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Fibroblast growth factor-223 binds directly to the survival of motoneuron
protein and is associated with small nuclear RNAs
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The SMN (survival of motoneuron) protein is mutated in patients
with the neurodegenerative disease spinal muscular atrophy. We
have shown previously that a high-molecular-mass isoform of
FGF (fibroblast growth factor) 2 (FGF-223) is in a complex with
SMN [Claus, Döring, Gringel, Müller-Ostermeyer, Fuhlrott, Kraft
and Grothe (2003) J. Biol. Chem. 278, 479–485]. FGF-2 is
a neurotrophic factor for motoneurons, and is known not only as a
classical extracellular growth factor, but also as a nuclear protein.
In the present study, we demonstrate that SMN binds to the argi-
nine-rich N-terminus of FGF-223. In turn, FGF-223 interacts with
amino acid residues 1–90 of the human SMN protein. This se-

quence displays nucleic-acid-binding capacity and overlaps parti-
ally with known binding sites for Gemin2/SIP1 (SMN-interacting
protein 1) and p53. Finally, as a functional consequence of
FGF-223 binding to SMN, FGF-223 is in a complex with the small
nuclear RNAs U2 and U4. Since SMN functions as an assembly
factor for snRNPs (small nuclear ribonucleoprotein particles),
these results suggest binding of FGF-223 to snRNPs.

Key words: fibroblast growth factor 2 (FGF-2), growth factor,
small nuclear ribonucleoprotein (snRNP), spinal muscular at-
rophy, survival of motoneuron protein (SMN protein).

INTRODUCTION

SMA (spinal muscular atrophy) is an autosomal-recessive disease
that results in the degeneration of motoneurons of the spinal cord.
SMA is associated with deletion and mutation, respectively, of
the SMN1 (survival of motoneuron 1) gene [1]. The extent of the
disease is related to the existing amount of functional SMN
protein produced by the second gene SMN2 [2,3]. Children with
type I SMA (Werdnig–Hofmann disease) demonstrate symptoms
already at 6 months of age, and most of these children die before
they reach the age of 2 years. SMA is the most frequent genetic
cause of death in infants and affects one in 6000–10 000 live
births [4]. Several studies have shown that the SMN protein plays
an important role as an assembly factor for ribosomal complexes
[snoRNPs (small nucleolar ribonucleoproteins)], small nuclear
RNA complexes [snRNPs (small nuclear ribonucleoproteins)] and
possibly in transcription [5,6].

Mutations of the Tudor domain, the central interaction domain
of SMN, prevent the binding of snRNP core factors (Sm proteins),
so that assembly of snRNPs is impaired [7]. Deletion of the 27
N-terminal amino acid residues of SMN leads to inhibition of
snRNP assembly, splicing and transcription [8,9]. Regarding the
intracellular distribution, SMN is present mainly in the cytoplasm,
where it is seen as part of the complex with spliceosomal Sm
proteins [10,11], Gemin2 [previously known as SIP1 (SMN-inter-
acting protein 1)] [11] and Gemin3–7 [12–17]. In the nucleus,
SMN is found in the nuclear bodies called gems (gemini of Cajal
bodies) and Cajal bodies, where it interacts with coilin [18].

The Sm proteins B/B’, D1 and D3, and LSm4 (Sm-like pro-
tein 4) contain RG (arginine/glycine)-enriched domains in the
C-termini that are responsible for interaction with SMN [19,20].

Furthermore, symmetrical dimethylation of arginine residues
seems to be important for efficient binding of several interacting
proteins [20,21]. However, other interacting proteins such as the
snoRNP GAR1 and fibrillarin are asymmetrically dimethylated
at arginine residues, and are able to bind to SMN [9,22,23]. In
addition, the methylation state of GAR1 is not important for SMN
binding [23].

In an effort to analyse the function of nuclear FGF (fibroblast
growth factor)-2, we have shown recently that SMN is able to bind
specifically in a common complex to a high-molecular-mass
iso-form of FGF-2, known as FGF-223 [24]. The N-terminus of
FGF-223 is arginine-rich with RGR (Arg-Gly-Arg) motifs, which
are known to be methylated [25,26]. The FGF-2 protein is
expressed in different isoforms, which are regulated translation-
ally by a common mRNA with alternative start codons. The
18 kDa FGF-2 (FGF-218) is translated from an AUG start
codon, whereas translation of the higher-molecular-mass isoforms
FGF-221 and FGF-223 (21 kDa and 23 kDa) is initiated at CUG
start codons [27]. Apart from their role as extracellular signalling
molecules, all FGF-2 isoforms are localized differentially to the
nuclei of cells [24,28–30]. FGF-223 is co-localized with SMN
in nuclear gems [24]. In motoneurons, FGF-2 functions, among
other proteins, as a neurotrophic factor [31,32], indicating the
importance of the SMN–FGF-2 complex for the survival or
degeneration of these cells.

In the present study, we extend our analyses of the SMN–
FGF-223 complex [24] by mapping the domains responsible for
this protein–protein interaction. Our data show that the interaction
is not mediated by a RNA bridge, but is a direct interaction bet-
ween two distinct domains of each protein: SMN binds to the
N-terminus of FGF-223, which contains several RGR motifs.
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interacting protein 1; SMA, spinal muscular atrophy; SMN, survival of motoneuron; snoRNP, small nucleolar ribonucleoprotein; snRNA, small nuclear RNA;
snRNP, small nuclear ribonucleoprotein.
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FGF-223 binds reciprocally to a N-terminal domain of SMN which
was demonstrated previously to be important for nucleic acid
binding and protein–protein interactions. Moreover, FGF-223 is
associated with snRNPs via contacts with SMN, since we could
demonstrate co-immunoprecipitation of FGF-223 with snRNAs
(small nuclear RNAs).

MATERIALS AND METHODS

Plasmid constructs and subcloning

Full-length (amino acid residues 1–294) human SMN was ampli-
fied by PCR from clone IMAGp998P0910174Q2 (RZPD, Berlin)
in pCMV-SPORT6 with specific primers. Deletion mutants were
produced by PCR with appropriate primers comprising 5′ and
3′ ends of the respective coding sequences and introducing EcoRI
and SalI restriction sites for subsequent cloning. All PCR products
were cloned into pGEM-T, sequenced and subcloned into pET-41a
(Novagen) allowing in-frame ligation with GST (glutathione S-
transferase) as a tag in the N-terminal position. Recombinant full-
length SMN and deletion mutants in pET-41a were transformed
into Escherichia coli BL21(DE3) for protein expression.

Cell culture and transfection

Immortalized rat Schwann cells [33] were cultured in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with a
10 % final concentration of foetal calf serum, 2 mM glutamine
and 100 units/ml penicillin/streptomycin at 37 ◦C in humidified
5 % CO2/95 % air incubator. Transfections were performed using
Effectene (Qiagen) or Metafectene (Biontex).

Immunoprecipitations

Immunoprecipitations were carried out as described previously
[20]. For the analysis of RNase resistance of the protein com-
plexes, extracts in RIPA buffer [20] were incubated overnight with
anti-SMN and anti-FGF-2 antibodies, respectively, followed by
incubation with Protein-G– and Protein-A–agarose respectively
for 1.5 h and treatment with RNase A for 30 min. For the analysis
of association of FGF-223 with snRNAs, immunoprecipitations
were performed as described with IP buffer [immunoprecipitation
buffer: 20 mM Tris/HCl, pH 7.5, 137 mM NaCl, 2 mM EDTA,
25 mM β-glycerophosphate, 1 mM sodium orthovanadate, 1 %
Triton X-100, 1 % desoxycholate, 1 × CompleteTM protease in-
hibitors (Roche)], followed by a RNA extraction with TRIzol®

reagent (Invitrogen) and a second RNA-purification step with
RNeasy columns (Qiagen). The snRNAs were reverse-transcribed
as described previously [34], with specific primers for U2, U4 and
U6 snRNAs respectively, which were also employed as primers
in PCR. Input material was analysed by isolation of total RNA
directly from a fraction of the lysates. To demonstrate that no
genomic DNA was co-purified, and to test for the specificity of
the immunoprecipitation, primers for GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) have been employed for reverse
transcription PCR.

In vitro detection of protein–protein interactions

Overnight cultures (2.5 ml) with 30 µg/ml kanamycin were used
to inoculate 25 ml of 2 × LB (Luria–Bertani) medium. Cultures
were induced with 1 mM IPTG (isopropyl β-D-thiogalactoside)
for 6 h at 37 ◦C. Lysates from previously frozen pellets were
incubated with glutathione–agarose beads (Novagen) for 30 min
at room temperature (21 ◦C) and were subsequently washed once
with WB (wash buffer: 4.3 mM Na2HPO4, 1.47 mM KH2PO4,
137 mM NaCl and 2.7 mM KCl, pH 7.3), twice with supple-

mented WB [WB with 500 mM NaCl and 0.1 % (v/v) Tween 20]
and once with WB. Amounts of purified proteins on beads were
determined by SDS/PAGE with Coomassie Blue staining and
BCA (bicinchoninic acid) protein assay (Pierce). Equal amounts
of proteins were used for pull-down assays in WB. Recombinant
FGF-223 was expressed and purified as described in [35].

Pull-down assays with recombinant FGF-223 were performed
in IP buffer supplemented with 0.5 % (w/v) dried milk, and incu-
bated for 25 min on an overhead shaker followed by three washing
steps with IP buffer and PBS. Pull-down assays with Schwann cell
extract were performed by blocking of the beads with 3 % (w/v)
dried milk in supplemented IP buffer [with a final concentration of
1 M NaCl and 0.1 % (v/v) Nonidet P40], followed by incubation
with lysate of FGF-223–DsRed (Discosoma red fluorescent pro-
tein)-overexpressing Schwann cells [20]. After 1 h at room tem-
perature, the beads were washed twice with supplemented IP
buffer and three times with PBS. Beads from both experimental
procedures were finally incubated with 1× Laemmli buffer at
95 ◦C for 5 min, and samples were analysed on 12.5 % polyac-
rylamide gels. Proteins were blotted on to ECL® (enhanced chemi-
luminescence) nitrocellulose membranes (Amersham Bio-
sciences) and analysed with monoclonal anti-FGF-2 antibody
(Transduction Laboratories) in combination with horseradish-
peroxidase-conjugated anti-mouse secondary antibody and ECL®

reagents (Amersham Biosciences). For far-Western blot assays,
equal amounts of recombinant FGF-2 isoforms were blotted after
electrophoresis on to an ECL® nitrocellulose membrane, blocked
with 5 % milk powder in AC buffer {affinity chromatography buf-
fer: 10 % (v/v) glycerol, 100 mM NaCl, 20 mM Tris/HCl, pH 7.6,
0.5 mM EDTA and 0.1 % (v/v) Tween 20; [36]} and probed
with SMN from a coupled in vitro transcription–translation reac-
tion (TnT T7 System, Promega) for 12 h at 4 ◦C with human SMN
in pCMV-SPORT6 as a template. After four washing steps with
AC buffer, the standard Western blot protocol [20] was followed
with anti-SMN (Transduction Laboratories) as primary antibody.

RNA-binding assay

The U2 snRNA template was obtained by PCR amplification
using the following oligonucleotide pairs: PC157-U2 F, 5′-
ATCGCTTCTCGGCCTTTTGGCTAAGA-3′ and PC158-U2 R,
5′-GGGTGCACCGTTCCGGAGGTACTGCAATA-3′. A total of
27 rounds of amplification were performed using KlenThemTaq
Platinum polymerase (GeneCraft). The obtained amplicon was
subsequently cloned into the pGEM-T vector (Promega) resulting
in clone pGEM-T-U2snRNA and sequenced. U2 snRNA was
transcribed in vitro and labelled with [α-33P]rUTP using T7
RNA polymerase (Stratagene). For RNA binding, 10 µg of GST–
SMN fusion proteins were incubated with approx. 25 ng of
radiolabelled U2 snRNA. The binding reaction was carried out
for 10 min in 400 µl of RBB [RNA-binding buffer: 150 mM
NaCl, 20 mM Tris/HCl, pH 7.5, 1 mM dithiothreitol, 0.2 %
(v/v) Nonidet P40] on ice while inverting occasionally. As
an non-specific competitor, 25 ng of poly(dG-dC) · poly(dG-dC)
(Amersham Biosciences) or tRNA was used. Bound fractions
were washed five times in 800 µl of pre-chilled RBB, pelleted,
and the RNA was released and purified from the fusion proteins
by using TRIzol® and subsequently visualized by dot blotting.

RESULTS

SMN binds to the arginine-rich N-terminus of FGF-223 in vitro,
but not to other FGF-2 isoforms

Immunoprecipitations have revealed an interaction between SMN
and FGF-223, but not with the shorter FGF-218 which lacks
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Figure 1 SMN binds to the arginine-rich N-terminus of FGF-223 in vitro, but
not to other FGF-2 isoforms

(a) Recombinantly expressed FGF-2 isoforms (18, 21 and 23 kDa) were immobilized on
a nitrocellulose membrane and probed with in vitro translated SMN (far-Western blot). SMN
binding was subsequently analysed using anti-SMN antibody and chemiluminescence detection.
SMN bound to the FGF-223 isoform, but not to the smaller isoforms, demonstrating that the
number or configuration of RGR-motifs is critical for efficient binding. (b) The sequence shows
the N-termini of FGF-223 and FGF-221 with RGR motifs and hydrophobic spacer sequences.
Numbers denote length of spacers as numbers of amino acid residues. Thick lines with arrows,
length of the N-termini 21 and 23 kDa isoforms of FGF-2 respectively with translation starts at
CUG codons (leucine). FGF-218 starts with a methionine residue from an AUG codon.

an arginine-rich N-terminal sequence [24]. However, a possible
binding of SMN to the FGF-221 isoform with fewer RGR motifs
(Figure 1b) was not analysed. Binding of SMN to the 18, 21
and 23 kDa isofoms of FGF-2 was therefore tested on a far-
Western blot. For this purpose, recombinant FGF-2 isoforms (18,
21 and 23 kDa) were immobilized on a nitrocellulose membrane
by Western blotting. These isoforms differ in the length of their
respective N-termini, with FGF-223 containing the longest N-ter-
minal extension in front of the common FGF-218 core sequence
(Figure 1b). An analysis of the sequences displays a high portion
of arginine residues in the N-termini of FGF-221 and FGF- 223,
which are organized in RGR motifs, and are surrounded by
hydrophobic amino acid residues (Figure 1b). The immobilized
FGF-2 isoforms were incubated with in vitro translated SMN.
After washing, the blots were subsequently probed with an anti-
SMN antibody. SMN bound to the immobilized high-molecular-
mass FGF-223 isoform, but not to FGF-218 or FGF-221 isoforms
respectively (Figure 1a). This demonstrates SMN binding to
the arginine-rich N-terminus of FGF-223. Additionally, a critical
sequence length, number of arginine residues or conformation
seems to be required for efficient binding, since the FGF-221

isoform was not bound by SMN.

The SMN–FGF-223 complex is RNase-resistant

In a recent study, we have shown by co-immunoprecipitation
analyses that SMN is in a complex together with the high-
molecular-mass isoform of FGF-2 [24]. To test whether this
observation is based on RNA as a bridging molecule, we per-
formed co-immunoprecipitations with subsequent digestion of
the immunoprecipitated material with RNase A. Lysates of im-
mortalized Schwann cells overexpressing DsRed-tagged FGF-223

[24] were incubated with anti-FGF-2 and anti-SMN antibodies
respectively, and the immunoprecipitated and Protein-A–agarose-
immobilized protein complexes were treated extensively with
RNase A. After gel electrophoresis, Western blots were probed
with anti-SMN antibody. The binding of SMN to FGF-223 was

Figure 2 The SMN–FGF-223 complex is RNase-resistant

(a) Co-immunoprecipitations with an anti-FGF-2 polyclonal antibody of lysates from Schwann
cells overexpressing FGF-223 revealed no change of SMN binding to FGF-223 upon extensive
digestion with RNase A. Immunoprecipitation (IP) with anti-SMN antibody is a control. Detection
antibody for the Western blot was anti-SMN. (b) Control for the specificity of the employed anti-
FGF-2 polyclonal antibody. Lysates from FGF-218-overexpressing Schwann cells were subjected
to immunoprecipitations with anti-FGF-2. Detection with anti-SMN revealed only a very weak
band due to the presence of endogenous FGF-223. HC, heavy chain; LC, light chain of IP
antibodies.

not disrupted upon treatment with RNase A (Figure 2a). No
difference could be observed between immunoprecipitations of
treated and non-treated SMN–FGF-2 complexes, indicating a
protein–protein interaction between these two molecules without
RNA as a bridging molecule. As a control for the specificity
of the anti-FGF-2 antibody, control immunoprecipitations were
performed in extracts from rat Schwann cells overexpressing the
FGF-218 isoform (Figure 2b). As shown previously, this isoform is
not able to interact with SMN [24]. An immunoprecipitation with
anti-FGF-2 antibody followed by detection with anti-SMN on a
Western blot showed only a very weak band (Figure 2b, lane 3),
probably due to the presence of small amounts of endogenous
FGF-223. However, considering only this assay, the possibility
cannot be excluded that a bridging RNA molecule could be pro-
tected by the complex against digestion with RNase A.

FGF-223 binds directly to SMN between amino acid residues 1–90

To test if the observed SMN–FGF-223 interaction is due to a direct
interaction, we performed pull-down assays with recombinant
proteins. The binding of FGF-223 to SMN was analysed by pull-
down assays with SMN mutants. Full-length and various deleted
forms of human SMN were expressed as fusions with GST
and immobilized on glutathione–agarose beads. After incubation
with recombinant FGF-223, beads were washed with IP buffer
and PBS, and the presence of bound FGF-223 was analysed by
gel electrophoresis and Western blot with a specific monoclonal
antibody (Figure 3a). The pull-down revealed direct binding of
FGF-223 to full-length SMN (residues 1–294) and C-terminal-
truncated SMN (1–239). No binding could be observed to the
C-terminal oligomerization domain of SMN, namely residues
235–294. A SMN mutant (79–123), containing most of the
primary structure of the Tudor domain, was not recognized by
FGF-223. While the complete Tudor domain spans residues 91–
151 [37], the probed sequence represents the N-terminal two
thirds of its length, and probably does not represents the correct
conformation. However, the complete Tudor domain is included
in other fragments, e.g. 28–294 (see below). FGF-223 bound to the
1–90 and 1–123 SMN fragments respectively, indicating an inter-
action with the N-terminal part of SMN. Interestingly, the N-ter-
minal-truncated mutant 28–294 (exon 1) was bound to a lower
extent compared with full-length SMN. Mutations in exon 1 are
associated with SMA [8]. Taken together, these data demonstrate
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Figure 3 FGF-223 binds directly to a N-terminal sequence of SMN

(a) For in vitro binding experiments (pull-downs) SMN-deletion mutants were expressed as
fusion proteins with GST, bound to glutathione–agarose beads and incubated with recombinant
FGF-223. After the binding reaction, beads were washed with IP buffer and PBS, and the
bound FGF-223 was detected by SDS/PAGE and Western blot with anti-FGF-2 antibody. To
demonstrate equal loading, GST–SMN mutants were stained with Coomassie Blue. (b) Pull-down
experiment similar to that of (a), but, instead of recombinant FGF-2, lysates from Schwann cells
overexpressing DsRed-tagged FGF-223 were used. After 1 h of binding, beads were washed
extensively with IP buffer (enriched with 1 M NaCl, 0.1 % Tween 20 and 0.1 % Nonidet P40) and
the bound protein was analysed by SDS/PAGE and Western blot with anti-FGF-2 antibody. As a
control, the same amount of beads employed as in the binding reactions (visual estimation after
Coomassie Blue staining) were Coomassie-Blue-stained after SDS/PAGE. The aligned bands
are shown as loading controls. Numbers denote the amino acid residues of the SMN mutants.
(c) Structure of SMN-deletion mutants (boxes) and results of pull-downs. C-terminal end of
binding site: FGF-223 bound to SMN 1–90 as the minimal fragment of the N-terminus. The
28–294 SMN fragment was only weakly bound, indicating the importance of the sequence from
residues 1–28 as a part of the binding site. The compared data demonstrate FGF-223 binding
to a N-terminal sequence of SMN, which is coded by exons 1–3 of the human SMN gene.
The sequence codes by exons 2 and 3 demonstrates homology with the so-called HMGB-box
of HMGB proteins and HMGB-box-containing proteins, and was shown previously to interact
in vitro with nucleic acid homopolymers [38]. The relative binding intensity is indicated as +,
(+) and −. The positions of the Tudor domain and the C-terminal domain, which is deleted in
most cases of SMA, are shown.

binding of FGF-223 to an N-terminal fragment 1–90, but with an
influence of the first 28 residues on binding (Figure 3c). This
is in a sequence range where RNA binding has been mapped
previously (residues 28–91) [38]. The FGF-223-binding region
also overlaps to a small extent with the Gemin2 (SIP1) binding
domain, which is contained in exons 1/2 and 3 of SMN [11].
Additionally, the FGF-223-binding region corresponds to the p53-
binding site (residues 29–51) on SMN exon 2 [39] The results
of the pull-down binding assays with recombinant FGF-223 are
corroborated by similar binding experiments with extracts from
FGF-223-overexpressing Schwann cells (Figure 3b). Immobilized
GST–SMN mutant proteins were incubated with extract, and
were extensively washed with high-salt and detergent-rich buffer.
The data identify the same FGF-223-binding region on SMN

Figure 4 U2 snRNA binding to SMN is not influenced by FGF-223

Immobilized full-length SMN as a fusion with GST was incubated with labelled U2 snRNA,
unlabelled non-specific competitor [tRNA (results not shown) or poly (dG-dC) · poly(dG-dC)]
and no or increasing amounts of recombinant FGF-223 (lanes 1–5). After incubation, beads
were washed, the RNA was recovered by TRIzol® isolation and detected after dot blotting of
bound fractions. Only a very high amount of FGF-223 was able to disrupt RNA–SMN binding.
No non-specific U2 snRNA binding to beads could be detected (lanes 6 and 8). Immobilized
FGF-223 did not bind to U2 snRNA.

as the direct binding assay with bacterially expressed FGF-223

(Figure 3b).

U2 snRNA binding to SMN is not influenced by FGF-223

Previously, it has been shown that SMN is able to bind U1,
U2, U4 and U5 snRNAs in a sequence-specific manner [40,41].
The mapped binding of FGF-223 to the RNA-binding region of
SMN raises the question of whether FGF-223 is able to compete
with RNA for binding to SMN. To test this possibility, we
performed in vitro binding assays with immobilized full-length
GST–SMN on agarose beads, added radioactively labelled U2
snRNA (used as a model snRNA for this competition experiment),
unlabelled competitor [tRNA and poly(dG-dC) · poly(dG-dC)
DNA respectively] and either none or increasing amounts of
recombinant FGF-223 (Figure 4). After extensive washing of the
beads, the bound RNA fraction was analysed on dot blots. As
expected, SMN is able to bind specifically to U2 snRNA (Figure 4,
lane 1). No non-specific binding to beads or FGF-223 was de-
tectable (Figure 4, lanes 6–8). The data revealed no influence of in-
creasing amounts of FGF-223 on U2 snRNA binding to SMN (Fig-
ure 4, lanes 2–5). Only at a very high amount of added FGF-223,
could a slight decrease be detected. Importantly, immobilized
FGF-223 was not able to bind U2 snRNA (Figure 4).

FGF-223 is associated with snRNA from snRNPs

SMN is an assembly factor for spliceosomal proteins in the
cytoplasm and able to assemble Sm proteins in a ring-shape struc-
ture on the snRNAs (U snRNAs). To analyse whether FGF-223

is associated with the RNA from snRNPs, we performed co-
immunoprecipitations of the FGF-223 complex, and tested for the
presence of U2, U4 and U6 snRNAs. After immobilization of
the immunoprecipitated complexes on Protein-A–agarose, RNA
was purified by a combination of two methods (TRIzol® and
column chromatography), and was subsequently analysed by
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Figure 5 FGF-223 is associated with RNA from snRNPs

FGF-223 complexes were immunoprecipitated from lysates of Schwann cells. RNA was purified
by a combination of two methods, reverse-transcribed with specific primers for snRNAs (U2,
U4 and U6 snRNAs respectively) and subsequently analysed by PCR. As a control, RNA from
input material was used and reverse-transcribed to show the presence of all U snRNAs in
the input, as well as to have a loading-control. Additionally, primers for the housekeeping
gene GAPDH were employed as combined controls for DNA contamination and non-specifically
bound RNA molecules respectively. U2 and U4, but not U6, snRNAs are associated with the
FGF-223 complex, indicating a role for this FGF-2 isoform in the association with snRNPs from
the cytosol. Unlike U2 and U4 snRNAs, U6 snRNAs do not leave the nucleus for snRNP assembly.
Controls with GAPDH does not show non-specifically bound mRNA (IP, immunoprecipitation)
or DNA contamination (input).

reverse transcription PCR. RNA from untreated lysates was
purified in parallel with the samples and was used as input con-
trol. RNA was reverse-transcribed by primers specific for the
probed snRNAs. Additionally, the presence of GAPDH genomic
DNA respectively was controlled by specific primers to test
for DNA-contamination in the immunoprecipitated material. No
genomic DNA contamination could be detected (Figure 5).
The immunoprecipitations revealed the presence of U2 and U4
snRNAs in the FGF-2 complexes (Figure 5), indicating binding of
FGF-2 to snRNPs. Interestingly, no U6 RNA, although present in
the input, has been found to be associated with FGF-2. In contrast
with the other U snRNAs, U6 snRNA is kept in the nucleus and
does not enter the cytoplasm for snRNP assembly. The partial
base-pairing of U4/U6 snRNAs is a late step in splicing assembly
and is located in the nucleus [42]. Additionally, U6 RNA is not
associated with Sm proteins, but with LSm proteins.

DISCUSSION

A number of mitogenic growth factors, growth factor receptors
and growth-regulatory proteins have been reported to be localized
to intracellular structures, e.g. FGF-1, FGF-2 and ciliary neuro-
trophic factor (see [43] for an overview), suggesting that intra-
nuclear functions are a general phenomenon of some growth
factors. In the present study, the direct binding of a growth factor
to a component of the splicing machinery, namely to the SMN
protein, is shown for the first time. Additionally, as a functional
consequence of FGF-223 binding to SMN, this is the first described
growth factor to be associated with snRNPs.

A specific interaction of SMN with FGF-223, but not with low-
molecular-mass FGF-2 (FGF- 218) was initially observed by co-
immunoprecipitation studies in rat Schwann cells [24]. In the pre-
sent study, we extended our analyses by demonstrating that the
interaction is direct and is not dependent on a molecular bridge
like an additional RNA molecule or protein. RNase A digestion of
immunoprecipitated material shows no indication for such a role
of RNA in the SMN–FGF-2 complex. Although RNA in protein–
RNA complexes could be resistant to RNases, a direct interaction
has been verified by pull-down experiments in the present study.
In addition, the binding site of SMN that is necessary for FGF-223

interaction was mapped. Finally, FGF-223 is associated with U2
and U4, but not with U6, snRNAs.

SMN binds to the arginine-rich N-terminus of FGF-223 which
consists of four or five RGR motifs with two or three of them
grouped into one cluster (Figure 1b). The primary structure bet-

ween these motifs is filled with hydrophobic amino acid residues.
The known three-dimensional NMR structure of FGF-218 [44]
does not include the N-terminus of the higher-molecular-mass
isoforms. Two sequences responsible for nuclear localization of
FGF-2 have been found previously: the N-terminal sequences
of FGF-221 and FGF-223 with the RGR motifs, and a sequence in
the C- terminus, which is common to all isoforms, including
FGF-218 [24]. Since no binding of SMN to the FGF-221 isoform,
but to FGF-223, could be observed, the number or configur-
ation of RGR motifs seems to be critical for efficient SMN protein
binding. In the far-Western blot, recombinant FGF-2 isoforms
were employed without the proper post-translational modi-
fications, including arginine methylation. Therefore methylation
of FGF-223 is, at least in vitro, not an absolute requirement for
the interaction with SMN. However, in cells, it has been shown
that methylation affects the nuclear accumulation of the growth
factor [45]. FGF-223 can be methylated asymmetrically in vitro
by PRMT (protein arginine methyltransferase) 1 [25], but it is
not known yet if PRMT5, a symmetrically methylating arginine
methyltransferase, is able to modify FGF-223. PRMT5 in
the methylosome complex in the cytoplasm stimulates SMN-
mediated snRNP assembly by methylating Sm proteins [46,47].
However, it has been demonstrated that SMN is also able to bind to
methylated or unmethylated GAR1 respectively to a comparable
extent [23]. SMN binds to the arginine/glycine domains of the
snoRNP proteins GAR1 and fibrillarin, but additional domains
or a particular conformation may be important for high-affinity
binding [40]. Therefore arginine methylation may not be an
absolute requirement of SMN for selecting binding partners.

In the present study, we also showed binding of recombinant
FGF-223, as well as FGF-223 from Schwann cell lysates, to human
full-length SMN protein. Rat and human SMN proteins are almost
identical, with only a few different residues (results not shown).
Analyses of FGF-223 binding to SMN-deletion mutants limit the
interaction to a sequence (residues 1–90) in the N-terminus of
SMN. This binding region overlaps with the sequence (residues
13–44) responsible for Gemin2/SIP1 binding. Other studies
indicate Gemin2 binding to amino acid residues 52–91 of human
SMN [48]. Exon 2 of SMN contains a domain (residues 29–51)
which is able to bind in vitro to nucleic acids [38] and to p53 [39].
This element binds RNA homopolymeric poly(G) sequences, and
is conserved across species. Its nucleic-acid-binding activity can
be modulated by sequences of exons 3 and 4 (residues 52–91 and
92–158) respectively, with the latter including the Tudor domain
[38,49]. A protein mutant mimicking a frameshift mutation of
a SMA patient in the Tudor domain by a 5 bp microdeletion
demonstrated reduced RNA-binding capacity [49]. Interestingly,
the FGF-223 and nucleic-acid-binding domain displays homology
with the known nucleic-acid-binding domain of high-mobility-
group proteins of the HMGB-type (HMGB-box, formerly HMG-
1/2-box) [38,50]. SMN is able to bind directly in a sequence-
specific manner to the SL1 loop sequence of U1 snRNA. This
interaction is independent of Sm core assembly [40]. However,
deletion studies with SMN to map this interaction have not yet
been performed. SMN is able to bind U2, U4 and U5 snRNAs with
an affinity in the low nanomolar concentration [41]. In the present
study, we demonstrate FGF-223 interaction with the RNA-bind-
ing domain of SMN and interaction of SMN with U2 snRNA.
However, this interaction could not be competed by FGF-223.
SMN self-associates by domains encoded by exons 3 and 7 [48].
In oligomeric conformation, U2 snRNA and FGF-223 could bind
to different positions of the structure, e.g. differentially bind to
central or marginal structural elements, so that no direct com-
petition can take place, despite binding to the same sequence.
Importantly, FGF-223 does not generally bind to acidic polymers,

c© 2004 Biochemical Society



564 P. Claus, A.-F. Bruns and C. Grothe

like nucleic acids, since direct binding of FGF-223 to U2 RNA
could not be observed.

It is conceivable that FGF-223 could compete with Gemin2
and/or p53 respectively for binding to SMN. In this context, it
is noteworthy that deletion of the Gemin2-binding domain of
SMN diminished also the association of Sm proteins with SMN,
suggesting a scenario where FGF-223 binding could influence Sm
binding to SMN. For example, FGF-223 could destabilize the
Gemin2–SMN interaction, which in turn would lead to un-
stable Gemin2 and subsequent reduction of its cellular levels
[51,52]. In vivo, reduced Gemin2 levels result in disturbance of
snRNP assembly and enhanced motoneuron degeneration [53].
With regard to the development of SMA, the SMN–FGF-223 inter-
action could influence the stability of SMN–Gemin2 complexes
and influence the phenotypic impact of SMN mutations in the
development of the disease.

In the nucleus, FGF-223 localizes to nuclear gems [24] and is
chromatin-associated [24,54]. However, the molecular basis of
this association is still unknown. A putative interaction of FGF-223

with HMGB proteins, or with proteins with a HMGB-box, res-
pectively, could provide the molecular basis for the observed
association of high-molecular-mass FGF-2 with chromatin. Ad-
ditionally, we could detect FGF-223 partly co-localized with SMN
in the cytoplasm of Schwann cells (results not shown), indicating
SMN–FGF-223 complex formation during snRNP assembly. To
test a possible association of FGF-223 with snRNPs biochemically,
we performed co-immunoprecipitations, and tested for the
presence of distinct snRNAs. U2 and U4 snRNAs could be co-
immunoprecipitated, strongly suggesting an association of
FGF-223 with snRNPs via SMN in the cytoplasm. Concomitant
with the localization of the interaction is the finding that U6
snRNA is not associated with FGF-223: U6 snRNA does not leave
the nucleus for snRNP assembly [42]. The data also demonstrate
that the FGF-2–U2 and U4 snRNA association is not the result of
a non-specific binding during the course of the experiment. Since
no FGF-223 binding to U2 snRNA could be detected in the present
study, the observed snRNA–U2/U4 association can be considered
as the result of an indirect interaction.

FGF-223 is a growth factor, which exaggerates its functions not
only by a classical signalling pathway of an extracellular factor,
but also as an intracellular/intranuclear protein. A specific nuclear
role of high-molecular-mass FGF-2 in tumour progression has
been elucidated recently [55]. Several other growth factors and
growth factor receptors have been reported to be localized in the
nucleus {e.g. FGF-1, CNTF (ciliary neurotrophic factor) [56]}.
FGF-2 can enter the cell after binding to tyrosine-kinase receptors
on the cell membrane and migrate to the nucleus [49,57]. In this
way, interaction with snRNPs or a subfraction thereof could take
place as a possibility of a cell integrating extracellular signals of a
growth factor with splicing processes. The intracellular function
of FGF-223 may include direct modulation of splicing assembly,
alternative splicing or splicing efficiency by binding to SMN and
snRNPs.
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