protein expression and purification
Full-length human JSP1 constructs were cloned into the bacterial expression vector pET-21b
(Novagen, Gibbstown, NJ, U.S.A.). JSP1-His6 constructs were expressed in E. coli-BL21,
cells were lysed by sonication in lysis buffer (50 mM Tris (pH 7.0)/100 mM NaCl/Complete
protease inhibitors (Roche)), and recombinant protein was purified from the cleared lysate
using Ni-NTA Superflow (Qiagen). The eluted protein was dialyzed against storage buffer
(25 mM Tris (pH 7.0)/50 mM NaCl/5 mM DTT/0.02% NaN3/50% glycerol) and stored at
−80°C.

Assay of protein phosphatase activity
32P-labeled reduced carboxamidomethylated and maleylated lysozyme (RCML) substrate
was prepared as described previously [44]. Protein phosphatase assays were performed
according to standard protocols [20] using 5 µM labeled substrate and 0.5 or 1 µg of
recombinant JSP1.

Counting of floating cells
Cos-1 cells were treated with 50 µM pan-caspase inhibitor Z-VAD-FMK (BIOMOL,
Plymouth Meeting, PA, U.S.A.), or DMSO as control, for 30 min prior to transfection, and
then transfected with JSP1-wt or JSP1-G2A expression constructs in the presence of
inhibitor. 24 hrs post-transfection, cells that had detached from the culture dish were
collected by centrifugation at 2,000 rpm, for 10 min, at 4°C. Pellets were resuspended in 100
µl of PBS, stained with Trypan Blue (Invitrogen) and counted using a haemocytometer.

Microscopic analysis
For JSP1 localization studies, HeLa cells were seeded on glass coverslips 24 hrs prior to
transfection. Transfections with pEGFP-N1-JSP1-wt or JSP1-G2A were carried out using
Effectene transfection reagent (Qiagen), according to the manufacturer’s protocol. 24 hrs
post-transfection, cells were fixed with 3% (w/v) paraformaldehyde, mounted with Mowiol
(Calbiochem, Gibbstown, NJ, U.S.A.) and analyzed by confocal laser scanning microscopy.
For the analysis of JSP1-induced cell death, Cos-1 cells were seeded on glass coverslips 24
hrs prior to transfection. Transfections with pDEST12.2-JSP1-wt, -G2A or -CS were carried
out using FuGENE 6 Transfection Reagent (Roche Applied Science), according to the
manufacturer’s protocol. 24 hrs post-transfection, cells were fixed with 5% (w/v)
paraformaldehyde, permeabilized in 0.5% Triton X-100/PBS, and stained with 1 µg/ml
DAPI (Sigma). Floating cells were collected separately, treated as described above, and
transferred onto slides. Cells were mounted with ProLong® Antifade reagent (Invitrogen),
and analyzed by fluorescence microscopy.
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Mass spectrometry
293T cells were transfected with pEGFP-N1-JSP1-wt or -G2A using TransIT-LT1
Transfection Reagent (Mirus), according to the manufacturer’s protocol. 48 hrs post-
transfection, whole cell lysates were prepared in immunoprecipitation (IP)-lysis buffer (50
mM Tris (pH 7.4)/150 mM NaCl/1% NP-40/0.5% sodium deoxycholate/25 µg/ml Aprotinin/
25 µg/ml Leupeptin), and 2.5 mg of total protein was precleared with Protein G Sepharose
4B Fast Flow (GE Healthcare) for 1 h at 4°C. The precleared supernatant was incubated
with polyclonal anti-GFP antibody (Invitrogen) coupled to Protein G Sepharose beads for 1
h at 4°C. After washes with IPlysis buffer, beads were resuspended in 2x Laemmli sample
buffer, and proteins were resolved by SDS-PAGE. The gel was fixed in 40% Methanol/10%
acetic acid, and stained with SYPRO Ruby Protein Gel Stain (Invitrogen) according to the
manufacturer's protocol. Bands containing JSP1-wt or -G2A were excised and digested
using mass spectrometry grade trypsin (Promega, Madison, WI, U.S.A.) at 12.5 ng/µl in 25
mM NH4HCO3 buffer according to a modified version of the protocol of Shevchenko et al.
[45]. The resulting peptides were extracted, dried under vacuum, and resuspended in 10 µl
of 0.1% formic acid/20% acetonitrile. 4 µl of peptide mixtures were analyzed using
nanoflow LC/ESI-MS/MS, with a NanoAquity UPLC coupled directly to a QTOF Premier
mass spectrometer (Waters, Milford, MA, U.S.A.). Peptides were separated by a 100 µm
i.d.×10 cm column (Waters) packed with 1.7 ⎧m BEH C18 beads using a linear gradient
from 5 to 85% acetonitrile in 0.1% formic acid over 100 min at 300 nl/min. Data acquisition
involved MS survey scans followed by 3 automatic data-dependent MS/MS acquisitions per
survey scan.

Abbreviations

DSP dual specificity phosphatase

JNK c-JUN N-terminal kinase

JSP1 JNK stimulatory phosphatase 1

MAPK mitogen-activated protein kinase

MAPKK or MEK MAPK kinase

MAPKKK or MEKK MAPK kinase kinase

PTP protein tyrosine phosphatase
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Fig 1.
JSP1 was myristoylated at its N-terminus. (A) Schematic representation of JSP1. The
potential myristoylation site (Glycine 2) is indicated by an asterisk. Amino acids critical for
catalysis (D57 and C88) are highlighted. (B) ESI-QTOF tandem mass spectrum of the N-
terminal tryptic peptide GNGMNK from wild type JSP1. The singly-charged peptide with
monoisotopic mass of 846.48 was selected for sequencing.
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Fig 2.
JSP1 phosphatase activity was not dependent on myristoylation. Recombinant wild type
JSP1 (JSP1-wt), the myristoylation mutant (JSP1-G2A), or a catalytically inactive mutant
(JSP1-CS) were incubated with 32P-labeled reduced carboxamidomethylated and maleylated
lysozyme (RCML) as substrate, and phosphatase activity was measured. Results (shown as
activity relative to wild type phosphatase) are the mean of two experiments (±SEM).
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Fig 3.
Myristoylation regulated the subcellular localization of JSP1. HeLa cells transfected with
plasmids encoding GFP-tagged JSP1-wt, JSP1-G2A, or GFP only were analyzed by
confocal laser scanning microscopy. Each image represents a single confocal section
acquired through the plane of the nucleus. Two representative sections are shown (Scale bar,
10 10µm).
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Fig 4.
Myristoylation was essential for JSP1-induced activation of JNK. (A) Cos-1 cells were
transfected with vector only or different amounts of JSP1-wt or -G2A mutant expression
plasmid, and total cell lysates were analyzed by immunoblotting with a phospho-specific
antibody to JNK. Sorbitol treatment [500 mM] was included as positive control. Total levels
of JNK and JSP1 were analyzed by immunoblotting with a JNK- and JSP1-specific
antibody, respectively. The level of β-actin was determined as additional loading control.
(B) Cos-1 cells were transfected with vector only or different amounts of JSP1-wt or -G2A
mutant expression plasmid, and endogenous JNK was precipitated from total cell lysates
using recombinant GST-tagged c-Jun. Precipitates were incubated with [γ-32P]-ATP, and c-
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Jun phosphorylation was determined by autoradiography. Total GSTc-Jun levels were
visualized with GelCode® Blue Stain Reagent.
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Fig 5.
Wild type JSP1, but not the myristoylation mutant, induced cell death. (A) Cos-1 cells were
transfected with expression plasmids for JSP1-wt, -G2A or -CS, stained with DAPI, and
analyzed by fluorescence microscopy. (B) Cos-1 cells were transfected with vector only
(vec), JSP1-wt (WT) or -G2A (G2A) and simultaneously treated with the caspase inhibitor
Z-VAD-FMK or DMSO as control. Cells detached from the culture dish were collected,
stained with Trypan Blue and counted. Results are the mean of three experiments (±SEM).
(C) Cos-1 cells were transfected with vector only, JSP1-wt or -G2A. Cells detached from the
culture dish and attached cells were collected separately, and total cell lysates were analyzed
by immunoblotting with antibodies specific for Cleaved Caspase-9, PARP and JSP1,
respectively.
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