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Abstract

Fibroblast growth factor homologous factors (FHFs) form native intracellular complexes with the
mitogen-activated protein kinase (MAPK) scaffold protein islet-brain 2 (IB2) in adult brain. FHF
binding to IB2 facilitates recruitment of the MAPK p388 (SAPK4), while failing to stimulate
binding of JNK, the preferred kinase of the related scaffold IB1 (JIP-1). We now report further
biochemical evidence supporting FHFs as regulators of I1B2’s function as a scaffold for p385
kinase activation. MLK3 and B2 synergistically activate p388, but not the MAPKs JNK-1 and
p38a. Binding of p388 to IB2 is mediated by the carboxyterminal half of the scaffold (IB2a1_436)-
FHF2 also binds weakly to IB2a1-436, and can thereby increase p385 interaction with 1B2a1_436.
FHF-induced recruitment of p386 to IB2 is accompanied by increased levels of activated p388,
and synergistic activation of p388 by MLK3/IB2 is further enhanced by FHF2. Consistent with a
role for FHFs as signaling molecules, FHF2 isolated from rat brain is serine/threonine
phosphorylated, and FHF can serve as a substrate for p388 in vitro. These results support the
existence of a signaling module in which IB2 scaffolds a MLK3/MKK/p388 kinase cascade. FHFs
aid in recruitment of p38 to IB2 and may serve as kinase substrates.

INTRODUCTION

Cellular responses to extracellular signals include activation of mitogen activated protein
kinase (MAPK) pathways that coordinate proliferation, differentiation, apoptosis and
survival. In mammalian cells, the three known branches of MAPKSs are ERKS, c-Jun amino-
terminal kinases (JNKs) and p38 MAPKSs, the latter two referred to collectively as stress-
activated protein kinases (SAPK), as they mediate responses both to environmental stresses
and to proinflammatory cytokines (1). Activated SAPKs phosphorylate a wide variety of
proteins, including transcription factors and cytoskeletal proteins (reviewed in (2,3). MAPKS
are typically activated through three-tiered kinase cascades: MAPK kinase kinases
(MAPKKKS) activate MAPK kinases (MAPKKSs), which in turn activate MAPKs (4,5).
Several different MAPKKKS can activate SAPKSs, including TAK1, ASK1 and members of
the family of Mixed Lineage Kinases (MLKSs). A set of MAPKKSs mediates activation of
SAPKs, with MKK4 and MKK?7 generally activating JNKs, and MKK3 and MKK6
generally activating p38s.
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JNKSs are regulators of cell proliferation and apoptosis during development and in response
to environmental stress (2). JNK-deficient mice display defects in developmental and
excitotoxin-induced neuronal apoptosis (2) and in T-cell function and immune responses (6).
Among the four p38 proteins, p38a and p38p play roles in cytokine- and stress-induced actin
cytoskeletal reorganization (7-9), as well as in cell differentiation and apoptosis (3).
Although no specific biological function has been uncovered for p388 (also known as
SAPK4) (10-12), several observations suggest p388 to be somewhat different from the
prototypical p38a and p38p. In vitro kinase assays have revealed a partially overlapping but
distinct substrate specificity for p388, including the ability to phosphorylate certain
microtubule associated proteins (13,14) and eukaryotic elongation factor 2 kinase (15). In
addition, some studies suggest that p388 may be activated by a broader spectrum of
MAPKKSs, including MKK4 and MKK7 (16).

Scaffold proteins contribute to signaling efficiency and/or specificity of MAP kinase
signaling by sequestering MAPK and upstream activating kinases (17). JNK-Interacting
Protein (JIP)-1, also known as islet-brain-1 (IB1), is a vertebrate scaffold protein which
regulates JNK activity. IB1 was discovered as a JNK-binding protein that also binds
MAPKKKs of the MLK family and the MAPKK MKK?7 (18-20). IB1 facilitates INK
activation when overexpressed by transfection together with 1B1-interacting upstream
kinases (20,21). Forced overexpression of IB1 or its JINK-binding domain inhibits JNK-
signaling in many types of cells (18,19,22). Endogenous IB1 appears to serve as both a
positive and negative regulator of JNK activity. JNK activation in mechanically stressed
urothelium is negatively regulated by 1B1, as demonstrated by gain- and loss-of function
experiments (23). By contrast, analysis of IB1-deficient mice showed IB1 to be required for
JNK activation in hippocampal neurons following exposure to excitotoxins or to anoxic
stress (20).

IB2 and its highly similar alterative splice isoform, JIP-2 (Figure 1A), were discovered
through their homology with IB1. IB2 and I1B1 share considerable amino acid sequence
homology in an N-terminal region encompassing the JNK binding domain in IB1, and in the
C-terminal half including, but not limited to, the SH3 and PTB domains (see Figure 1A).
IB2 and JIP-2 interact with MLKs and MKK?7, and initial studies had identified IB2 and
JIP-2 as additional putative scaffolds regulating the JINK pathway (24,25). In contrast to
IB1, however, IB2 interacts in vivo with fibroblast growth factor homologous factors (FHFs)
(26). FHFs were intially identified by virtue of their sequence homology to fibroblast growth
factors (FGFs) (27-29). However, FHFs are different from FGFs in several ways. FHF
proteins are synthesized and localized within native or transfected expressing cells (26,27),
as opposed to the function of FGFs as secreted growth factors acting on extracellular
receptors (30). Consistent with FHF intracellular localization, we have shown that FHFs
facilitate recruitment of a specific SAPK, p383, to IB2 in transfected 293T cells (26). These
findings have revealed fundamental differences in the signaling complexes assembled by
IB2 versus IB1.

Here, taking advantage of the identification of p385 as a potential IB2-regulated kinase, we
investigated the role of FHFs in recruitment of p385 to IB2 and subsequent activation of
p383 in a tissue culture overexpression system. We show that FHF interaction with 1B2
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facilitates the association and subsequent activation of p385. We also show that p388
interacts with the C-terminal half of IB2, which stands in contrast to JNK interaction with
the aminoterminal region of IB1 (JIP-1b). Lastly, we show that FHF2 is serine/threonine
phosphorylated in adult rat brain, consistent with an intracellular function for this 1B2-
interacting protein.

MATERIALS AND METHODS

Nomenclature and sequences

Four murine and corresponding human FHF genes were described by Jeremy Nathans and
coworkers (27). Our database searches identified three of these four FHF genes, which we
had originally referred to as FGFs (FGF-11 = FHF3, FGF-12 = FHF1, FGF-13 = FHF2)
(28,29,31), and FHF4 was given the alternative name FGF-14 (32). Since FHFs so far lack
demonstrable FGF-like activity and since we have characterized an intracellular function for
these factors, we now refer to these factors solely by the acronym FHF, so as to distinguish
them from FGFs. Our previously described FGF-12A is now referred to as FHF1, while the
alternatively spliced FGF-12B is herein referred to as FHF1B (28).

Alluding to its most prominent sites of expression, we (26) and others (25) have described
islet-brain-2 (IB2), while an alternative splice form of this gene has been described as JIP-2
(24). In the absence of in vivo data implicating 1B2 or JIP-2 in regulation of JNK, we have
adopted the functionally neutral islet-brain nomenclature.

Mammalian expression vectors

Antibodies

Vectors to express wild type and mutant derivatives of human IB2, murine IB1(JIP-1B)
(20), and human SHP-2 (33) as N-terminal Flag-tagged proteins have been described as well
as vectors to express N-terminal 5X-Myc-tagged versions of human FGF1 (Genbank
#E04557) and the long isoform of FHF2 (34).

pCDNA-T7-MLK3 was constructed by PCR modification of a human MLK3 cDNA
template to add the N-terminal T7 tag (MASMTGGQQMG) prior to cloning into pPCDNA3
(Invitrogen). The B1 isoform of human MKK?7 (35) was RT-PCR amplified from human
brain cDNA and cloned into pEBG (36) to attach an N-terminal GST-tag. All other kinase
expression vectors, including pPCDNA-HA-JNK1al, pCEV29-HA-p38a, pCEFL-HA-p388
and pCEFL-HA-MLK3, were gifts from R. Silvio Gutkind.

Antibodies to epitope tags: HA-tag, mouse monoclonal 12CA5, 1gG,p, and Myc-tag, mouse
monoclonal 9E10, 19G4 (Mt. Sinai School of Medicine Monoclonal Antibody Facility);
Flag-tag, mouse monclonal M2, 19G; (Sigma Chemical); Flag-tag, rabbit polyclonal (Zymed
Corp.); T7-tag, mouse monoclonal, 19G,, (Novagen); GST-tag, mouse monoclonal, 1gG;
(Santa Cruz Biotech.).

Rabbits were immunized against peptides corresponding to mouse FHF2 residues 234-244
(GGKSMSHNEST) synthesized with added N-terminal cysteine for sulfhydryl-mediated
directional coupling to carrier protein (Research Genetics). Antibodies were affinity purified
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with corresponding peptides immobilized on activated agarose (Pierce Chemical). FHF2
antibodies recognized FHF2, but not FHF-1, in lysates from expression vector-transfected
293T cells. FHF2 antibodies were biotinylated using N-sulfo-biotin reagent (Pierce
Chemical).

Western blotting employed horseradish peroxidase-conjugated secondary antibodies specific
for mlgGy, mlgGoy, or rabbit 19G or (CALTAG), or horseradish peroxidase-conjugated
streptavidin (CALTAG) to detect biotinylated FHF2 antibodies.

Protein complexes in transfected cells

293T cells seeded onto gelatinized or Primaria-coated 6-well cluster dishes (Falcon) were
transiently transfected and subsequently harvested as described (34). Experiment to
experiment small differences in cell density, growth rate, and response to transfection
conditions substantially influenced the magnitude of responses reported. Therefore, each
figure panel presents comparisons made among samples derived from the same transfection.
Immunoprecipitation assays from transiently transfected 293T cell extracts as well as
subsequent analysis by SDS PAGE and standard Western blot analysis have been described
(34).

Assays for MAP kinase activity

Cells were stimulated before lysis with 0.5 mM H,0, for 30 min or with 50 ng/ml
anisomycin for 20 min. MAPK activities in transfected cells were detected by immune
complex kinase assays performed as previously described (37). Cell extracts containing HA-
tagged kinases were incubated overnight at 4°C with 2 pg 12CAS5 anti-HA in lysis buffer
and immunoprecipitated using GammaBindG-Sepharose. Immunoprecipitates were washed
three times in PBS/ 0.1% NP40/ 2 mM sodium orthovanadate, once with 100 mM Tris-HCI
pH 7.5 - 0.5M LiCl and once with kinase buffer (12.5 mM MOPS, pH 7.5 -12.5 mM -
glycerophosphate - 7.5 mM MgCl; - 0.5 mM sodium orthovanadate - 0.5 mM NaF - 0.5 mM
EGTA). Pellets were incubated in 30 pl kinase buffer containing 1 ug substrate, 1 uCi
[v-32P] ATP, 3.3 mM dithiothreitol and 20 M ATP for 30 minutes at 30°C on a shaking
platform. Bacterially expressed GST-ATF-2 or GST-cJun (Santa Cruz Biotech) were used as
substrate for p38s and JNK, respectively. Recombinant human FHF1B used as a substrate
was purified from induced BL21(DE3)pLysS harboring pET-FHF1B vector. Assays were
terminated by addition of Laemmli sample buffer, boiled for 5 minutes, and proteins
resolved by SDS-PAGE and transfer to PVDF membrane. The incorporation of 32P in
substrate was visualized by autoradiography, and quantitated after Phosphorlmager exposure
using ImageQuant software (Molecular Dynamics). Only extracts with comparable levels of
exogenous HA-tagged kinases were compared, as determined by Western blotting of
extracts and immunoprecipitated kinases.

Activity of HA-tagged p388 or HA-tagged JNK1 was also assayed by electrophoresis,
blotting, and probing with antibodies specific for threonine/tyrosine dually phosphorylated
p38 and JNK proteins, respectively (New England Biolabs).
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Assays to detect FHF phosphorylation

Protein extracts from 7 day old rat pup cerebella were prepared as described (34). Cerebellar
extracts (1 mg protein) were incubated overnight at 4°C with 2 ug antibody in lysis buffer.
Immune complexes were recovered the following day using ProteinG-Sepharose. Pellets
were washed two times in lysis buffer, once in 20 mM Tris-HCI pH 7.4, 137 mM NaCl, 2
mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM PMSF, 10 ug/ml aprotinin and 10 pug/ml
leupeptin and once in 20 mM HEPES pH 7.5 - 0.1 M NaCl - 0.5 mM MnCl; - 30 uM
sodium orthovanadate — 5 mM benzamidine -1% NP40 - 2 mg/ml BSA (PP buffer). Pellets
were incubated in 50 ul PP buffer in the presence of PP2a (generous gift from David Li) —/+
50 nM okadaic acid for 20 min at 30°C on a shaking platform. Assays were terminated by
addition of Laemmli sample buffer, boiled for 5 min, and proteins resolved by SDS-PAGE
(12% gels) and transferred to PVDF membrane. Proteins species in immunoprecipitates or
total lysates were identified by standard Western blot analysis, using primary biotinylated
antibody, streptavidin-conjugated secondary antibodies (CALTAG), and chemiluminescence
detection with ECL reagent (Amersham Pharmacia Biotech).

RESULTS

p388 is an IB2 regulated kinase

IB2 can complex with p385, but not other MAPKS, including JNK1, in transfected 293T
cells (26). These findings suggested that IB2 may regulate p385 kinase activity. As a means
to survey the putative involvement of IB2 in regulation of p385, we tested whether 1B2 was
capable of stimulating or inhibiting activation of p388 in 293T cells. Basal activity of p385,
detected by the presence of phospho-p388, was found to be weakly activated in some
experiments by coexpression of IB2 (Figure 2A). Additionally, IB2 increased activation of
p386 induced by peroxide stress (Figure 2A). By contrast, activation of p385 by anisomycin
stress was inhibited by 1B2 expression (Figure 2B), similar to findings reported for effects of
IB1 (JIP-1) on JNK activation (20). These findings demonstrate that IB2 can positively or
negatively modulate signaling pathways leading to p385 activation.

IB2 binds to the MAPKKK MLK3 and related members of the family of mixed-lineage
kinases, but not to other MAPKKKSs (24), and to the MAPKK MKK?7, but not to other
MKKs [(24,25), and JS and MG, unpublished data]. Hence, IB2 is envisaged to scaffold a
MAPK pathway, enlisting MLKs and MKK?7 as upstream kinases of p383. However, the
published data regarding the ability of MKK7 to activate p385 is conflicting (10,16). To
address this issue we tested directly MKK7’s ability to activate p386. Upon coexpression of
both kinases in 293T cells, protein kinase activity of p388 (measured on immunoprecipitates
using ATF-2 as in vitro substrate) was easily demonstrated (Figure 2C).

In order to test the potential of IB2 to facilitate activation of p385 by upstream kinases, we
coexpressed 1B2 and p388 proteins in 293T cells together with increasing amounts of an
upstream activator kinase, MLK3. Parallel transfections were performed using JNK1 in
place of p386 as a negative control. MAPK activities were measured with antibodies specific
for either phospho-p38 or phospho-JNK. In the absence of 1B2, MLK3 activated JNK-1 or
p383 in a concentration-dependent manner (Figure 3A,B). Activation of JNK by increasing
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amounts of MLK3 was not enhanced by the inclusion of 1B2 (Figure 3B), consistent with
the absence of detectable IB2/JNK binding in 293T cells (26). By contrast, IB2 significantly
enhanced the weak activation of p386 by MLK3 (Figure 3A). Together, these findings
provide evidence that IB2 assembles a signaling cascade in which MLK3 activates p383,
presumably through the MAPKK MKK?7.

FHF-dependence for IB2/p388 interaction is overcome by elevated IB2 concentration

We have previously shown that FHFs promote 1B2/p386 interaction, identifying FHFs as
cofactors in the recruitment of p383 into a heterotrimeric IB2/FHF/p385 complex (26). The
FHF-independent activation of p386 by MLK3 and IB2 seen above (Figure 2A) might have
been the consequence of high 1B2 expression in these experiments together with inherently
weak 1B2 affinity for p388. We tested this possibility by analyzing 1B2/ p388 complex
formation in transfected 293T cells, varying the amounts of IB2 and FHF2 proteins. At
lower IB2 protein levels, weak p388 interaction was potentiated by FHF2 (Figure 4A, lanes
1 and 3), as reported previously (26). By contrast, IB2/p388 interaction could be rendered
FHF-independent when IB2 expression levels were increased (Figure 4A). At high scaffold
concentration, IB2 still could not complex significantly with other p38s nor with JINK1,
ERK2, or BMK/ERKS5 (data not shown).

The carboxyl-terminal half of IB2 mediates binding to p388

In order to map the region of IB2 required for p386 interaction we employed several
terminal and internal deletion derivatives of human IB2 (Figure 1B) in cotransfection with
p3838. The analysis was guided by the presence of a major FHF-binding domain within the
region spanning IB2 residues 212-471 (26) and three regions of 1B2/IB1 homology (see
Figure 1A). Region | spans IB2 residues 55-141 and includes residues homologous to the
JNK-binding domain on IB1 (18), region Il spans IB2 residues 477-504, and region 111
spans the C-terminal 263 residues of 1B2 (including both an SH3 and a PTB domain). I1B2/
p3838 interactions were assayed after cotransfection of flag-tagged 1B2 mutants, HA-tagged
p3838, and in some cases myc-tagged FHF2. We manipulated IB2 expression to higher or
lower levels, which allowed comparison of FHF-independent (Figure 4B) to FHF-induced
(Figure 4C, D) interaction with p383. 1B2/p385 complexes were assayed by anti-HA
Western blot after anti-flag immunoprecipitation (Figure 4B, D), while heterotrimeric
FHF/IB2/p388 complexes were assayed by anti-HA Western blot after anti-myc (FHF)
immunoprecipitation (Figure 4C). These data are also summarized in Figure 1B.

An IB2 mutant (1B2a90-174) harboring a deletion in region | was as efficient as wild-type
IB2 for p385 binding (Figure 4B). This mutant also effectively mediated formation of a
FHF2/1B2a90-174/p388 heterotrimeric complex (Figure 4C). Hence, despite sequence
homology between 1B1 and IB2 in the region encompassing the JNK-binding domain of
IB1, the corresponding domain of 1B2 is dispensable for binding of p388.

Further mutational analysis demonstrated that p388 binding requires more C-terminal 1B2
sequence elements. IB2x212_471 complexed with p3838 as efficiently as did full-length 1B2
(Figure 4B). However, 1B2a459_509 and 1B2514-797, bearing deletions spanning region 11 or
111, respectively, displayed reduced abilities to bind p383, while IB2a459_797 could not
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interact with p385 at all (Figure 4B). Moreover, formation of a FHF2/ 1B2p459-520/p386
heterotrimeric complex was very inefficient as compared to wildtype IB2 (Figure 4C).
Consistent with the above findings, a 1B2 fragment spanning regions Il + 111 (1B2a1-436)
retained the ability to interact with p388 (Figure 4B). These data define the IB2 C-terminal
homology regions Il and Il as bearing the determinants for p383 interaction.

A weak FHF-binding site on IB2 involved in formation of FHF/IB2/p386 complexes

FHF2, IB2 and p385 assemble into a heterotrimeric complex when overexpressed in 293T
cells, and deletion of the major FHF binding domain (residues 212-471) nearly abolishes
IB2’s ability to assemble such complex (26)(and Figure 4C). 1B2 deletion of part of the p385
binding domain (IB2p459-529) Severely impaired heterotrimeric complex formation as
anticipated (Figure 4C). Surprisingly, IB2a1-436 Was able to assemble into heterotrimeric
complexes with FHF and p385 (Figure 4C). This finding suggested that an additional
binding site for FHF might be present within IB2x1_436. We screened for additional FHF
binding regions in IB2, overexpressing tagged proteins in cotransfected 293T cells. As
reported before, wildtype IB2 binds FHF2 strongly, while 1B2a212_471 (missing the major
FHF binding domain) did not bind at all (Figure 5). The C-terminal segment of 1B2 resulting
from further truncation of the aminoterminus (IB2a1-436) bound FHF weakly (Figure 5).
This finding together with previous mapping of FHF/IB2 interaction domains [(26);
summarized in Figure 1B], suggested that the C-terminal half of IB2 harbors a weak binding
site for FHF as well as p383, and that the weak FHF-binding site is masked by a more
aminoterminal region of IB2. Consistent with the presence of both a weak FHF binding site
and a p38s binding site in the C-terminal half of IB2, interaction between 1B-2a1_435 and
p388 was modestly potentiated by cotransfection of FHF2 (Figure 4D). These results suggest
that the weak FHF-binding domain in the C-terminal half of 1B2 contributes to FHF-induced
recruitment of p383§ to I1B2.

FHF promotes p386 activation through recruitment of p386 to IB2

In order to determine whether FHF-induced recruitment of p386 to IB2 favors p386
activation, we expressed tagged versions of these signaling proteins in 293T cells at levels
sensitive to FHF induction of scaffold/kinase complexes. Subsequently, p385 kinase activity
was assayed by Western blot using antibodies against phospho-p38, or in kinase assays
using ATF-2 as in vitro substrate. When cells were transfected with p388 and 1B2, a low
basal level of p386 activity was observed. In the presence of increasing concentrations of
FHF2, p385 phosphorylation and kinase activity increased commensurately (Figure 6A).

We next tested the separate and combined effects of FHF2, MLK3 and I1B2 on activation of
p3838. As shown in panel B of Figure 6, expression of 1B2 by itself did not stimulate p385
activity and expression of MLK3 alone stimulated p385 activity only 2.2-fold. By contrast,
coexpression of MLK3 with IB2 stimulated p386 activity 19-fold. In the absence of IB2,
FHF was unable to stimulate p385 activity, nor could it potentiate the weak activation of
p388 by MLK3. By contrast, FHF2 augmented the 1B2-mediated activation of p385 by
MLK3 (Figure 6B). Reflecting the binding specificity of IB2 for p388, 1B2 could not
potentiate MLK3-mediated activation of p38a (Figure 6B). These results demonstrate that
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FHF-mediated recruitment of p385 to 1B2 enhances the signaling efficiency of the 1B2
module.

FHF phosphorylation

For each FHF gene, mMRNAs generated by alternative splicing of transcripts encode variant
isoforms differing in N-terminal sequence (28,32,38); for FHF2, the predicted isoforms are
21.5 and 27.5 kD (Genbank Accessions NM_033642 and NM_010200, respectively). We
investigated the expression and sizes of FHF2 isoforms in extract of rat cerebral cortex by
Western blot using antibodies raised against an epitope in the common C-terminus of FHF2
variants.

FHF2 species corresponding to both predicted isoforms were detected (Figure 7A, lane 1).
However, when the extracts were subjected to immunoprecipitation with the same antibody
prior to Western blot, the approximately 28 kD species was significantly underrepresented
(Figure 7A, lane 2). Treatment of immunoprecipitates with phosphatase PP2a restored
detection of the 28 kD species (Figure 7A, lane 3), and this effect was blocked when the
phosphatase inhibitor okadaic acid was included in the treatment (Figure 7A, lane 4). These
findings demonstrate that the longer FHF2 isoform is phosphorylated on serine or threonine
residues, rendering its immunoprecipitation and detection by antibodies inefficient. FHF2 is
most likely phosphorylated within the C-terminal epitope which served as immunogen,
thereby masking antibody recognition.

Additional FHF2 species ranging from 30,000 to 34,000 apparent molecular weight were
also detected in the brain extracts, indicating additional FHF post-translational modifications
(Figure 7, lanes 1,2). Phosphatase pretreatment of immunoprecipitates reduces detection of
the 32,000 apparent molecular weight species (Figure 7, lane 3). This finding suggests that
additional serine/threonine phosphorylation results in retarded FHF electrophoretic mobility.

As FHF associates with the 1B2 scaffold and is phosphorylated in vivo, we considered the
possibility that FHFs are substrates of the scaffolded kinase cascade. To preliminarily
address this question, HA-tagged p388 from untreated or peroxide-treated cells was
immunoprecipitated and incubated in vitro with recombinant, bacterially expressed FHF1.
Phosphorylation of FHF1 was detected after incubation with peroxide-activated p385, but
not with inactive p388 (Figure 7B), demonstrating that FHF-1 can serve as a p388 substrate
in vitro. Phosphorylation of FHFs in vivo and in vitro provides further evidence for
intracellular FHF function and suggests that this function may be regulated by the kinase
complex associated with IB2.

DISCUSSION
A p388 kinase cascade coordinated by IB2

Islet-brain proteins are kinase scaffolds and mediate MAPK activation through MLKs and
MKK?7 in transfected cells. INKs have been identified as the exclusive targets of IB1
regulation (24). We identified 1B2 as an FHF binding protein and showed it to bind p385 in
contrast to JNKs or other MAPKSs (26). We have now shown that FHF-induced binding of
IB2 to p3835 is associated with activation of p383, and that 1B2 can facilitate activation of
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p388 by MLK3. We thereby suggest p386 to be an IB2-regulated MAPK, making 1B2 the
first vertebrate scaffold protein found to bear specificity for a member of the p38 subfamily
of MAPKSs. This model is also consistent with the ability of MKK?7 to activate p388 [Figure
1, and (16)]. The coupling of MLK3 and MKK?7 to JNK and p388 by IB1 and I1B2,
respectively, extends to vertebrates a principle of kinase target specificity first appreciated in
yeast, wherein the MAPKKK STE11 is channelled towards FUS3 or HOG1 MAPK in
response to different cell stimuli acting through different kinase scaffolds (39).

Previous studies from Yasuda et al. (24) reported weak binding of the N-terminal 1B2
variant JIP-2 to JNKs in transfected COS cells, and 1B2 potentiated MLK3-induced JNK
activation in these cells. By contrast, we find that 1B2 fails to bind JNK1 in 293T cells (26).
Moreover, in many experiments in 293T cells with varying levels of 1B2, JNK and upstream
kinase, JNK activity was not significantly enhanced in the presence of IB2 (Figure 2, and
J.S., unpublished data). IB2, instead, could bind to p385 and facilitate p385 activation [(26),
and this paper]. Furthermore, the amino-terminal variant JIP-2 binds to p388 as effectively
as does IB2 in 293T cells (J.S., unpublished data). We suggest that the differences between
our findings and those of Yasuda et al. (24) may result from different scaffold/kinase
interactions in different cellular contexts.

The IB2 scaffold and FHFs are principally expressed in the nervous system (25,28) along
with several known or putative scaffold-associated kinases, i.e. DLK, MLK3, JNK and p388
(2,12,40). The assignment of specificity of IB2 scaffold towards the JNK or p385 kinases is
based so far on evidence obtained in overexpression assays in non-neuronal tissue culture
cells. While interaction of endogenous 1B2 with FHFs in the brain has been validated (26),
identification of the actual MAPKs assembled by IB2 in vivo still await confirmation.

Kinase interactions with IB scaffolds

A short aminoterminal segment of IB1 (JIP-1B, residues 152-162) has been described as its
JNK-binding domain (18,20). Although this segment bears 55% sequence identity to a
corresponding segment of IB2 (residues 106-116), we failed to detect direct binding of p388
to this homology region in IB2. The p386-binding domain of IB2 includes residues C-
terminal to the major FHF-binding domain, which are related to IB1 (homology regions 11,
[11). In other words, despite well-aligned regions of sequence homology, the MAPK-binding
segments of IB2 and IB1 appear unrelated in position and sequence. Despite these
unanticipated findings, it is still possible that IB1 and B2 fold to create similar MAPK
binding surfaces consisting of N-terminal region | and more C-terminal elements; within this
common fold, IB2 and IB1 could differ in the residues which primarily contribute to
stabilizing interactions with their respective kinases. We also note that the ability of IB2 to
homooligomerize or heterooligomerize with IB1 (JIP-1) [(24); and J. S., unpublished data]
raises the possilibity that these scaffolds may coordinately activate both JINK and p385.

IB kinase scaffolds were initially modelled as bearing multiple domains each able to bind all
kinases in a cascade simultaneously (39). However, IB scaffolds may bind kinases
sequentially, as INK binding to IB1 decreases the affinity of DLK or MLK3 to the scaffold
by an unknown mechanism, resulting in their activation (21). Preliminary studies have
identified the C-terminal half of IB2(JIP-2) containing homology domains Il and 111, as the
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binding region for MLK3, MKK7 (24) and p388 (this study). Our preliminary analysis in
293T cells, using 1B2 mutants lacking either domain Il or 111, has failed to assign
independent separable binding sites for each of these kinases; each of these mutants
(IB2p459_529 and 1B2a514_797) displayed reduced binding to both p38§ (Figure 4B, C) and
MLK3 (J.S., unpublished data). In other words, homology domains Il and 1l may contribute
to a binding surface for multiple kinases. Our findings leave open the possibility that 1B2
scaffold binding sites for different kinases overlap and preclude simultaneous occupancy. If
s0, a signaling unit containing multiple kinases may be assembled through oligomerization
of 1B2 chains, each harboring different kinases.

FHFs function through interactions with intracellular proteins

Although FHFs bear substantial sequence homology with the core region of FGFs, FHFs
complex with IB2 to recruit p385, pointing towards an intracellular role in MAPK signaling
(26). The relationship of FHFs to protein phosphorylation is now further supported by
additional findings: 1) FHF2 positively regulates IB2 function, facilitating 1B2’s ability to
mediate the activation of p385, and 2) FHF is a phosphoprotein in vivo.

Analysis of truncated IB2 proteins has defined the C-terminal 360 residues of IB2 as
possessing the binding site for p386 (Figure 4B, C), along with a minor binding site for FHF
(Figure 4D). Hence, I1B2x1_436 can form heterotrimeric complexes with FHF and p385, and
FHF can potentiate 1B2,1_436/p388 interaction. More upstream IB2 sequences, within a
region bearing no sequence homology to IB1, are required for strong interaction with FHF.
Potentially, FHFs may interact with both major and minor FHF binding domains on IB2 to
promote a stronger affinity of the complex towards p386.

Whereas IB2 is expressed in apparently all neurons of the central and peripheral nervous
systems (M.G., unpublished data), FHF expression is restricted to subsets of neurons
(27,28,32). Regulation of FHF expression in neurons may be a direct stimulus for MAPK
activation on IB2. Alternatively, FHF may serve as cofactor for MAPK recruitment to I1B2,
allowing for kinase activation by other stimuli in FHF-positive neurons. Furthermore, FHF
phosphorylation in brain and by p386 in vitro opens to speculation the possibility that FHF
is a target of IB2-scaffolded kinases.

Potential function of the IB2 signaling module

The JNK scaffold IB1 is essential for stress-induced apoptosis in hippocampal neurons and
has been suggested to connect kinesin motors for microtubular transport to vesicular cargos.
By contrast, the biological functions of IB2 are currently unknown. Here we speculate
regarding IB2 function, based upon current knowledge of IB1 function together with our
findings.

Kainate stress results in JINK- and c-Jun-mediated neuronal apoptosis in brain that is
dependent upon IB1. IB1 is also required for activation of JNK and subsequent apoptosis
induced by anoxia combined with glucose deprivation in brain and hippocampal neurons, as
may happen during ischemia (2,41). By contrast, IB1 is not required for UV light- or
anisomycin-induced JNK activation in hippocampal neurons (41), indicating that specific
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SAPK pathways are engaged by different stress stimuli. We speculate that IB2 may play a
role in neuronal pathophysiological stress responses in reaction to specific stimuli that might
not engage IB1. If so, IB2 and FHFs may direct signaling towards a different output as
compared to IB1 through regulation of p383.

Trafficking of IB1 to growth cones in differentiating neurons depends upon IB1 interaction
with the cargo-binding domain of the light-chain subunit of kinesin I, a major motor protein
for axonal transport (42). As IB1 also interacts with the intracellular domains of
transmembrane proteins in vitro (43,44), it has been inferred that the IB1 scaffold might
connect kinesin motors to vesicular cargos (42,45,46). This might illustrate a more
generalized function for kinase scaffolds, as a role of the structurally unrelated JNK-scaffold
JIP-3 in axonal transport has been firmly established (47,48). Directed transport of IB1 may
serve to deliver preformed signaling complexes to defined intracellular locations.
Alternatively, IB1-associated kinases may regulate the transport process itself or association
of the scaffold to vesicular cargo (42).

Consistent with kinesin-dependent trafficking of IB2 to a peripheral location in neuronal
cells (42) and conservation of the amino acids required for kinesin binding in IB scaffolds,
IB2 can be assumed to be transported along microtubules by mechanisms similar to 1B1.
However, IB2 may not function identically to IB1. The localization of IB2 is overlapping
with but distinct from 1B1 in pancreatic fp cells (24) and in the axons of cerebral cortical
neurons (M.G., unpublished data). Moreover, the affinity of 1B2 for at least some
transmembrane proteins in putative vesicular cargos is different from IB1 (49). Finally, IB2
possesses the unique property of regulating p385 in conjunction with FHFs, potentially
allowing regulation of distinct targets such as microtubule-associated proteins involved in
transport (13,14). Altogether IB2 might add to regulation of intracellular traffic and, in
conjunction with FHFs, to localized SAPK signaling as part of the pleiotropic cellular
responses to pathophysiological stress.
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Figure 1. Alignment of B2 and I B1 sequences
A) The predicted amino acid sequences of human I1B2 and JIP-2 are aligned with murine IB1

(JIP-1b) (20). IB2 and JIP-2 (24) are transcribed from the same gene, and differ only in the
presence of alternatively spliced exons in the aminoterminus such that JIP-2 bears a distinct
57 residue segment in place of the first 30 residues of IB2. Three regions of IB2/IB1 amino
acid sequence homology are hatched. Regions I, Il and 111 share 32%, 82% and 79% amino
acid identity, respectively. A black box indicates a conserved RPTTL motif that is essential
for INK-binding to 1B1 (18). Conserved phosphotyrosine binding (PTB) and Src
Homology-3 (SH3) domains are indicated, as well as JINK-binding and FHF binding
domains of IB1 and 1B2, respectively. B) Schematic representation of mutant IB2 proteins
and their relative magnitude of interaction with p386 and FHF2. Previous data on FHF2
binding (26) are indicated in italics. The regions which span the major FHF binding domain
in 1B2 determined previously (26), a weak FHF binding region, as well as the region
required for p383 interaction are indicated. The MLK3 and MKK?7 binding region is
depicted as determined by Yasuda et al. (24).
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Figure 2. p388 isan | B2-regulated protein
293T cells were co-transfected with epitope-tagged protein expression vectors, and aliquots

of subsequent cell lysates were analyzed by Western blotting or in kinase assays. A) Cells
were co-transfected with Flag-tagged 1B2 and HA-tagged p388, stimulated with H,O5, and
lysates were electrophoresed, blotted, and probed with anti-HA antibodies or with antibodies
against phospho-p38 (p-p38). Anti-HA immunoprecipitates were added to kinase assay
reactions containing GST-ATF-2 substrate and y32P-ATP, which were subsequently
electrophoresed and blotted. 32P incorporation into ATF-2 was visualized by
autoradiography. B) Cells were cotransfected with Flag-tagged I1B2 and HA-tagged p385,
stimulated with anisomycin, and lysates were electrophoresed, blotted, and probed with anti-
HA antibodies or with antibodies against p-p38. C) Lysates from cells co-transfected with
HA-tagged p383 together with either GST-tagged MKK7 or empty vector were
immunoprecipitated with anti-HA antibodies and subjected to kinase assays as described
above. Products were subsequently electrophoresed and blotted. 32P-ATF-2 levels were
visualized by autoradiography and analyzed using Phosphorimager imaging and
ImageQuant software, and recalculated as activity relative to the activity of p385 in the
absence of MKK?7. The same blot was probed with anti-HA to detect HA-p385 proteins.
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Figure 3. Synergistic activation of p385 by MLK-3 and B2
Activation of p385 by MLK-3 and I1B2. 293T cells were transfected with plasmids

expressing HA-p386 or HA-p388, Flag-tagged 1B2 and T7-tagged MLK-3 in different
combinations as indicated and serum starved for 5 hours before lysis. HA-p388 or HA-JNK
activity in extracts was assayed by probing Western blots of electrophoresed extracts with
antibodies specific for dually phosphorylated p38 or JNK, respectively. The same blots were
probed with tag-specific antibodies to detect IB2 and JNK1 or p388 proteins.
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Figure4. Carboxyl-terminal half of B2 mediates p383 binding
A) 1B2/p388 complex formation is FHF-independent at high 1B2 concentration. 293T cells

were transfected with plasmids expressing HA-p388 (0.05 ug), Flag-1B2 (0.5 or 1.5 ug), and
Myc-FHF2 (0 or 2.5 pg), and lysates were immunoprecipitated with anti-Flag and blot
probed with anti-HA to detect IB2/p388 complexes, and analyzed for expression of all
proteins by appropriate blots, as indicated. B) The C-terminal half of IB2 is essential for
p3838 interaction. 293T cells were transfected with plasmids expressing HA-p388 and Flag-
tagged IB2 (wild-type or mutants; Figure 1B) at high 1B2 plasmid concentrations (1.5 ug).
Anti-flag immunoprecipitation and Western blot probing with anti-HA assayed for 1B2/p388
complexes, and Western blots of total cell lysates were probed to detect p385 and 1B2
proteins. (C) Heterotrimeric FHF/IB2/p388 complex detection. 293T cells were transfected
with expression plasmids for HA-p385, Myc-tagged FHF2 or FGF1, and Flag-tagged 1B2
proteins (wild-type or mutant, Figure 1B). Lysates were analyzed for expression of all
proteins with appropriate antibodies, as indicated, and also used in anti-Myc
immunoprecipitation for Western blot probing with anti-HA to detect FHF/IB2/p388
heterotrimeric complexes. D) Potentiation of 1B2x1_436/p388 complex formation by FHF2.
Lysates from 293T cells cotransfected with plasmids for HA-p388 and Flag-1B2a1_436 in the
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presence or absence of Myc-FHF2 were immunoprecipitated with anti-Flag and Western
blot probed with anti-HA to detect 1B2x1-436/p385 complexes, and samples of total lysates
were used to detect expression of all proteins.
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Figure5. Carboxyl-terminal half of I B2 contains a low-affinity FHF binding site
Lysates from 293T cells cotransfected with plasmids encoding Myc-tagged FHF2 and Flag-

tagged proteins (wild-type IB2, IB2 mutants, or SHP-2) were electrophoresed directly for
Western blot detection of tagged proteins or immunopreciptated with anti-Flag and Western
blot probed with anti-Myc to detect protein complexes (IB2/FHF2).
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Figure 6. |B2-mediated p385 activation
A) FHF2 induces activation of p388. 293T cells were transfected with plasmids expressing

HA-p386, Flag-tagged IB2 and increasing amounts of Myc-tagged FHF2 and serum starved
for 5 hours before cell lysis. HA-p383 activity in extracts was assayed by probing Western
blots of electrophoresed extracts with antibodies specific for dually phosphorylated p38.
Alternatively, HA-p385 activity was assayed by its ability to phosphorylate GST-ATF-2 in
kinase assays as described in Figure 2A. 32P-ATF-2 levels were visualized by
autoradiography and analyzed using Phosphorlmager imaging and ImageQuant software,
and recalculated as activity relative to the activity of each kinase in the absence of FHF2.
Western blot probing with anti-HA after anti-HA immunoprecipitation was used to detect
the amount of HA-p385 proteins assayed in the kinase assay. Extracts analyzed in this panel
have also been used to demonstrate FHF-2-mediated recruitment of p386 to 1B2 (26). B)
Synergistic activation of p388 by MLK-3 and 1B2 is stimulated by FHF. 293T cells were
transfected with plasmids expressing HA-p386 or HA-p386, Flag-tagged I1B2, T7-tagged
MLK-3 and Myc-tagged FHF2 in different combinations as indicated and serum starved for
5 hours. HA-p388 activity in extracts was assayed in kinase assays as described in the
legend to Figure 2A. 32P incorporation into ATF-2 was visualized and analyzed as described
above and recalculated as activity relative to the activity of each kinase in the absence of
other transfected proteins to determine the relative p38 activities (kinase activity in absence
of cotransfected proteins = 1.0). The same blot was probed with anti-HA to detect HA-p38
proteins. Western blots of total cell lysates were probed with anti-Flag or anti-T7 to detect
IB2 and MLK-3 proteins, respectively.
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Figure 7. FHF2 isa phosphoprotein
A) Dephosphorylation of FHF2 by PP2a enhances immunodetection. Rat cerebellum extract

was assayed for FHF2 by Western blot analysis using biotinylated anti-FHF2 antibodies.
Lane 1, total extract, lanes 2-4, anti-FHF2 immunoprecipitates. Washed immunoprecipitates
were left untreated (lane2), treated with PP2a (lane 3) or with PP2a in the presence of
phosphatase inhibitor okadaic acid (lane 4). A prominent band at 20 kD is indicated as well
as the lower and upper bands of a 28-34 kD ladder. The 28 kD band is also indicated in lane
3. B) FHF1 is a substrate for p386 in vitro. 293T cells were transfected with plasmids
expressing HA-p385 and left untreated or induced with H,O,. HA-p388 activity in extracts
was assayed in kinase assays containing bacterially expressed FHF1 as a substrate and y32P-
ATP, which were subsequently electrophoresed and blotted. 32P incorporation into FHF1
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was visualized by autoradiography. The same blot was probed with anti-HA to detect HA-
p385 proteins.
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