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Abstract

Stress-activated protein kinase-3 (SAPK3) is unique amongst the mitogen-activated protein kinase (MAPK) family with its C-terminal 5

amino acids directing interaction with the PDZ domain-containing substrates a1-Syntrophin and SAP90/PSD95. Here, we identify three

additional PDZ domain-containing binding partners, Lin-7C, Scribble, and outer membrane protein 25 (OMP25). This latter protein is

localised together with SAPK3 at the mitochondria but it is not a SAPK3 substrate. Instead, OMP25 inhibits SAPK3 activity towards PDZ

domain-containing substrates such as a1-Syntrophin and substrates without PDZ domains such as the mitochondrial protein Sab. This is a new

mechanism for the regulation of SAPK3 and suggests that its intracellular activity should not be solely assessed by its phosphorylation status.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A conserved group of signalling proteins known as

mitogen-activated protein kinases (MAPKs) has been

divided into several subgroups according to their sequence

similarity and activating stimuli [1]. Within the p38 MAPK

subfamily, the four members p38a, p38h, p38g, and p38y
are activated in response to stress stimuli and are also

referred to as stress-activated protein kinase (SAPK) 2a, 2b,

3, and 4 [1]. Of these, SAPK3 is distinguished by its

resistance to the inhibitor SB203580 [1], its restricted tissue

distribution [2–5], its subcellular localisation [5–8], and its

substrate preferences [6–9].
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The C-terminal tail of SAPK3 allows its interaction

with the PDZ domains of its substrate proteins a1-

Syntrophin and SAP90/PSD95 [7,8], although interaction

with docking domains such as the Kinase Interaction Motif

is possible [6]. The interactions of SAPK3 with PDZ

domain-containing proteins provide a mechanism for the

localisation of SAPK3 into distinct subcellular compart-

ments. Thus, whilst SAPK3 interaction with a1-Syntrophin

allows localisation at the neuromuscular junction of

skeletal muscle [7], and interaction with SAP90/PSD95

allows localisation at the neuronal synapse [8], it is not

clear whether PDZ domain interactions direct the mito-

chondrial localisation of SAPK3 in cardiac muscle cells or

HEK293 cells [6].

Only one screen for SAPK3-interacting partners has

been reported [7]. This, together with a recent study [8],

suggests a preference of SAPK3 for PDZ domain-contain-

ing partners. Here, we report our findings from a yeast

two-hybrid screen using full length wild type SAPK3 as

bait. This revealed two new PDZ domain-containing

partners. However, neither protein is reported to be

mitochondrial in localisation and neither shows a tissue
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expression pattern like that of SAPK3. We therefore

evaluated the binding of SAPK3 to a PDZ domain-

containing outer mitochondrial membrane protein, outer

membrane protein 25 (OMP25) [10]. OMP25 interacted

with the SAPK3 C-terminus, but it was not a substrate like

the other PDZ domain-containing binding partners reported

to date. Instead, we show that this PDZ domain-containing

protein inhibits SAPK3 activity. Importantly, this inter-

action prevents the SAPK3 phosphorylation of PDZ

domain-containing proteins such as a1-Syntrophin and

substrates that lack PDZ domains such as Sab. This

provides a unique mechanism for the control of the activity

of this p38 MAPK member.
2. Materials and methods

2.1. Yeast two-hybrid screening

Yeast 2-hybrid screening used the Saccharomyces

cerevisiae L40 strain (MATa, his3D200, trp1-901, leu2-3,
112, ade2, LYS2::(lexAop)4-HIS3, URA3::(lexAop)8-lacZ,

GAL4) [11]. Full-length rat SAPK3 was subcloned into

pBTM116 [11] as an in-frame fusion to the LexA DNA

binding protein. pBTM116-SAPK3 was co-transformed

into yeast with a cDNA library derived from the

lymphohemopoietic progenitor cell line, EML clone.1

[12]. This library in the vector pVP16 produces fusions

to the VP16 transcriptional activation domain. The trans-

formed yeast colonies were subjected to HIS3 and h-gal
assays, and the library plasmids from these yeast colonies

that showed SAPK3-dependent trans-activation of the

HIS3 and lacZ reporter plasmids were subsequently

rescued into Escherichia coli. For secondary confirmation

of interaction, the positive library plasmids were co-

transformed with pBTM116-SAPK3, or with the controls

pBTM116-Lamin A or pBTM116-ARL6, into the yeast

L40 strain before being subjected to HIS3 and h-gal
assays. Colonies that showed SAPK3-dependent trans-

activation of the HIS3 and lacZ reporter genes, but no

activation in the presence of ARL6 or Lamin A, were

sequenced. To determine whether SAPK3-specific inter-

actions were dependent on the C-terminal tail of SAPK3, a

SAPK3 mutant where the 5 C-terminal amino acids were

removed (SAPK3DC) was also subjected to HIS3 and h-
gal assays.

2.2. Cell culture and transfection

HEK293 cells were maintained in DMEM supplemented

with 10% fetal calf serum and penicillin/streptomycin [5].

Transfections with plasmids allowing the expression of

either myc-SAPK3 [5] or HA-OMP25 [10] were performed

using Lipofectamine [5]. Cells were then cultured for an

additional 40 h prior to immunoprecipitation experiments or

immunocytochemical staining.
2.3. Immunoprecipitation experiments

Lysates from transfected HEK293 cells (100 Ag) were

incubated with anti-HA monoclonal antibody (5 Ag; Roche)
overnight at 4 8C, then HA-OMP25 was captured on protein

G-sepharose. The immunoprecipitates were subjected to

SDS-PAGE then Western blotting with an anti-SAPK3

antibody [5].

2.4. Immunocytochemical staining

HEK293 cells grown and transfected on glass coverslips

were processed for staining as described [5]. The primary

antibodies, the anti-HA mouse monoclonal (Roche) and the

anti-SAPK3 rat monoclonal [5,6], were used at final

concentrations of 12.5 Ag/ml and 6.6 Ag/ml, respectively.

Staining was observed by confocal scanning microscopy

[5]. No staining was observed in the control experiments, in

which primary antibodies were omitted.

2.5. Recombinant proteins

SAPK3, a1-Syntrophin [7], and Sab(219–425) [13] were

prepared as glutathione-S-transferase (GST)-fusion proteins.

Full length OMP25 was subcloned into the pGEX-6P

vector, introducing a stop codon to allow its preparation

as GST-OMP25(1–177). This removed the OMP25 trans-

membrane domain and allowed its expression in reasonable

quantities in E. coli. MKK6, a direct upstream activator of

SAPK3, was expressed in its constitutively active form

fused to the maltose binding protein, producing the protein

MalE-MKK6(DD) [14].

2.6. SAPK3 activity assays

GST-SAPK3 was activated with MalE-MKK6(DD) as

described [6]. Assays of SAPK3 activity were then performed

essentially as described [6], with 5 Ag of GST substrate for 1

Ag of activated SAPK3 and, as required, pre-incubation of

activated SAPK3 for 15 min at 30 8C with 1–10 Ag of GST-

OMP25 before assaying activity. The incorporation of the

radiolabel into the substrate was quantitated by Cerenkov

counting, and one-way analysis of variance was used to

analyse the results using the Statviewk SE+ Graphics

program. Values of Pb0.01 were considered significant.
3. Results

3.1. Yeast two-hybrid analysis of SAPK3-interacting

partners

In the only reported yeast two-hybrid screen for SAPK3-

interacting partners, a1-Syntrophin was isolated from a

skeletal muscle library and was shown to be a good in vitro

substrate for SAPK3 [7]. SAPK3 has been previously shown
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to be expressed in early hematopoietic progenitor cells [15],

and we therefore undertook a two-hybrid screen using a

library derived from the mouse lymphohematopoietic pro-

genitor cell line EML clone.1 [12] that is well-validated in our

laboratory [16,17]. The screening of 4�106 colonies resulted

in the isolation of 148 positive SAPK3-specific interacting

partners. Of these, 131 were partial clones of the PDZ protein

Scribble (NP_598850), and 17 were partial or full length

clones of the PDZ protein Lin-7C (NP_035829) (Fig. 1A and
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skeletal muscle [18]. Using a specific anti-Scribble mono-

clonal antibody, we have detected its presence in the

thymus, spleen, kidney, liver, and brain, but not in the

heart, testis, or skeletal muscle (results not shown), and have

confirmed its localisation at the basolateral cell membrane

([19,20] and results not shown). These results suggest that

Lin-7C and Scribble are not likely to be mitochondrial

binding partners for SAPK3.

We therefore evaluated the available literature for reports

of mitochondrial PDZ domain-containing proteins. Outer

membrane protein 25 (OMP25) is both mitochondrial in

localisation and contains one Class I PDZ domain [10].

Furthermore, OMP25 expression is reported for a variety of

tissues, with highest levels in skeletal muscle [10]. These

features would place OMP25 as a good candidate as a

SAPK3 binding partner of physiological relevance.

OMP25 (AF107295) is inserted into the outer mitochon-

drial membrane, with its PDZ domain facing the cytosol [10].

Its domain structure is shown schematically in Fig. 1C. Its
Fig. 2. SAPK3 and OMP25 interact by co-immunoprecipitation and co-localise in

and HA-tagged OMP25, were subjected to immunoprecipitation with HA antibo

control. The resulting immunoprecipitates collected on Protein G-sepharose were

representative of at least 4 independent experiments. IgG HC=immunoglobulin

transfected with HA-OMP25, were fixed, permeabilised, and stained with HA (i) a

with yellow staining indicating where SAPK3 (green) and HA-OMP25 (red) co-lo

Results shown are representative of 2 identical experiments. Scale bar=18 Am. (C)

(iii), then fixed, permeabilised, and stained with SAPK3 antibody. Hoescht 3325

representative of 2 identical experiments. Scale bar=18 Am.
structure is consistent with performing an anchoring role at

the mitochondria, and this has been shown for its ability to

localise the inositol phosphatase Synaptojanin 2A to the

mitochondria [10]. We tested the interaction of a truncated

OMP25 with SAPK3 in our yeast two-hybrid system.

Specifically, we chose an OMP25(37–177) mutant, which

does not include the mitochondrial targeting sequence that

would likely confound the nuclear interactions that drive the

transcriptional reporter systems in yeast two-hybrid analysis.

OMP25(37–177) specifically interacted with SAPK3, and

this was dependent on the C-terminal tail of SAPK3, since the

SAPK3D5C mutant failed to interact with OMP25 (Fig. 1D).

3.2. Confirmation of the interaction of SAPK3 with OMP25

We evaluated the interaction of SAPK3 with OMP25 in

three ways. First, HEK293 cells were transfected with HA-

OMP25 [10] and myc-SAPK3 [5]. The expression of

OMP25 and SAPK3 has been detected in the kidney
cells. (A) Lysates from HEK293 cells, transfected with myc-tagged SAPK3

dy (+aHA) or in the absence of the HA antibody (�aHA) as a negative

subjected to Western blotting with the SAPK3 antibody. Results shown are

heavy chain; IgG LC=immunoglobulin light chain. (B) HEK293 cells,

nd SAPK3 (ii) antibodies. Panel (iii) shows an overlay of Panels (i) and (ii),

calise. Hoescht 33258 staining is also included to visualise the cell nuclei.

HEK293 cells were treated with 0.5 M sorbitol for 5 (i), 15 (ii), or 30 min

8 staining is also included to visualise the cell nuclei. Results shown are
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previously [5,10], therefore, HEK293 cells were thought to

be a suitable model for studying the interaction between

these two proteins. Immunoprecipitation following the

addition of an anti-HA antibody, then immunoblotting for

SAPK3, showed the association of the two proteins (Fig.

2A). No SAPK3 could be detected when the anti-HA

antibody was omitted from the procedure (Fig. 2A). It was

not possible to assess this interaction by immunoprecipita-

tion with the myc-antibody or SAPK3-antibody, followed

by blotting with the HA antibody, due to the antibody light

chain interfering with OMP25 detection (results not shown).

Furthermore, when we immunoprecipitated HA-OMP from

HEK293 cells, the low transfection efficiency (~20%), the

less than 50% immunoprecipitation efficiency, and the lower

levels of endogenous SAPK3 in these cells compromised

the evaluation of the interaction of HA-OMP25 with

endogenous SAPK3. No commercially available OMP25

antibodies are yet available to confirm interactions of the

endogenous proteins in these protocols.

Next, we confirmed the co-localisation of OMP25 and

SAPK3 within intact cells. HEK293 cells were again

transfected with HA-OMP25, then HA-OMP25 and SAPK3

localisation was detected by confocal scanning microscopy

(Fig. 2B). In transfected cells, SAPK3 and HA-staining co-

localised in the aggregated mitochondria that are the result

of the overexpression of HA-OMP25 as previously

described [10].

Lastly, the localisation of OMP25 would not be expected

to change when cells are exposed to various stresses due to
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which likely represent partially transcribed GST-a1-Syntrophin or GST-a1-Syntro

experiments.
its transmembrane domain that acts as its anchor to the

mitochondria. However, it was of interest to evaluate the

localisation of SAPK3 under conditions that result in its

activation. We have previously shown that osmotic stress

activates SAPK3 in HEK293 cells [5]. When we evaluated

the localisation of SAPK3 following exposure of HEK293

cells to 0.5 M sorbitol for 5, 15, or 30 min, no change in

SAPK3 from its mitochondrial localisation could be

observed (Fig. 2C).

3.3. OMP25(1–177) is not a SAPK3 substrate but rather

inhibits SAPK3 activity in vitro

The PDZ domain-containing SAPK3 binding partners

a1-Syntrophin and SAP90/PSD95 are good in vitro

substrates for SAPK3 [7,8]. An examination of the

OMP25 sequence does not reveal any consensus MAPK

phosphorylation sites (Ser/Thr-Pro) [21], in contrast to the 9

and 6 sites in either a1-Syntrophin or SAP90/PSD95,

respectively [7,8]. We expressed OMP25(1–177) as a

recombinant GST-fusion protein because the expression of

the full-length protein in E. coli produced poor protein

yields (unpublished observations). When we tested GST-

OMP25(1–177) as a substrate in in vitro kinase assays

using SAPK3 as the kinase, this OMP25 construct did not

appear to be phosphorylated (Fig. 3). Under the same

conditions, recombinant a1-Syntrophin was an excellent

substrate (Fig. 3). Although it remains possible that full-

length OMP25 can be phosphorylated by SAPK3 in the
 +         +     
+         +       
-Syn OMP25

(1-177)

GST-α1-Syntrophin

GST-OMP25(1-177)

GST-α1-Syntrophin

GST-OMP25(1-177)

MalE-MKK6(DD) and subjected to kinase assays with GST-a1-Syntrophin

strate the even loading of GST substrates. The open arrows indicate bands

phin degradation products. Results shown are representative of 2 identical
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intact cell, for example with other proteins acting to promote

binding and/or phosphorylation, our results in the in vitro

kinase assay raised the question of whether the interaction

of SAPK3 with OMP25 could affect the activity of SAPK3

in other ways.

Active SAPK3 was therefore incubated with GST-

OMP25(1–177), and its activity was assayed towards two

different substrate proteins. As shown in Fig. 4, SAPK3

activity towards a1-Syntrophin was inhibited by the

inclusion of as little as 1 Ag of OMP25(1–177) in the

incubation mixture. The inclusion of 10 Ag of OMP25(1–

177) inhibited SAPK3 activity by up to 85% (Fig. 4). We

then determined the effects of the inclusion of OMP25(1–

177) on the activity of SAPK3 towards the substrate protein

Sab. The phosphorylation of Sab requires a Kinase

Interaction Motif rather than a PDZ domain [6]. However,

as shown in Fig. 4, the activity of SAPK3 towards Sab was

inhibited to an extent comparable to the inhibition observed

using a1-Syntrophin as substrate. Therefore, the ability of
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representative gel is shown in the top panel, and the middle panel shows the Coo

GST-Sab, and the increasing amount of GST-OMP25 in each assay. The bottom pa

of the GST-a1-Syntrophin or GST-Sab bands. The open arrows indicate bands w

Syntrophin degradation products. Results are shown as meansFS.E.
OMP25(1–177) to inhibit SAPK3 was not dependent on the

presence of a PDZ domain in its substrate.
4. Discussion

The archetypical MAPK pathway consists of a cascade of

protein kinases, namely, MAPK kinase kinases, MAPK

kinases, and the MAPKs themselves [22]. Thus, the

activation of each kinase in the pathway relies on its

phosphorylation by an upstream kinase and the deactivation

would presumably require their dephosphorylation by

phosphatases. For the MAPKs, serine/threonine phospha-

tases, as well as dual-specificity phosphatases, have been

implicated in these dephosphorylation events [23,24]. How-

ever, as the MAPK family is more extensively studied, other

mechanisms for control are being revealed. For example, the

protein kinases ERK3 and ERK7 have recently been shown

to be acutely regulated by proteolytic degradation rather than
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dephosphorylation [25,26], whereas 14-3-3 proteins interact

with a phosphorylated serine in the C-terminal tail of ERK5,

stabilising it in an inactive form by blocking the interaction

with the upstream activator MEK5 [27].

Additional levels of control in the MAPK pathway come

with the involvement of proteins with anchoring or

scaffolding roles [28,29]. These interactions can place

kinases, their substrates, or their regulators in the correct

intracellular location. A variety of protein interaction

domains can be involved in these processes, including

SH2 domains, SH3 domains, or PTB domains [30]. For the

SAPK3 pathway, PDZ domain-mediated interactions are

also possible due to the unique C-terminal tail of SAPK3

[7]. This interaction has been implicated in SAPK3 substrate

recognition, as well as maintaining its unique intracellular

localisation [7,8].

Here, we have identified 3 additional PDZ domain-

containing proteins, Lin-7C, Scribble, and OMP25, as

binding partners for SAPK3. Importantly, both Lin-7C and

Scribble, but not OMP25, have possible sites for phosphor-

ylation by SAPK3. Indeed, we have now shown that

OMP25 prevents the ability of activated SAPK3 to

phosphorylate substrates that contain PDZ domains such

as a1-Syntrophin as well as those that lack PDZ domains

such as Sab. This provides the first evidence for protein–

protein interactions preventing the actions of active SAPK3.

OMP25, which anchors the inositol phosphatase Synapto-

janin 2A [10], can therefore perform more than an anchoring

role at the mitochondria for the SAPK3 pathway.

There are at least three implications of this finding. The

first relates to the assessment of SAPK3 activation. Whilst

the use of phospho-specific antibodies has been widely

adopted as a means to assess the activities of kinases within

the MAPK cascades, caution is warranted when negative

regulatory proteins, other than phosphatases, are present

within the cell. In the case of SAPK3, changes in

phosphorylation (4-fold increase) have not strictly corre-

sponded with changes in the activity of SAPK3 (1.5-fold

increase) in skeletal muscle samples [31]. Even if OMP25 is

not the endogenous binding partner for SAPK3 in all

tissues, other PDZ domain-containing partners could inhibit

its activity. This, together with the observation that higher

levels of MKK6 activity are required to activate SAPK3

[14], sets SAPK3 apart from the other p38 MAPKs.

The second implication of this study is that SAPK3 must

be released from interactions with PDZ domain-containing

proteins such as OMP25 if it is to phosphorylate its

substrates. This provides an additional control mechanism

in the SAPK3 pathway and parallels the release of inward

rectifier K+ channel Kir 2.3 from the PDZ domain of

SAP90/PSD95 [32]. In this case, it is the phosphorylation of

a single amino acid within the C-terminal tail by cAMP-

dependent protein kinase that allows this disruption of

binding. The C-terminal tail of SAPK3 is Lys-Glu-Thr-Ala-

Leu [3]. The phosphorylation of the Threonine within this

sequence which conforms to the consensus site of phos-
phorylation by cGMP-dependent protein kinase [33] could

provide a release mechanism.

The final implication of this study is that the interaction

of the C-terminal tail of SAPK3 with PDZ domain-

containing proteins provides a unique means for control of

SAPK3 activity. Other SAPKs lack the C-terminal sequence

recognised by Class I PDZ domains. For example, the C-

terminal tail sequence of SAPK4 is Ser-Gly-Met-Lys-Leu.

Thus, SAPK4 or SAPKs other than SAPK3 would not be

expected to interact with the PDZ domain containing

proteins, nor be inhibited by them.

Taken together, our results reinforce the emerging idea of

additional layers of complexity in the regulation of the

MAPKs. Not only will phosphatases be negative regulators

of these pathways [34], but interactions with 14-3-3 proteins

[27], degradation by the proteasome [25,26], and interaction

with other non-substrate proteins such as seen here with the

interaction of SAPK3 and OMP25 will provide alternative

mechanisms for control.
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