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Spinal muscular atrophy (SMA) is a genetic disorder caused by mutations in the human survival of motor
neuron 1 gene, SMN1. SMN protein is part of a large complex that is required for biogenesis of various small
nuclear ribonucleoproteins (snRNPs). Here, we report that SMN interacts directly with the Cajal body
signature protein, coilin, and that this interaction mediates recruitment of the SMN complex to Cajal bodies.
Mutation or deletion of specific RG dipeptide residues within coilin inhibits the interaction both in vivo and
in vitro. Interestingly, GST-pulldown experiments show that coilin also binds directly to SmB�. Competition
studies show that coilin competes with SmB� for binding sites on SMN. Ectopic expression of SMN and coilin
constructs in mouse embryonic fibroblasts lacking endogenous coilin confirms that recruitment of SMN and
splicing snRNPs to Cajal bodies depends on the coilin C-terminal RG motif. A cardinal feature of SMA
patient cells is a defect in the targeting of SMN to nuclear foci; our results uncover a role for coilin in this
process.
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Eukaryotic nuclei are highly organized and contain nu-
merous subdomains. These substructures are involved in
various aspects of cellular metabolism including replica-
tion, transcription, and RNA processing (for reviews, see
Lamond and Earnshaw 1998; Matera 1999; Cremer and
Cremer 2001). One of the emerging principles of nuclear
organization is that many individual domains are asso-
ciated with specific genetic loci and can be regulated by
chromosomal determinants. Another emerging principle
is that associations between these various domains and
loci are dynamic and can change in response to cellular
signals (Misteli 2001). Thus, studies of the functional
organization of the nucleus seek to understand this dy-
namic behavior and address how improper subcellular
localization of macromolecules can lead to human dis-
ease. In particular, mislocalization of one important
macromolecular complex has been etiologically linked
to a neurodegenerative disorder called Spinal Muscular
Atrophy (Frugier et al. 2000).
SMA is a genetic disease that is characterized by an

autosomal recessive inheritance pattern. It is the most
common hereditary cause of infant mortality (Pearn
1980). Although some SMA patients display decreased
fetal movements, the clinical course of the disease typi-

cally begins postnatally, resulting in apoptosis of spinal
motor neurons, followed by progressive paralysis in the
limbs and trunk and, in its most severe form, infant
death (Melki 1997; Talbot and Davies 2001 and refer-
ences therein). Greater than 95% of the cases of SMA are
caused by mutations in the survival of motor neurons
(SMN) locus (Lefebvre et al. 1995).
There are typically two SMN genes, located within an

inverted duplication on human chromosome 5q13 (Lefe-
bvre et al. 1995). Deletion of the telomeric copy, SMN1,
results in the disease, whereas similar mutations in the
centromeric copy, SMN2, have no phenotype (for re-
views, see Burghes 1997; Melki 1997). Thus, despite the
fact that the two coding regions differ by only five silent
point mutations, the genes produce two different iso-
forms of the SMN protein (Lorson et al. 1999). In mouse,
Smn is an essential, single-copy locus and homozygous
deletions result in early embryonic lethality (Schrank et
al. 1997). This phenotype can be rescued in a dosage-
dependent fashion by transgenic expression of the hu-
man SMN2 gene (Hsieh-Li et al. 2000; Monani et al.
2000).
SMN protein localizes to both the cytoplasm and the

nucleus, but its nuclear staining is restricted to two dif-
ferent types of subdomains: gems and Cajal bodies (CBs;
Liu and Dreyfuss 1996; Matera and Frey 1998; Carvalho
et al. 1999; Young et al. 2000). Furthermore, SMN is part
of a large complex of proteins that are involved in the
biogenesis of snRNPs (Fischer et al. 1997; Liu et al. 1997;
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Pellizzoni et al. 1999; Meister et al. 2000). These proteins
include Gemin2/SIP1, Gemin3/dp103, and Gemin4/
GIP1 (Charroux et al. 1999, 2000; Grundhoff et al. 1999;
Meister et al. 2000) as well as snRNP core compo-
nents, collectively called Sm proteins (B/B�, D1–3, E-G).
Indeed, the SMN complex is required for assembly of the
Sm core domain of spliceosomal U snRNPs in vivo
(Fischer et al. 1997; Meister et al. 2001). Interestingly,
SMN contains a Tudor domain, which is common
among many different RNP-binding proteins (Ponting
1997). The Tudor domain of SMN is known to directly
interact with Sm proteins (Bühler et al. 1999; Selenko et
al. 2001).
An important cellular feature of SMA is the failure of

the SMN complex to localize within nuclear bodies
(Coovert et al. 1997; Lefebvre et al. 1997; Frugier et al.
2000). Most SMA-causing mutations result in the ex-
pression of a truncated form of the protein (Lorson et al.
1999) that lacks sequences encoded by exon 7
(SMN�Ex7). The C-terminal region of SMN is required
for self-oligomerization (Lorson et al. 1998), efficient
binding of Sm proteins (Pellizzoni et al. 1999), and proper
translocation to the nucleus (Frugier et al. 2000). Gang-
wani et al. (2001) recently showed that an essential zinc
finger protein, called ZPR1, is also important for nuclear
localization of SMN. However, the interaction between
SMN and ZPR1 is likely to be indirect (for review, see
Matera and Hebert 2001).
Factor(s) responsible for targeting SMN to CBs have

not been described. The molecular links between CBs
(which contain snRNPs) and gems (which do not) are
also unclear. Recently, our laboratory showed that coi-
lin, the CB signature protein, is required for recruitment
of SMN and Sm proteins to CBs (Tucker et al. 2001).
Targeted deletion of the C-terminal 487 amino acids of
coilin resulted in formation of residual CBs that lack
SMN and Sm snRNPs, but contain the nucleolar epit-
opes Nopp140 and fibrillarin (Tucker et al. 2001). Inspec-
tion of C-terminal coilin sequences revealed the exis-
tence of a conserved RG dipeptide motif similar to the
C-terminal tails of Sm proteins. The RG-rich tails of Sm
proteins D1, D3, and B/B� have been shown to directly
interact with SMN (Friesen and Dreyfuss 2000; Selenko
et al. 2001).
In this report, we show that SMN and coilin coimmu-

noprecipitate from HeLa cell lysates. This interaction is
direct, as shown by GST-pulldown experiments using
recombinant proteins. Mutation of specific arginine resi-
dues within the coilin RG box inhibits the interaction
both in vivo and in vitro. Mapping and competition ex-
periments show that coilin and SmB� share similar or
overlapping binding sites on SMN and bind with ap-
proximately the same avidity. Finally, transfection of
mouse coilin knockout cells with full-length coilin
showed that SMN and Sm snRNPs were recruited to the
CBs thus formed. However, transfection with coilin con-
structs lacking the RGmotif failed to recruit Sm or SMN
complex proteins. Thus, our results show that the coilin
RG box is essential for localization of the SMN complex
within CBs.

Results

The coilin RG box mediates interaction
with the SMN complex

Vertebrate coilin proteins contain a stretch of arginine
and glycine dipeptide (RG) residues in their C-terminal
regions (Fig. 1A). This conserved domain is similar to the
RG repeats present in metazoan Sm proteins (Salgado-
Garrido et al. 1999; Brahms et al. 2000). The RG motifs
present in human SmD1, D3, and B/B� have been shown
to mediate interaction with SMN (Friesen and Dreyfuss
2000; Selenko et al. 2001). Given that coilin and SMN
colocalize within CBs, we wanted to test whether at
least a fraction of these proteins might be part of the
same macromolecular complex. Immunoprecipitation of
HeLa lysate with anti-SMN antibodies showed that coi-
lin interacts with SMN (Fig. 1B). The interaction was
specific, because no coilin was recovered in control im-
munoprecipitations using normal mouse serum. To fur-
ther define the interaction, we transfected HeLa cells
with various GFP- or myc-tagged coilin constructs (Fig.
2A). Coimmunoprecipitation of cell lysates with anti-
GFP or anti-myc antibodies revealed that the interaction
is detectable in both directions (Fig. 2B, top; lanes 2, 4,
and 6). No SMN was recovered from lysates transfected
with empty GFP vector (data not shown).
To assess the role of the coilin RG box, we mutated

four of the arginines in this motif to glycines (Fig. 1A).
After transfection of these mutant (mtRG) constructs,
coimmunoprecipitation showed that arginine substitu-
tion greatly reduced the amount of SMN recovered (Fig.
2B, top; lanes 3, 5, and 7). Furthermore, expression of the
coilin C terminus was sufficient for the interaction.
Control blots of the same immunoprecipitation reac-
tions were run in parallel and probed with anticoilin an-
tibodies, showing that equivalent amounts of protein
were recovered for each set of constructs (Fig 2B, bottom;
cf. lanes 2 and 3 or 4 and 5). Previous studies of SMN and
Sm protein interactions could only infer the importance
of the arginine residues, because only truncation mu-
tants were studied (Friesen and Dreyfuss 2000; Selenko
et al. 2001). Here, we show that arginine substitution
rather than truncation is important for binding to SMN.
On the basis of these observations, we conclude that
arginines within the coilin RG box are important for
interaction with SMN in vivo.
Interestingly, the interaction between coilin and SMN

need not be restricted to CBs, as the myc-coilin�N�C
protein is completely nucleoplasmic (Hebert and Matera
2000) and the GFP-C214 construct localizes diffusely
throughout the entire cell, similar to GFP alone (data not
shown). Thus, the coilin self-association domain (Hebert
and Matera 2000) is not necessary for the interaction
with SMN. We note that recovery of SMN with coilin-
C214 was not quite as robust as it was with the longer
constructs (Fig. 2B, cf. lanes 2 and 6 with lane 4), sug-
gesting that coilin residues 94–362 may make additional
contacts with SMN. Indeed, slight residual binding to
SMN was observed even when the entire coilin RG do-
main was deleted (Fig. 2C). Alternatively, it is possible
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that the primarily cytoplasmic GFP-C214 protein does
not compete as well for SMN binding sites as does
nuclear coilin (see below). Additional experiments re-
vealed that Gemin2 and Gemin3 coprecipitate with
SMN and GFP-coilin (data not shown). Thus, in vivo, it
is likely that coilin associates with the multisubunit
SMN complex (Liu et al. 1997; Pellizzoni et al. 1999;
Meister et al. 2000), raising questions as to the precise
nature of the interaction.

Coilin interacts directly with SMN

We therefore generated and purified His- and GST-tagged
versions of both SMN and coilin and conducted in vitro
pulldown assays. As shown in Figure 3A, a GST fusion of
the coilin C-terminal 214 residues (GST–C214) interacts
directly with His-tagged, full-length SMN. GST alone
showed no detectable binding. As we found in vivo (Fig.
2B), mutation of the coilin RG box significantly reduced
the interaction (Fig. 3A, top). Control blots with anticoi-
lin (Fig. 3A, bottom) or anti-GST (Fig. 3B, bottom) anti-
bodies showed that comparable amounts of the GST con-
structs were used in the assay. These results show that

the interaction between coilin and SMN is direct and is
mediated by the coilin RG box.
Given that SMN can self-oligomerize (Lorson et al.

1998; Pellizzoni et al. 1999), it was important not only to
determine whether the coilin interaction required SMN
oligomers, but to localize the coilin binding site on the
SMN protein. We therefore reversed the direction of the
GST pulldowns described above, tethering various GST–
SMN constructs to the beads and testing with His-tagged
coilin-C214. Figure 3B shows that coilin-C214 can inter-
act with bead-bound SMN (i.e., SMN that has not oligo-
merized). Furthermore, deletion of SMN exon 7
(SMN�Ex7, the principal SMN isoform in SMA patients)
reduced the binding activity, whereas that of SMN(Ex1–
3) was relatively unaffected. The exon 3-only fusion,
SMN(Ex3), showed an extremely faint band under rela-
tively stringent wash conditions (see Materials and
Methods), whereas GST alone did not bind at all (Fig. 3B).
As a control, we tested the binding of His–SmB� to the
same GST–SMN constructs and obtained equivalent re-
sults (Fig. 3C).
There is some discrepancy in the literature regarding

the precise Sm protein binding site(s) within SMN. Drey-
fuss and colleagues have implicated exon 7 (Charroux et

Figure 1. Coilin contains a conserved RG box and interacts with SMN. (A) Schematic representation of human coilin. The self-
interaction domain and positively charged nuclear and nucleolar localization signals (NLS, NoLS) are indicated (Hebert and Matera
2000). The two stippled regions represent potentially negatively charged regions and reside upstream of the bipartite RG box, spanning
residues 392–420 in human. For comparison, similar RG-box motifs from other vertebrate coilins as well as from the human SmD3
and SmD1 proteins are aligned. Carats (^) mark sites where two to three amino acids were excluded to facilitate the alignment. Gaps
are denoted by a dash. The top line of the alignment shows the position of a mutation of the RG box (substitution of four arginines
to glycines) used in this study (mtRG). (B) Coilin interacts with SMN in HeLa lysate. Immunoprecipitation of the lysate by either an
anti-SMN antibody or normal mouse serum (NMS) was conducted as described in Materials and Methods, followed by SDS-PAGE and
Western blotting with anticoilin antibodies. The input lane shows 8% of the lysate used in the immunoprecipitation reactions.
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al. 1999; Pellizzoni et al. 1999), whereas the Fischer
group identified the so-called Tudor domain of SMN (es-
sentially exon 3) as the important region (Bühler et al.
1999; Selenko et al. 2001). Significantly, none of the pre-
vious domain-mapping studies used purified recombi-
nant proteins for both reactants. Instead, they substi-
tuted in vitro translation products of the various SMN
subfragments, which potentially could contain addi-
tional components of the SMN complex present in the
reticulocyte lysate. Not only did we perform the binding
reactions using purified recombinant proteins, but our
wash conditions contained similar salt concentrations
and more than 10 times the amount of detergent used
previously.
Because neither coilin nor SmB� bound tightly to the

GST–SMN(Ex3) construct, we then asked whether more
relaxed washing conditions (Charroux et al. 1999; see
Materials and Methods for details) would still elicit spe-
cific binding. Indeed, we found that whereas GST alone
did not bind under these conditions, GST–SMN(Ex3) and
a slightly larger Tudor domain construct GST–SMN(Tu-
dor) were efficiently bound by both His–C214 (Fig. 3D)
and His–SmB� (Fig. 3E). Together, these data clearly
show that the RG dipeptide motifs present in coilin
mimic those within the C-terminal tails of Sm proteins
in their direct interaction with the SMN Tudor domain.

Coilin interacts directly with SmB�

Several lines of evidence suggest an interaction between
coilin and Sm proteins. First, Bauer and Gall (1997)
stated that coilin can be immunoprecipitated from Xeno-
pus germinal vesicle extract by anti-Sm antibody Y12.
We since have confirmed this observation in HeLa cell
extracts (data not shown). Second, certain cell lines dis-
play CBs that are separable from gems (e.g., HeLa PV; Liu
and Dreyfuss 1996). These CBs thus are enriched in
snRNAs and Sm proteins but lack detectable concentra-
tions of the SMN complex. It therefore is possible that
coilin and at least some of the Sm proteins might inter-
act directly. We tested this idea and found that, indeed,
GST–SmB� recovered His–C214 in a pulldown assay (Fig.
4A), whereas GST alone did not. The interaction proved
faithful in the reverse direction as well, because GST–
C214 bound to His–SmB� (Fig. 4B). As a control for proper
folding of His–SmB�, we showed that it could interact
with both GST–SmD3 and GST–SMN(Ex3) (Fig. 4C). We
currently are investigating in detail the regions within
coilin and various Sm proteins that are required for this
interaction. However, it seems likely that residues
within the distal, highly conserved coilin C terminus
(Fig. 1A) are responsible for the binding to SmB/B�, and
perhaps with other Sm proteins as well.

Coilin competes with SmB� for binding to SMN

Because coilin and SmB� both contain RG dipeptides and
bind to the various GST–SMN constructs with similar

Figure 2. The coilin RG box mediates interaction with SMN.
(A) Schematic of coilin constructs. The RG box is indicated, as
is the tag used for each construct. GFP–C214 contains the C-
terminal 214 amino acids of coilin, residues 362–576. Myc-
tagged coilin�N�C spans residues 94–482, as shown. The RG
box of each construct was mutated (mtRG), as shown in Fig. 1A.
Furthermore, the entire RG box (392–420) was deleted in myc–
�N�C (myc–�N�C�RG). (B) Coilin interaction with SMN is
dependent on the RG box. HeLa cells were transfected with the
various coilin constructs, and the lysates were immunoprecipi-
tated with anti-GFP (lanes 2–5) or anti-myc (lanes 6,7) antibod-
ies, as described in Materials and Methods. The beads were
washed and subjected to SDS-PAGE and Western blotting with
anti-SMN antibodies (top). The immunoglobulin (IgG) heavy
(H) and light (L) chains are marked. The input lane shows 5% of
the lysate used in the immunoprecipitation reactions. The same
immunoprecipitates were electrophoresed and blotted with an-
ticoilin antibodies to show that equal amounts of protein were
pulled down (bottom). (C) Deletion of the RG box in coilin
reduces SMN interaction. HeLa cells were transfected with
myc–�N�C or myc–�N�C�RG, and the lysates were immuno-
precipitated with monoclonal anti-myc antibodies, followed by
SDS-PAGE and Western blotting with anti-SMN antibodies
(top). The same blot was reprobed with polyclonal anti-myc
antibodies (bottom). The input lanes show 5% of the lysate used
in the reactions.
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affinities (Fig. 3), we wondered if they might occupy
overlapping binding sites. We tested the competitive na-
ture of the interaction in three different ways. Pulldown
assays were performed using fixed amounts of His–T7–
SmB� and the GST constructs, either GST–SMN (Fig. 5A)
or GST–C214 (Fig. 5B). Variable amounts of His–C214
(Fig. 5A) or His–SMN (Fig. 5B) then were added. In each
case, increasing amounts of His–C214 or His–SMN com-
peted with His–T7–SmB� for binding to GST–SMN or
GST–C214, respectively. Indeed, a 15-fold molar excess
of His–C214 precludes any His–SmB� binding to GST–
SMN (Fig. 5A). Similarly, an excess of His–SMN is suf-
ficient to abolish His–SmB� binding to GST–C214 (Fig.
5B). Finally, we also tethered GST–SmB� to the beads and
found that increasing amounts of coilin-C214 also could
compete with soluble (i.e., oligomerized) SMN (Fig. 5C).
As expected, the oligomeric SMN bound more tightly to
SmB� than did the GST-bound SMN (Pellizzoni et al.
1999), thus requiring more coilin competitor (Fig. 5, cf. C
and A). Regardless of which reactant was tethered to the
beads, the other two proteins competed for its binding.
Given that SmB� interacts directly with both coilin and
SMN, the reduction of SmB� recovery in Figure 5A and B
reflects not only a saturation of the GST component, but

a sequestration of SmB� through its interaction with the
more abundant protein.

The coilin RG box recruits the SMN complex to CBs

We have shown that coilin and SMN interact both in cell
extracts and directly in vitro. Together with evidence
that coilin and SMN interact genetically (Tucker et al.
2001), these results led us to hypothesize that coilin is
the factor that recruits the SMN complex (and Sm sn-
RNPs) to the CB. To test this idea, we took advantage of
mouse embryonic fibroblast (MEF) cell lines derived
from knockout mice that lack the C-terminal 487 amino
acids of coilin, including the RG-box motif. These MEFs
do not display normal CBs but instead form residual CBs
that lack coilin, SMN, and snRNPs (Tucker et al. 2001).
Transient expression of full-length mouse GFP-coilin re-
stored formation of normal CBs (Tucker et al. 2001). As
shown in Figure 6, knockout cells transfected with GFP–
mcoilin and myc-SMN show prominent CBs that con-
tain Sm snRNPs. However coexpression of a coilin RG-
box deletion (GFP–mcoilin�RG) tells a dramatically dif-
ferent story, generating distinct coilin and SMN foci
(Fig. 6). In no case did we observe a cell (n > 400) with

Figure 3. Coilin directly interacts with SMN via the RG box. (A)
Binding assays of His–SMN and GST–C214 or GST–C214(mtRG)
were conducted as described in Materials and Methods, followed by
SDS-PAGE and Western blotting with anti-SMN antibodies (top).
The same blot was reprobed with anticoilin antibodies (bottom) to
show that equal amounts of GST–C214 and GST–C214(mtRG) were
used. (B) Mapping of the coilin interaction site on SMN. Various
GST–SMN fusions were tested for their ability to bind His–C214.

GST–SMN�Ex7 does not contain exon 7 sequences. GST–SMN(Ex1–3) and GST–SMN(Ex3) contain the first three or only the third
exon of SMN, respectively. The Western blot was probed with an anticoilin antibody (top). The same blot was reprobed with anti-GST
antibodies to verify that equal amounts of beads were used in the assay (bottom). (C) Control pulldowns with the same GST–SMN
constructs used in B were assayed using His–T7–SmB�. Western blotting was performed with an anti-T7 antibody (top) or an anti-GST
antibody (bottom). The input lanes for all reactions are equivalent to 10% of that used in the binding assay. (D,E) The Tudor domain
of SMN mediates binding to coilin and SmB�. GST–SMN(Ex3), encompassing SMN residues 91–158, and GST–SMN(Tudor), spanning
residues 83–173, were used in pulldown assays with purified coilin-C214 or SmB�. A less stringent buffer was used in these binding
assays compared with the buffer used in A–C (see Materials and Methods). The blots were reprobed with an antibody to GST to verify
that equal amounts of beads were used in the assay. The input lane for Dwas equivalent to 10% of the C214 used in the binding assay,
whereas the input lane for E represents 20% of the SmB� used in the binding reaction.
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coincident GFP–mcoilin�RG and myc–SMN dots. Intri-
guingly, we found that Sm proteins are not enriched in
the GFP–mcoilin�RG foci, suggesting that either the
coilin RG box is important for proper folding of the C-
terminal region or that Sm proteins bind to the RG box
itself. Duplicate experiments on a second knockout MEF
cell line resulted in the same phenotype. These results
provide mechanistic evidence that the coilin RG-box
motif is essential for proper CB formation.

Discussion

We have shown that SMN, the spinal muscular atrophy
gene product, interacts with coilin, the CB marker pro-
tein via the coilin C-terminal RG-box motif. The inter-
action is direct, because substitution or deletion of spe-
cific arginine residues abrogates binding both in vivo
and in vitro. Furthermore, coilin competes with Sm pro-
teins for binding to SMN. Transfection experiments in
coilin knockout cell lines revealed that the RG box is
required for recruitment of the SMN complex to CBs.
We note that deletion of the RG box in mouse coilin
resulted in an increased nucleoplasmic fraction of the
protein (Fig. 6, cf. localization of GFP–mcoilin with
GFP–mcoilin�RG). Therefore, the coilin RG box also
may play a role in the overall folding and/or posttrans-
lational modification of the protein, which could affect
its subsequent subcellular localization. Interestingly, the

RG-box deletion described in this study resembles the
CB/gem separation phenotype observed in certain strains
of HeLa cells (Liu and Dreyfuss 1996; Matera and Frey
1998; Sleeman and Lamond 1999), with the important
caveat that the GFP–mcoilin�RG foci do not recruit
snRNPs. Recently, Brahms et al. (2000) showed that RG
dipeptides in human Sm proteins contain symmetrically
dimethylated arginines, the presence of which forms the
epitope for the well-known anti-Sm monoclonal anti-
body Y12. Unmethylated RG repeats are not recognized
by this antibody. Plausibly, arginines within the coilin
RG motif also may be methylated, and such modifica-
tion could not only contribute to the Y12 staining pat-

Figure 5. Coilin competes with SmB� and SMN for binding.
Competition experiments were conducted using GST–SMN (A),
GST–C214 (B), or GST–SmB� (C) beads incubated with a con-
stant amount of His–T7–SmB� (A,B) or SMN (C). Increasing
amounts of His–C214 (A,C) or SMN (B) were added in separate
reactions at the indicated fold excess, based on protein level,
relative to the amount of His–T7–SmB� (or SMN) present (lanes
3–6). The beads were washed, as described in Materials and
Methods, and subjected to SDS-PAGE and Western blotting
with an anti-T7 antibody (for detection of SmB� and C214) or an
anti-SMN antibody. The input lane (lane 1) shows an amount of
protein equivalent to 20% of that used in lanes 2 and 4. Lane 2
in all panels shows the amount of His–T7–SmB� (A,B) or SMN
(C) recovered in the absence of competitor. It is clear that addi-
tion of increasing amounts of competitor did not poison the
GST beads because companion blots showed increasing
amounts of either C214 (A,C) or SMN (B) were bound as binding
to the other component decreased (data not shown).

Figure 4. Coilin interacts with SmB�. (A) Direct interaction of
His–C214 with GST–SmB�, but not with GST alone. His–C214
was detected by anticoilin antibodies. (B) His–T7–SmB� inter-
acts with GST–C214. The blot was probed with anti-T7 anti-
bodies (top) to detect His–T7–SmB�. Reprobing with anticoilin
antibodies showed equal levels of GST (data not shown). (C) The
SmB� used in this study is properly folded because it interacts
with GST–SmD3 and GST–SMN(Ex3). The input lanes account
for 20% of the His-tagged reagents in A and B and 33% of the
amount in C.
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tern itself, but alter the binding of coilin to SMN. In fact,
Friesen et al. (2001) recently have shown that arginine
methylation substantially increases the binding affinity
of Sm proteins to SMN. Thus, differences in expression
of coilin modifiers in the various cell lines could account
for the observed variability in gem versus CB expression.
Indeed, the fact that gems and CBs tend to exist as sepa-
rate entities in fetal tissues, whereas in adults the two
structures are fused (Young et al. 2001), argues that this
process is developmentally regulated. Arginine methyl-
ation therefore may serve as a molecular switch that
controls coilin and Sm protein interactions with SMN.
Certain coilin constructs like C214might not have equal
access to the proper arginine methyltransferases, perhaps
accounting for why cytoplasmic GFP–coilin–C214might
be less effective at binding SMN than its nuclear coun-
terparts (Fig. 2B).

Self-association and nuclear body formation

How does nuclear SMN play a role in snRNP biogenesis
or recycling when it is concentrated in gems, which do
not contain snRNPs (Liu and Dreyfuss 1996; Dietz
1998)? The finding that coilin is directly required for
recruitment of the SMN complex to CBs solves this
long-standing question in SMA biology. In other words,
coilin is the bridge between CBs and gems. Thus, an
important factor in gem formation simply may be the
local concentrations of the various interactors. For ex-
ample, considering that coilin is primarily nuclear, the
relative concentrations of SMN and Sm proteins in the
cytoplasm would favor that combination. However,
when the SMN/snRNP complex enters the nucleus, it
encounters high levels of coilin, especially within the
CB. We have shown that coilin competes with SmB� for
binding sites on SMN (Fig. 5). In this scenario, self-oligo-
merized coilin proteins in the CB (Hebert and Matera

2000) conceivably could bind to both Sm and SMN,
therefore dissociating the SMN/snRNP complex. SMN,
liberated from its snRNP cargo, then would be free to
leave the CB, possibly to regenerate splicing snRNPs
(Pellizzoni et al. 1998) or shuttle back to the cytoplasm
to help assemble new ones (Matera and Hebert 2001).
Alternatively, a large fraction of coilin is localized dif-
fusely in the nucleoplasm, perhaps reflecting a coilin/Sm
or a coilin/SMN pool. The presence of gems therefore
may reflect a local surplus of SMN complexes, resulting
in the formation of gems by SMN self-association (He-
bert and Matera 2000).

SMA: the coilin connection?

Cells derived from SMA patients and mouse models of
the disease display defects in the nuclear targeting of
SMN�Ex7 (Frugier et al. 2000). Genetic studies have
shown that the severity of SMA is directly dependent on
the expression of full-length SMN protein (Hsieh-Li et al.
2000; Monani et al. 2000). In fact, Cre-mediated deletion
of Smn exon 7 in mouse neuronal cells results in an
SMA-like phenotype as well as a pronounced defect in
coilin localization, forming large paranucleolar aggre-
gates (Frugier et al. 2000). Recent work from our labora-
tory (Tucker et al. 2001) provides additional evidence for
a genetic interaction between coilin and SMN. Given the
molecular results presented here, it will be interesting to
see whether deletion of the coilin C terminus exacer-
bates, or possibly even alleviates, the phenotype of SMN
heterozygotes (Jablonka et al. 2000) when animals bear-
ing these mutations are crossed.

Materials and methods

Plasmid construction and mutagenesis

For GFP-tagged fusion proteins, we used the pEGFP vector se-
ries (Clontech). GFP-tagged coilin has been described previously

Figure 6. The RG box of coilin is required for recruitment of the SMN complex to the Cajal body. A mouse embryonic fibroblast cell
line derived from coilin knockout mice (Tucker et al. 2001) was cotransfected with GFP-mouse coilin (GFP–mcoilin) and human
myc-tagged SMN (top). SMN was visualized by an anti-myc antibody whereas Sm proteins were detected using the antibody Y12. A
white signal in the merged image shows that all three signals are coincident. Additionally, mouse coilin deleted of the RG box
(GFP–m�RG) was cotransfected into the KO line with myc–SMN (bottom). The presence of both red and green signals, without
overlap, can be observed in merged image. Cells were processed as described in Materials and Methods.
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(Hebert and Matera 2000). The GFP-C214 construct, in which
the C-terminal 214 amino acids of coilin were cloned in frame
with GFP, was generated by use of PstI restriction sites in coilin
and the GFP vector. To make myc-coilin�N�C (coilin residues
94–482), we introduced a stop codon at residue 482 in myc-
coilin(94–576), by using the Quick Change Mutagenesis kit
(Stratagene). To mutate the coilin RG box, we mutagenized
templates by using mtRG forward primer: 5�-G GGA CGG
GGC ATG GGA GGC GGA GGT GGA GGA GGA GGC CAT
CCT GTT TCC-3� and mtRG reverse primer 5�-GGA AAC
AGG ATG GCC TCC TCC TCC ACC TCC GCC TCC CAT
GCC CCG TCC C-3� (R to G codon changes are underlined).
The RG box in myc-coilin�N�C was deleted using partially
overlapping primers: �RG forward 5�-ATC GTC GCA GGA
TCC GGG CAT CCT GTT TCC TGT GTT GTA AAT AG-3�

and �RG reverse 5�-GGA TCC TGCGACGAT TCC TAAACT
AGC AGG GAG AGA CAC ACT GGG-3�. The RG box in
GFP-mouse coilin (Tucker et al. 2001) was deleted using par-
tially overlapping primers: �RGm forward 5�-ATC GTC GCA
GGA TCC GGG CAA GCG GTC TCC TGT GTC TTT AAT
AG-3� and �RGm reverse 5�-GGA TCC TGC GAC GAT TCC
CAA ACT GGT GGG GAC AGG CGT ACT GGG-3� (the un-
derlined regions mark an overlapping, in-frame linker). By using
these primers in a Quick Change reaction, we were able to
generate a deletion of the entire RG box in both human and
mouse backgrounds and include the five-residue linker. The
GST fusions harboring SMN, SMN(�Ex7), SMN(Ex1–3), and
SMN(Ex3) were kind gifts of E. Androphy (Tufts University,
Boston, MA) and C. Lorson (Arizona State University, Tempe).
GST–SMN(Tudor) (residues 83–173) was a gift from P. Selenko
(EMBL, Heidelberg, Germany). Human myc-tagged SMN was a
kind gift of G. Dreyfuss (HHMI, University of Pennsylvania,
Philadelphia). The SmB� cDNA (a kind gift of T. Gray, Wad-
sworth Center, Albany, NY) was cloned in frame with GST in
pGEX-2T (Pharmacia) and His-T7 into pET28a (Novagen) by
PCR using specific primers. The C214 fragment of coilin was
cloned into pGEX-3X and pET28a by using standard molecular
biological techniques, as was the cloning of SMN into pET28a.
Constructs were verified by sequencing and Western blotting.

GST-pulldown assays

GST- and His-tagged constructs were transformed into Esche-
richia coli BL21(DE3)pLysS cells, induced, and purified using
either glutathione beads (Pharmacia) or Ni2+ agarose beads
(QIAGEN), as per the manufacturer’s specifications. His-tagged
proteins were dialyzed after elution against 20 mM Tris at pH
7.5, 300 mM NaCl, 2 mM EDTA, 40% glycerol, and one tablet
per 50 mL of Complete EDTA-free protease inhibitor cocktail
tablets (Roche). The Bradford assay reagent from Bio-Rad was
used to quantify the concentrations of purified components.
Recombinant proteins were checked by Coomassie staining and
Western blotting to ensure purity and lack of degradation. Bind-
ing reactions typically contained 1 µg of the GST fusion protein
(on beads) and ∼ 0.6 µg of the His-T7-tagged protein in 1 mL of a
modified RIPA buffer (50 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA),
plus 2 mM dithiothreitol (DTT). The reactions were incubated
with gentle inversion for 1 h at 4°C, followed by 5 washes (1 mL
each) with RIPA plus DTT. The beads were resuspended in 15
µL 5 × SDS loading buffer, boiled, and subjected to SDS-PAGE
as described (Hebert and Matera 2000). The assays shown in
Figure 3, D and E, were conducted as above except that a buffer
adapted from Charroux et al. (1999) was used. Namely, these
reactions were incubated and washed in 50 mM Tris-HCl at pH
7.5, 100 mM NaCl, 0.05% NP-40, 2 mM EDTA, and 2 mM

DTT. Primary antibodies used include anti-SMN 7B10 (1 : 1000;
Meister et al. 2000), anti-SMN N-19 (1 : 100; Santa Cruz), anti-
T7 (1 : 1000; Novagen), anti-GST (1 : 1000; Santa Cruz), and an-
ticoilin R288 (1 : 500; Andrade et al. 1993). The competition
experiments (Fig. 5) were performed by incubating a fixed
amount of the GST fusion with a constant amount of His–T7–
SmB� (Fig. 5A,B) or His–T7–SMN (Fig. 5C). Separate reactions
were conducted with increasing levels of the competitor pro-
tein. The beads were washed as described above and analyzed by
SDS-PAGE and Western blotting.

Immunoprecipitation, transfection, and immunofluorescence

HeLa cells were grown in DMEM (GIBCO BRL), supplemented
with 10% FBS (GIBCO BRL), and then harvested, washed in
PBS, and snap-frozen in liquid nitrogen for 30 sec. One hundred
microliters of modified RIPA buffer was added to the cell pellet.
A suspension then was generated using a Teflon pestle (10–15
strokes), and an additional 900 µL of RIPA was added. The cell
suspension then was incubated for 30 min at 4°C with gentle
inversion, followed by centrifugation to pellet cellular debris.
The lysate subsequently was incubated with the anti-SMN an-
tibody 7B10 (Meister et al. 2000) or an equivalent amount of
normal mouse serum. The reactions were incubated overnight
at 4°C with gentle inversion, followed by the addition of 60 µL
of 50% Protein G–Sepharose (Pharmacia) for 2 h. The beads
were washed five times with 1 mL RIPA, resuspended in 30 µL
of 5× SDS loading buffer, boiled, and subjected to SDS-PAGE as
described (Hebert and Matera 2000), followed by detection of
coilin using anticoilin antibody R288 (1 : 500; Andrade et al.
1993). Where indicated, HeLa cells were transfected for 24 h
using SuperFect (QIAGEN) according to the manufacturer’s
specifications. For coimmunoprecipitation of endogenous SMN
with various coilin fragments, cells were transfected and lysed
as described above. Lysates containing GFP-tagged proteins
were incubated with anti-GFP antibodies (Clontech), followed
by incubation with Protein G–Sepharose beads, and washed as
described above. Myc-tagged coilin constructs were immuno-
precipitated with anti-myc antibodies (clone 9E10; Santa Cruz)
and incubated with Protein G–Sepharose. After SDS-PAGE and
transfer, SMN was detected by use of anti-SMN antibody 7B10
(1 : 1000). MEF cells were transfected using LipofectAMINE
(GIBCO BRL) for 24 h according to the manufacturer’s specifi-
cations. Cells were grown on chambered slides (Nunc), fixed in
paraformaldehyde, and permeabilized in Triton X-100 as de-
scribed (Frey and Matera 1995). The cells were incubated with a
polyclonal anti-myc antibody (1 : 40; Santa Cruz) to detect SMN
and the anti-Sm monoclonal antibody Y12 (1 : 800; Lerner et al.
1981). Fluorochrome conjugated secondary antibodies anti-rab-
bit Texas Red (Molecular Probes) and anti-mouse Cy5 (Amer-
sham) were used and images were acquired and processed as
described (Hebert and Matera 2000).
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