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Abstract

Fibroblast growth factors (FGFs) mediate cell growth, differentiation, migration, and
morphogenesis by binding to the extracellular domain of cell surface receptors, triggering receptor
tyrosine phosphorylation and signal transduction [1-5]. FGF-homologous factors (FHFs) were
discovered within vertebrate DNA sequence databases by virtue of their sequence similarity to
FGFs [3,6,7], but the mechanism of FHF action has not been reported. We show here that FHF-1
is associated with the MAP kinase (MAPK) scaffold protein Islet Brain-2 (1B2) [8] in the brain
and in specific cell lines. FHF/IB2 interaction is highly specific, as FHFs do not bind to the related
scaffold protein IB1(JIP-1b) [9,10], nor can FGF-1 bind to IB2. We further show that FHFs enable
IB2 to recruit a specific MAPK in transfected cells, and our data suggest that the scaffolds IB1 and
IB2 have different MAPK specificities. Hence, FHFs are intracellular components of a tissue-
specific protein kinase signalling module.

Results

FHFs-1,2,3,4, also designated FGFs-12, 13,11,14, respectively, bear sequence similarity to
the core homology domain of FGFs, suggesting that FHFs and classical FGFs have related
tertiary structures. However, FHFs share features that set them apart from other FGFs. First,
unlike prior identified FGFs, FHFs bear sequence similarity to one another in both the N-
terminal and C-terminal extensions flanking the core homology domain (Figure 1). Second,
unlike most FGFs, FHF proteins are synthesized without secretion signal sequences and are
detected within native or transfected expressing cells [6,11]. Lastly, functional interactions
between FHFs and FGF receptors (FGFRs) have not been described. The intracellular
distribution of FHFs and our own failures to detect FHF/FGFR interactions compelled us to
search for an alternative FHF function inside cells.

From a yeast two-hybrid library screen for proteins which could interact with FHF-2, we
isolated a partial murine cDNA encoding a protein segment homologous to the recently
described human MAPK scaffold protein Islet-Brain-2 (Figure 1), which is expressed
predominently in pancreatic islet cells and in the brain [8,12]. The isolated fragment of
murine 1B2 interacted with both FHF-1 and FHF-2, but not FGF-1, in yeast protein
interaction assays (data not shown). IB2 bears sequence and functional similarities to a
related scaffold protein, IB1(JIP-1b) (Figure 1)[9,10]. While FHFs interact with IB2 and
FGFs interact with FGFRs, there is no detectable sequence similarity between 1B2 and
FGFRs.
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FHFs and IB2 are most prominently expressed in specific developing and mature neurons of
the central and peripheral nervous systems [6-8,11,12]. Their coexpression raised the
possibility that FHFs and 1B2 form native complexes. In order to assay for endogenous FHF/
IB2 complexes, we first assayed for FHF1 and IB2 gene expression in selected tissues and
cell lines by RT-PCR and RNA blot hybridization analyses (data not shown). These data
formed the basis for control immunoprecipitation/immunoblot tests on lysates of NIH3T3
cells (IB2 RNA™, FHF-1 RNA™), PC12 cells (IB2 RNA*, FHF-1 RNA™) and derivative
myc-tagged FHF-1-transfected PC12 cells. Immunoprecipitation from FHF-1-transfected
PC12 cells with antibodies to either FHF-1 or myc-tag coprecipitated endogenous I1B2 as
detected by immunoblotting with anti-1B2 (Figure 2A). The lack of IB2 or comigrating
background bands in anti-FHF1 precipitates from the parental PC12 cells and 3T3 cells (Fig.
2A) demonstrated the specificity of these antibodies for FHF/IB2 complex detection.
Subsequent immunoprecipitation and immunoblot analysis of lysates from insulinoma
RINSF cells (IB2 RNA*/FHF-1 RNA*), whole cerebellum (IB2 RNA*/FHF-1 RNAY) and
liver (IB2 RNA™/FHF-1 RNA™) detected a portion of the total IB2 protein in anti-FHF-1
precipitates from both RINS5F cells and cerebellum (Figure 2B). These data demonstrate the
existence of endogenous FHF/IB2 complexes.

The FHF-binding domain in IB2 was mapped by communoprecipitation/immunoblot
analysis from 293T cells cotransfected with FHF-2 and deletion mutants of IB2. A major
FHF-binding domain was identified within the region spanning I1B2 residues 212-471, as
deletion of this region almost completely abolished FHF-2 interaction, while deletions of
downstream or upstream regions had far lesser or undetectable impact upon FHF-2 binding
(Figure 3A). IB2 residues 212-471 were also sufficient for strong interaction with FHF in
cotransfected 293T cells and between bacterially expressed proteins incubated in vitro (data
not shown). The FHF-binding domain on IB2 bears no sequence similarity to the related
scaffold IB1 (Figure 1). Not surprisingly, IB1 could not interact with FHFs in transfected
293T cells (Figure 4A) nor in yeast protein interaction assays (data not shown).

Variant and mutant derivatives of FHF-1 were tested for their ability to interact with 1B2.
FHF-1 and FHF-1B are alternative products of the same gene resulting from different first
coding exon usage [7]; FHF-1B is 62 residues shorter in length than FHF-1 and bears only
14 residues N-terminal to the FGF core homology domain. FHF-1B complexed with IB2 as
effectively as did FHF-1 (Figure 3B), demonstrating that the long N-terminal extension of
FHF-1 is not required for 1B2 interaction. By contrast, FHF-1B At bearing an engineered
deletion of the C-terminal 39 residues downstream of the core failed to bind 1B2
appreciably. However, sequences C-terminal to the core were not sufficient for IB2
interaction (data not shown). To test the importance of the core region, FHF-1B was mutated
by replacing its core homology region with that of FGF-1. The resultant chimera,
FHF-1BrgF1core, also failed to appreciably interact with IB2 (Figure 3B). These data
demonstrate the participation of both the core and C-terminal extension in mediating FHF
interaction with 1B2. Hence, through gene duplication and sequence divergence, the FGF
core homology region has been exploited for interactions with unrelated FGF extracellular
or FHF intracellular binding partners.

We have analyzed the biochemical consequence of FHF/IB2 interaction within the context
of 1B2’s function as a MAPK scaffold protein. MAPK scaffold proteins are thought to
enhance signalling efficiency and specificity by bringing together specific MAPKSs and
upstream kinases [13,14], as best exemplified by the yeast STE5 scaffold protein. STES
interacts with pheromone receptor-coupled Gg, as well as a specific set of three protein
kinases which establish a MAP kinase cascade MAPKKK(MAPK kinase kinase) -->
MAPKK (MAPK kinase) --> MAPK [15-17]. STES thereby coordinates the activation of a
specific MAPK, FUS3, and as a consequence, the regulation of specific target genes in

Curr Biol. Author manuscript; available in PMC 2011 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schoorlemmer and Goldfarb Page 3

response to pheromone stimulation. Among vertebrate MAPK scaffolds, IB1(JIP-1b) binds
the MAPKKKs MLK3 or DLK, the MAPKK MKK?7, and Jun N-terminal kinase (JNK)
MAPKS, and IB1 facilitates JNK activation in cells transfected with MLK3 or MKK?7 [9].

We tested the influence of FHFs upon the binding of specific MAPKSs to IB2, and compared
the MAPK binding specificity of IB2 to that of IB1. As negative controls to FHF-1
transfections, cells were alternatively transfected with FGF-1, which is also localized
intracellularly [1], but cannot interact with IB2. Confirming and extending previous findings
[9], IB1 efficiently bound JNK1, but not ERK-2, p38y nor p385 (Figure 4A). By contrast,
IB2 expressed at levels comparable to I1B1 failed to efficiently bind any MAPK tested when
FHFs were absent (Figure 3A). In the presence of FHF-2, IB2 acquired the ability to
complex with p385 [18-20], but not with other MAPKSs tested, including JINK1 (Figure 4A).
FHF-1 could also promote I1B2/p385 interaction (Figure 4A). Additionally, FHF-2 promoted
IB2/p383 interaction in a dose-dependent manner (Figure 4B).

FHF/IB2 interaction and FHF-dependent 1B2/p386 interaction suggested the formation of a
FHF/1B2/p385 trimeric complex. Evidence for such trimeric complexes was obtained using
lysates from cells cotransfected with FHF-2, p383, and either wild-type 1B2 or a mutant
derivative lacking the major FHF-binding domain, 1B2212_471. Immunoprecipitation of
FHF-2 coprecipitated p385 more efficiently in the presence of wild-type 1B2 as opposed to
IB24212_471 (Figure 4C), supporting the existence of the trimeric complex. These data show
that FHFs have the potential to serve as cofactors for MAPK recruitment to the I1B2 scaffold.

Discussion

The core homology region of FGFs assumes a B-trefoil fold which possesses the ability to
cluster and activate FGF receptors [21-23]. While FHF structure has not been described,
FHF amino acid similarity to FGFs, most notably at all nine residues which define the
hydrophobic core of the fold [21], suggests that FHFs and FGFs assume similar tertiary
structures. Nevertheless, the core-homology segment of FHF is required for interaction with
IB2, and the homologous segment of FGF-1 cannot substitute (Figures 3B, 4A).
Reciprocally, FHFs-1 and -2 cannot activate any of the known FGF receptors which we have
tested, including FGFR1(lllc), R2(11Ib), R2(1l1c), R3(11Ib), and R4 (M.G., unpublished
data). Our data demonstrate that FGF gene duplication and divergence in vertebrates has
generated sequence-related proteins which can interact with unrelated intracellular or
extracellular protein targets. With the ongoing rapid identification of new genes through
whole genome sequence initiatives, our findings should sound a cautionary note regarding
inference of gene function based upon sequence homology.

We have shown that FHFs enable I1B2 to recruit a specific MAPK, p383, in transfected cells.
FHFs failed to interact with 1B1 or modulate MAPK recruitment to this related scaffold. The
IB2 scaffold also interacts with MLK3, DLK and MKK7 [8,12](and J.S., data not shown).
As MKKT7 is a substrate for MLK3 or DLK [24] and p385 is a substrate for MKK7 [25] (and
J.S., data not shown), our data suggest that FHFs support the assembly of a signalling
module for p386 activation. While these findings do not exclude potential interaction of 1B2
with other MAPKS, they support the conclusion that IB1 and IB2 have different MAPK
binding specificities (Figure 4A). By contrast, the stimuli which engage each of these
scaffolds may be similar. Both scaffolds can interact with the same upstream kinases.
Furthermore, both scaffolds interact with the Rho GTPase p190 guanine nucleotide release
factor [26] and share affinity for the cytoplasmic tails of several lipoprotein receptors [27].
We speculate that neurons and pancreatic endocrine cells expressing FHFs and 1B2 along
with IB1 [6-12] respond to specific stimuli which coordinately engage both scaffolds to
activate different MAP kinases.
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Materials and Methods

Yeast strain CG-1945 was transformed with bait plasmid pAS2-1/FHF-2-HA which
expresses HA-tagged FHF-2 fused to GAL4 DNA binding domain. A GAL4 activation
domain-tagged cDNA library from day E11.5 whole mouse embryo RNA (Clontech Labs)
was transformed into CG1945:pAS2-1/FHF2-HA and plated for histidine prototrophs
(Trp~Leu™His™, 2 mM 3-aminotriazole), with some cells used to score plasmid
transformation efficiency (Trp~Leu™). One HIS* clone among 6 x 106 primary
transformants also tested positive for Bgalactosidase activity and harbored a partial murine
IB2 cDNA clone. Rabbits were immunized with either bacterially expressed human 1B2
protein fragment (residues 77-458) or with carrier-conjugated synthetic peptide
corresponding to the C-terminus of murine FHF-1 (residues 234-243). Antibodies were
affinity purified with corresponding protein- or peptide-agarose resins. Antibody
specificities were assayed by immunoprecipitation of epitope tagged proteins expressed in
transfected 293T cells. IB2 antibodies recognize 1B2, but not IB1. FHF-1 antibodies
recognize FHF-1, weakly crossreact with FHF-2, and do not recognize FGF-1, reflecting the
C-terminal homology between FHFs not shared with FGFs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FHF/FGF and I1B2/IB1 sequence similarities. A, Relatedness of FHF and FGF proteins. The
core homology region shared by FGFs and FHFs is denoted in black. Additional regions of
sequence similarity among FHFs are in grey. The lengths (in residues) of cores and flanking
regions are indicated. B, Alignment of 1B2 with IB1(JIP-1b). Human IB2 is aligned with the
cloned segment of murine 1B2 and with IB1. Three regions of IB2/IB1 similarity are
blackened, and the percent amino acid sequence identities indicated. Grey denotes additional
sequence similarity between human and murine IB2. PTB, SH3, and JNK-binding (JBD)
domains of IB1 are indicated.
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Figure 2.

FHF-1/1B2 complexes in cell lines and brain. A, Complexes in FHF-transfected PC12 cells.
Lysates from NIH3T3 cells (IB2 RNATFHF-1 RNA™), PC12 cells (IB2 RNA*FHF-1
RNA™) and a stably transfected clonal derivative expressing myc-tagged FHF-1 were
immunoprecipitated with antibodies against IB2, FHF-1, or myc-tag, and
immunoprecipitates or total lysates were electrophoresed and immunoblot probed with anti-
IB2. Anti-FHF-1 or anti-myc coprecipitated IB2 only from FHF1-transfected PC12 cells.
Arrowheads mark position of IB2. B, Native FHF-1/IB2 complexes. Lysates from RIN5F
insulinoma cells (IB2 RNA*FHF-1 RNA™), rat cerebellum (1B2 RNA*FHF-1 RNA*), and
liver (IB2 RNATFHF-1 RNA™) were immunoprecipitated with antibodies to 1B2, FHF-1, or
an unrelated antigen (SNT-1, designated Mock) and immunoblotted for IB2, as in A. Anti-
FHF-1 coprecipitated 1B2 from RIN5F cells and cerebellum.
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Figure 3.
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Page 8

Sequence requirements for FHF/IB2 interaction. A, Major FHF-binding domain on IB2 is
unrelated to IB1. Total lysates or M2 anti-flag immunoprecipitates from transfected 293T
cells expressing flag-tagged wild-type 1B2, mutant 1B2 derivatives, or SHP-2 together with
myc-FHF-2 were electrophoresed, and blots probed with 9E10 anti-myc and rabbit anti-flag
antibodies. Schematic depicts alignment of mutant IB2 proteins and relative magnitude of

interactions with FHF-2. B, FGF core homology region and C-terminus of FHF-1 are
required for IB2 interaction. Total lysates or M2 anti-flag immunoprecipitates from

transfected 293T cells expressing flag-tagged IB2 or SHP-2 and myc-tagged FGF-1, FHF-1,
FHF-1B, FHF-1BggF1cores OF FHF-1B AT Were electrophoresed, and blots probed with anti-
myc and anti-flag antibodies. Schematic shows different FHF and FGF proteins employed
and relative magnitude of interaction with 1B2. White bar, FGF-1 derived sequence; black
bar, FHF-1 derived sequence.
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Figure 4.

FHFs promote IB2 interaction with p386 MAPK. A, FHF-dependent 1B2/p385 interaction.
Lysates from transfected 293T cells expressing flag-tagged 1B2, IB1, or SHP-2, myc-tagged
FGF-1, FHF-1, or FHF-2, and HA-tagged MAPKSs (p386, p38y, ERK-2, or INK-1) were
assayed for scaffold-associated kinases and scaffold-associated FHFs by anti-flag
immunoprecipitation and anti-HA or anti-myc immunoblot, respectively. Protein expression
was assayed by direct immunoblots with appropriate antibodies. FHF-dependent 1B2/p385
interaction (solid-boxed panel) is highlighted. B, 1B2/p3836 interaction is FHF-2 dose
dependent. Expression plasmids for flag-1B2 (0.12 ug), HA-p385 (0.02 ug), and myc-FHF-2
(0, 0.12, 0.35, or 1.2 pg) were cotransfected into 293T cells, and 1B2/p386 complexes were
detected by anti-flag immunoprecipitation and anti-HA immuaoblot. 1B2, p385, and FHF
expression levels were also assayed on immunoblots. C, Heterotrimeric FHF/IB2/p385
complexes. Anti-myc immunoprecipitates from transfected 293T cells expressing HA-p385,
myc-tagged FGF-1 or FHF-2, and flag-tagged IB2 or IB25212_471 Were immunoblot probed
with anti-HA to detect wild-type IB2-dependent FHF/p386 interaction. Protein expression
levels were assayed on anti-flag, anti-myc, and anti-HA immunoblots.
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