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Summary

The survival of motor neurons protein (SMN), the prod-
uct of the neurodegenerative disease spinal muscular
atrophy (SMA) gene, functions as an assembly factor
for snRNPs and likely other RNPs. SMN binds the argi-
nine- and glycine-rich (RG) domains of the snRNP pro-
teins SmD1 and SmD3. Specific arginines in these do-
mains are modified to dimethylarginines, a common
modification of unknown function. We show that SMN
binds preferentially to the dimethylarginine-modified
RG domains of SmD1 and SmD3. The binding of other
SMN-interacting proteins is also strongly enhanced
by methylation. Thus, methylation of arginines is a
novel mechanism to promote specific protein-protein
interactions and appears to be key to generating high-
affinity SMN substrates. It is reasonable to expect that
protein hypomethylation may contribute to the severity
of SMA.

Introduction

The neuromuscular disease spinal muscular atrophy
(SMA) is characterized by degeneration of motor neu-
rons of the spinal cord resulting in muscular weakness
and atrophy (Melki, 1997). The survival motor neuron
gene (SMN) is present as an inverted repeat on chromo-
some 5 at 5q13, and over 98% of SMA patients have
deletions or mutations of the telomeric copy of the gene
(SMNT1), resulting in lower levels of SMN protein (Lefeb-
vre et al., 1995) and reviewed in (Burghes, 1997). The
SMN protein is found in all metazoan cells in both the
nucleus and cytoplasm and is part of a large multiprotein
complex. The thus-far-identified SMN complex compo-
nents include Gemin2 (formerly SIP1) (Liu et al., 1997),
the DEAD box RNA helicase Gemin3 (Charroux et al.,
1999), and Gemin4 (Charroux et al., 2000). SMN oligo-
merizes, and its oligomerization greatly enhances its
binding to the core snRNP Sm proteins SmB, -D1, and
-D3 (Pellizzoni et al., 1999). Several SMN mutants found
in SMA patients are defective in oligomerization and in
Sm protein binding (Lorson et al., 1998; Buhler et al.,
1999; Pellizzoni et al., 1999). All of the seven Sm proteins
(B, D1, D2, D3, E, F, and G) that constitute the common
core of spliceosomal snRNPs have a conserved Sm
domain (Hermann et al., 1995; Seraphin, 1995). SmD1
and SmD3, in addition, have carboxy-terminal arginine-
and glycine-rich (RG) domains which are necessary and
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sufficient for SMN binding (Friesen and Dreyfuss, 2000).
Recently, it was shown that specific arginine residues
within these RG domains contain posttranslationally
modified symmetrical dimethylarginines (sDMAs), and
this modification apparently occurs in the cytoplasm
(Brahms et al., 2000). SnRNPs are essential components
of the pre-mRNA splicing machinery, and their Sm cores
are assembled in the cytoplasm (Luhrmann, 1990). Ex-
periments in Xenopus oocytes have shown that the SMN
complex plays a crucial role in snRNP assembly (Fischer
et al., 1997; Buhler et al., 1999). In somatic cells, trans-
fection of a dominant-negative SMN mutant deleted of
27 amino terminal amino acids (SMNAN27) blocks
snRNP assembly in the cytoplasm and also inhibits
splicing (Pellizzoni et al., 1998) and transcription (Pelliz-
zoni et al., 2001).

Posttranslational methylation of arginines can form
monomethylarginine, asymmetrical dimethylarginine
(aDMA), or symmetrical dimethylarginine (sDMA) (re-
viewed by Gary and Clarke, 1998). The aDMA appears
to be the more common form (Gary and Clarke, 1998)
while sDMA has so far been identified only in a few
proteins, including myelin basic protein (MBP) (Baldwin
and Carnegie, 1971), SmD1, and SmD3 (Brahms et al.,
2000). It is becoming increasingly obvious that many, if
not all, RG- and RGG repeat-containing proteins are
substrates for protein arginine methyltransferases and
receive dimethylation of arginines (Liu and Dreyfuss,
1995; Henry and Silver, 1996; Gary and Clarke, 1998;
Brahms et al., 2000). Despite the fact that proteins have
been shown to contain dimethylarginines over thirty
years ago (Paik and Kim, 1967; Paik and Kim, 1968),
little is known about the molecular functions of this post-
translational modification. Dimethylation of hnRNP pro-
teins has been suggested to play a role in their nuclear
export (Shen et al., 1998), and the methyltransferases
CARM1 and PRMT1 are involved in transcriptional acti-
vation by a nuclear hormone receptor (Chen et al., 1999).
PRMT1 may also have a role in the regulation of inter-
feron signaling pathways (Abramovich et al., 1997).
Here, we demonstrate that arginine methylation can en-
hance and regulate protein-protein interactions. We
show that SMN, a protein that plays a critical role in
snRNP core particle assembly in vivo, binds preferen-
tially to the sDMA-modified forms of SmD1 and SmD3
as well as to other methylated protein substrates.

Results

We have previously shown that the carboxy-terminal
RG domains of SmD1 and SmD3 are necessary and
sufficient for in vitro binding of these proteins to SMN
(Friesen and Dreyfuss, 2000). To further investigate the
interaction of these regions, HelLa cell extract was sub-
jected to affinity chromatography with immobilized glu-
tathione-S-transferase (GST) fused to full-length SmD1
(GST-D1), the carboxy-terminal 29 amino acids of SmD1
(GST-D1c29), full-length D3 (GST-D3), and the carboxy-
terminal 32 amino acids of SmD3 (GST-D3c32). GST
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Figure 1. The SMN Complex Preferentially
Binds Methylated SmD1 and SmD3 RG Do-
mains

(A) The indicated immobilized GST fusion
proteins were incubated with HeLa cell cyto-
plasmic extract, and after washing bound
proteins were analyzed by Western blot to
detect SMN (arrow). The total lane shows
10% of the extract used in each binding. (B)
Primary sequence of D1c29 and D3c32 (not
methylated), D1c29-sDMA and D3c32-sDMA
(symmetrically methylated), and D3c32-aDMA
(asymmetrically methylated) peptides. Rs™
indicates symmetrical dimethylarginine and
R*™ indicates asymmetrical dimethylargi-
nine. (C) The indicated peptides or biotin
(1 nanomole) were immobilized on streptavi-
din sepharose and incubated with HelLa cyto-
plasmic extract. After washing, retained pro-
teins were analyzed by Western blot to detect
SMN (arrow). The total lane shows 10% of
the extract used in each binding.
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fused to the SMN binding protein Gemin2 (GST-Gemin2)
was used as a positive control, and GST alone was used
as a negative control. Retained proteins were resolved
by SDS-PAGE, Western blotted onto a membrane, and
probed with the SMN-specific antibody 2B1 (Figure 1A).
Despite the fact that recombinant SMN binds directly
to these recombinant Sm proteins and their carboxy-
terminal fragments, none of them bound SMN in HelLa
cell extract. Bacterially produced SmD1 and SmD3 do
not contain the sDMAs found in the RG domains of
mammalian SmD1 and SmD3 (Brahms et al., 2000), sug-
gesting that in the context of native cell extract sDMA
posttranslational modification may be important for Sm
protein association with the SMN complex. To directly
test this, peptides corresponding to the carboxy-termi-
nal 29 and 32 amino acids of SmD1 and SmDS, respec-
tively, without (Biotin-D1c29 and Biotin-D3c32) or with
(Biotin-D1¢c29-sDMA and Biotin-D3c32-sDMA) the spe-
cific sDMA modifications formed in vivo, were synthe-
sized (Figure 1B). As an additional control a D3c32 pep-
tide (Biotin-D3c32-aDMA) with aDMA in place of sDMA
was also synthesized. Each peptide or biotin alone was
immobilized on streptavidin sepharose and used for
binding of HeLa cell extract. After extensive washing of
the beads and SDS-PAGE, the amount of SMN bound
was determined by Western blotting (Figure 1C). Strik-

ingly, only the symmetrically methylated RG peptides
bound SMN, indicating that native SMN binds preferen-
tially to symmetrically dimethylated SmD1 and SmD3 in
cell extracts.

To further investigate SMN binding to sDMA-modified
targets, His-tagged SMN bound to Gemin2 (Gemin2/His-
SMN) was tested for direct interaction with immobilized
SmD3 peptides (Figure 2A). Gemin2/His-SMN was used
for these experiments rather than SMN alone because
Gemin2 stabilizes and solubilizes recombinant SMN in
its oligomeric form, and Gemin2 does not itself bind to
Sm proteins (Charroux et al., 1999, 2000; Pellizzoni et
al., 1999). As measured by Western blotting to detect
recombinant SMN, significantly more SMN bound to the
sDMA-modified RG peptide than to the unmethylated
RG peptide, demonstrating that SMN has higher affinity
for the sDMA-containing form of SmD3. To obtain a
more quantitative estimate of the difference in SMN’s
affinity for sDMA-modified versus unmodified RG pep-
tide, increasing amounts of immobilized GST-Gemin2/
His-SMN were incubated with a constant amount of
each peptide which had been radiolabeled by preincu-
bation with [*S]streptavidin (Figure 2B). All of the SMN
amounts tested bound significantly more of the sDMA-
modified RG peptide than the unmodified RG peptide.
Immobilized SMN (8.1 nanomoles) bound 16-fold more
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Figure 2. SMN Binds Methylated SmD3 with Higher Affinity Than Unmethylated SmD3

(A) 0.75 nanomole of the indicated streptavidin sepharose-immobilized peptides or biotin was incubated with Gemin2/His-SMN. After washing,
retained His-SMN (arrow) was detected with anti-T7 tag antibody. The total lane shows 50% of the recombinant protein used in each binding.
(B) The indicated amounts of GST-Gemin2-immobilized His-SMN (nanomoles) were incubated with 2.6 nanomoles of each peptide, which had
been radiolabeled with [**S]streptavidin. Following washing, the amount of retained *S-labeled peptide (hanomole) was measured by scintillation
counting. Black bars are for SMN binding to D3c32-sDMA, and white bars are for SMN binding to D3c32. Error bars represent standard error
of the mean for at least three measurements. (C) 293 cells transiently expressing myc-D3 were either treated (+) or not treated (—) with the
protein methyltransferase inhibitor Adox. Cytoplasmic extracts were immunoprecipitated with the anti-SMN monoclonal antibody 2B1 (a-SMN) and
nonimmune antibody (SP2/0) as indicated, and retained proteins were Western blotted to detect the indicated proteins (arrows). The total

lanes show 10% of the extract used in each immunoprecipitation.

radiolabeled sDMA-modified RG peptide than radiola-
beled unmodified RG peptide, demonstrating that under
these conditions SMN has at least a 16-fold higher affin-
ity for the modified RG peptide over the unmodified RG
peptide. It is likely that the difference in binding affinity
is actually higher, but the conditions for this assay pre-
clude using higher volumes of beads. Taken together,
the results presented in Figures 1 and 2A and 2B demon-
strate that the methylation state of Sm proteins affects
their ability to interact with the SMN complex. These
data demonstrate that protein-protein interactions can
be regulated by arginine methylation.

To examine the role of methylation on SmD3 interac-
tion with the SMN complex in vivo, myc-tagged SmD3
(myc-D3) was expressed by transient transfection in 293
cells. After transfection, cells were either treated with the
protein methyltransferase inhibitor, periodate oxidized
adenosine (Adox), or left untreated. Treatment of cells
with Adox produces lysates which contain undermethyl-
ated proteins (Najbauer and Aswad, 1990; Li et al., 1998).
Cytoplasmic cell extracts were produced from each cell
population, and anti-SMN-specific antibody or nonim-
mune antibody (SP2/0) immunoprecipitates were pre-
pared and detected by Western blotting with SMN-,
Gemin2-, and myc-D3-specific antibodies (Figure 2C).
We did not use anti-Sm monoclonal antibodies to detect
native Sm proteins because the methylation state of
SmD1 and SmD3 (and therefore possibly SmB) has been
shown to affect their reactivity with these antibodies
(Brahms et al., 2000). Anti-SMN antibody (2B1) immuno-
precipitated similar amounts of SMN and Gemin2 from
untreated or Adox-treated cells. In contrast, 2B1 coimmu-
noprecipitated significantly less myc-D3 from Adox-
treated cells than from untreated cells, supporting the
conclusion that arginine methylation of SmD3 is required
for (or at least strongly enhances) its interaction with
SMN.

In addition to Sm proteins, SMN interacts with many
other RGG domain-containing proteins, including fibril-
larin, hnRNP U (Liu and Dreyfuss, 1996), and RNA heli-
case A (Pellizzoni et al., 2001), two of which have been

shown to receive dimethylation of arginines (Chris-
tensen and Fuxa, 1988; Liu and Dreyfuss, 1995). Thus,
we considered it likely that preference for dimethylated
arginine-modified targets (asymmetrical as well as sym-
metrical DMA) could extend to other SMN binding pro-
teins. To test this, 293 cells were treated with the methyl-
transferase inhibitor Adox or left untreated. Both treated
and untreated cells were metabolically labeled with
[*S]methionine. Total extracts prepared from these cells
were then incubated with GST alone or His-SMN bound
to GST-Gemin2. Following extensive washing, SMN-
bound proteins were resolved by SDS-PAGE and visual-
ized by fluorography (Figure 3A). GST-Gemin2 shows
no binding and serves to better present SMN (data not
shown). Four proteins, p120, p100, p72 and p22, which
bound SMN when in their normal methylation state (no
Adox treatment), had dramatically reduced SMN binding
when in a hypomethylated state (Adox treatment). To
assure that proteins with reduced SMN binding after
Adox treatment (hypomethylated state) are indeed ca-
pable of receiving methylation, total cell extract pre-
pared from Adox-treated 293 cells was labeled with the
methyl donor S-adenosyl-L-[methyl-*H]methionine (*H-
SAM) and bound to GST alone or to His-SMN immobi-
lized on GST-Gemin2. The SMN bound, *H-labeled pro-
teins were resolved by SDS-PAGE and visualized by
fluorography (Figure 3B). Four bands of the same molec-
ular mass as those whose SMN binding is reduced by
hypomethylation (p120, p100, p72, and p22) were ob-
served, demonstrating that these four proteins do in-
deed receive methylation. These results demonstrate
that, in addition to SmD1 and SmD3, SMN binds prefer-
entially to other proteins after they are posttransla-
tionally methylated.

Discussion

The results presented here establish the mechanism
by which SMN, the product of the SMA disease gene,
recognizes its targets, and demonstrate a novel molecu-
lar function for dimethylation of arginines. SMA is one



Molecular Cell

1114
a
A %g B S
s £
= =Y
wa B BE -
PEELL L. Y E 282
16— - .-ﬂ—pmﬂ 116 — -—pi20
97— - -a—pi00 g7 — - - -=—p100
— 72
68— ,q—p?Z 68 — -
- —_
45— 45-
— --
30— -
- 30
-
. 2 ~-—p22

Figure 3. Methylation of Putative SMN Targets Increases Their Af-
finity for SMN

(A) Extracts prepared form 293 cells treated (+) with the protein
methyltransferase inhibitor Adox or left untreated (—) and metaboli-
cally labeled with [**S]methionine were incubated with immobilized
GST or His-SMN immobilized on GST-Gemin2. After washing, re-
tained proteins were separated by SDS-PAGE and visualized by
fluorography. Four proteins (p120, p100, p72, and p22, as indicated)
displayed reduced SMN binding if extracted from Adox-treated
cells. The total lane shows 1% of the labeled extract used in each
binding. (B) Extract prepared from Adox-treated 293 cells was incu-
bated with *H-SAM (40 ..Ci) for 45 min at 30°C to allow endogenous
methyltransferases to methylate hypomethylated proteins. The ex-
tract was then incubated with immobilized GST or His-SMN (5 pg)
immobilized on GST-Gemin2. After washing, retained proteins were
separated by SDS-PAGE and visualized by fluorography. The total
lane shows 2% of the extract used in each binding. In (A) and (B),
molecular weight markers are shown to the left.

of the most common human genetic diseases and is the
most common genetic cause of infant mortality world-
wide (Czeizel and Hamula, 1989). It is a neurodegenera-
tive disease about which more is currently known at the
molecular level than about any of the other neurodegen-
erative diseases. It has become apparent that SMN func-
tions as an assembly factor for several RNA-protein ma-
chines in the cell, including snRNPs (Fischer et al., 1997;
Liu et al., 1997; Pellizzoni et al., 1998; Buhler et al., 1999;
Pellizzoni et al., 1999, 2001). It is, therefore, a sort of
a chaperone of large macromolecular complexes. To
accomplish this function for assembly of snRNPs, SMN
interacts directly with three of the Sm proteins, SmD1,
SmD3, and SmB (Fischer et al., 1997; Pellizzoni et al.,
1999). We have shown recently that SMN interacts di-
rectly with the carboxy-terminal RG domains of SmD1
and SmD3 (Friesen and Dreyfuss, 2000). These domains,
like other RGG boxes found in scores of (mostly) RNA
binding proteins, receive a modification which post-
translationally converts arginines to dimethylarginines.
We report here that SMN only interacts with its sub-
strates after they are modified to dimethylarginines. This
finding demonstrates that methylation of arginines, a
very common modification which was discovered over
30 years ago and about whose function little is known,

can serve as an entirely novel mechanism to promote
specific protein-protein interactions. The dimethylated
arginines must form a unique surface to mediate the
interaction of RG domains with SMN, constituting a
novel mode of interaction between the surfaces of two
proteins. Many of the other substrates of SMN have RG
domains similar to the two substrates we analyze here
in detail, SmD1 and SmD3 (Liu and Dreyfuss, 1996; Pel-
lizzoni et al., 2001). We suggest that arginine methylation
is, therefore, a key to substrate recognition by the SMN
complex.

SMN can discriminate between the RG domains from
different proteins (Friesen and Dreyfuss, 2000), and argi-
nine methylation now emerges as a new mechanism
for enhancing SMN substrate selection. Our view that
protein arginine methylation is a general mechanism by
which high-affinity Sm protein substrates are generated
and targeted to the SMN complex is presented in Figure
4. It illustrates our understanding of the role of methyla-
tion of Sm proteins in promoting their interaction with
SMN. This is presently the best-characterized interac-
tion of SMN with protein substrates, but we suggest
that the same general considerations apply to SMN’s
interactions with its many other RGG-containing targets
(Liu and Dreyfuss, 1996; Pellizzoni et al., 2001). Except
for a few proteins, in which the methylation results in
sDMAs, the majority of RGG-containing proteins receive
the more common aDMAs (Gary and Clarke, 1998).
Given the results shown in Figure 3, we consider it likely
that SMN also interacts preferentially with many proteins
that receive the asymmetric modification. The DMA
modification of SmD3 and SmD1 (and possibly SmB)
targets these proteins to the SMN complex, which then
assembles them, along with the other Sm proteins
(which also bind to the SMN complex), on snRNA to
form an snRNP core particle (Figure 4). By regulating
the binding of an Sm protein to the SMN complex, it
appears likely that Sm protein methylation serves to
regulate snRNP core particle assembly. According to
this view, protein arginine methyltransferases serve as
key regulators of RNP assembly processes, providing
an entry point for regulatory signals, akin to the role of
protein kinases.

Interestingly, SMN in cell extracts discriminates more
effectively, and apparently strictly, between the sDMA-
modified and unmodified SmD3 RG peptides than re-
combinant SMN, such that it does not display any mea-
surable binding to the unmodified RG peptide (compare
Figure 1C and Figure 2A). It is possible that SMN from
mammalian cells may be more correctly folded or re-
ceive a posttranslational modification that could ac-
count for the observed difference in binding. Alterna-
tively, other components of the SMN complex (e.g.,
Gemin3, Gemin4, etc.) may increase SMN’s ability to
distinguish between sDMA-modified and unmodified
Sm proteins. It is also conceivable that there is another
protein (or proteins) which preferentially binds to the
unmodified form of the RG peptide, effectively compet-
ing the binding of SMN. Although it is of lower affinity,
the binding of recombinant SMN to unmethylated re-
combinant RG peptide or to in vitro translated SmD3
permitted the identification of the RG domain as the
binding region for SMN (Friesen and Dreyfuss, 2000).

The key role of methylation in the interaction of Sm
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Figure 4. Arginine Methylation of Sm Proteins Is Important for Their Binding to the SMN Complex and Subsequent Inclusion into snRNP Core

Particles

Schematic depicting the posttranslational sDMA modification of the SmD1 and SmD3 RG-rich domains by a yet-to-be-identified protein
arginine methyltransferase. After sDMA modification, SmD3, SmD1, and possibly SmB associate with the SMN complex and along with the
other Sm proteins are assembled on snRNA to form an snRNP core particle.

proteins with SMN suggests that deficiencies in this
methylation would have similar consequences to having
reduced levels of, or mutations in, SMN, as is the case
in SMA. It raises the possibility that just as reduced
levels of SMN result in degeneration of motor neurons,
undermethylation of proteins that interact with SMN,
such as SmD1 and SmDS, would likely also be particu-
larly deleterious to these cells. Thus, deficiencies in pro-
tein arginine methylations may need to be considered in
the context of human disease, especially those involving
the nervous system. Interestingly, the nervous system
has long been known to be particularly sensitive to folate
and vitamin B12 deficiencies, both of which are required
for maintaining the SAM-dependent protein methylation
cycle (Scott, 1999). In this vein, we note that in addition
to the Sm proteins, myelin basic protein (MBP), a protein
that has been shown to be linked to neurodemyelinating
diseases (reviewed in Schmidt, 1999; Noseworthy et al.,
2000), also receives dimethylation of arginines (Baldwin
and Carnegie, 1971). For example, deimination of MBP
has been implicated in the pathogenesis of multiple scle-
rosis (Moscarello et al., 1994), and a recent report cor-
relates increased deimination of MBP with decreased
arginine methylation of MBP (Pritzker et al., 2000). Fur-
thermore, recent reports suggest that availability of
methyl donors, including S-adenosyl-L-methionine (SAM),
influences the formation of myelin components and the
activity and function of neurons (Bianchi et al., 1999).
Our suggestion here places SMA and diseases that may
result from hypomethylation of proteins in the same or
related pathways. It can be anticipated that undermeth-
ylation of proteins would further aggravate the severity
of SMA. This raises the possibility that it may be advis-
able to consider adequate supplementation with factors

that contribute to an optimal methylation state, including
folic acid and vitamins B12 and B6, for SMA patients.
Recently, it was shown that the presence of dimethyl-
arginines in proline-rich ligands inhibits their binding to
src homology 3 domains in vitro (Bedford et al., 2000).
However, the position and indeed even whether these
proline-rich ligands receive dimethylation of arginines
is not known, making the physiological relevance of this
finding uncertain. Our demonstration of selective inter-
action of SMN with dimethylarginine-modified proteins
suggests a novel mode of protein-protein interaction.
The dimethylated arginines must form a unique surface
that mediates the interaction of the RG domain with
SMN. It will be of great interest to determine the structure
of the complex at the interface between SMN and the
sDMA-modified RG domain. In addition to Sm proteins,
SMN interacts with several RGG-containing proteins
such as fibrillarin, hnRNP U (Liu and Dreyfuss, 1996),
and RNA helicase A (Pellizzoni et al., 2001). Both fibril-
larin and hnRNP U have been shown to receive dimethy-
lation of arginines (Christensen and Fuxa, 1988; Liu and
Dreyfuss, 1995). We show that a strong enhancement
of binding to methylated targets extends to at least four
other, yet unknown, SMN binding proteins (Figure 3).
This strongly suggests that protein arginine methylation
is crucial for generating high-affinity substrates for the
SMN complex and is a general phenomenon. Finally, the
results presented here raise the possibility that arginine
methylation, a very common posttranslational modifica-
tion, could serve as a general mechanism for regulating
protein interaction and RNA-protein complex formation.
In summary, we show that methylation of arginines can
promote specific protein-protein interactions. We fur-
ther suggest that arginine methylation is a key to sub-
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strate recognition by the SMN complex, and that the
processes of RNP assembly may be regulated by protein
arginine methyltransferases.

Experimental Procedures

Affinity Chromatography and Recombinant Protein

Purification and Binding

Affinity chromatography and binding were done with Glutathione-
S-transferase (GST) fusion proteins (3 g for Sm proteins and frag-
ments or 5 pg of His-SMN bound on GST-Gemin2) immobilized on
Glutathione Sepharose 4B (Amersham) or peptides (1 nanomole)
immobilized on High Performance Streptavidin Sepharose (Amer-
sham) with 100-150 pl (3-4 mg protein) of cell extract or 200-300
ng of His-SMN/Gemin2 in binding buffer (50 mM Tris [pH 7.5], 200
mM NaCl, 0.2 mM EDTA, 0.05% NP-40, 2 mM DTT, and protease
inhibitor cocktail) at 4°C. After incubation for 1-3 hr, binding reac-
tions were washed five times with 1.25 ml binding buffer. For radiola-
beled peptide binding to immobilized SMN, peptides were radiola-
beled by preincubation for 15 min with [*S]streptavidin (Amersham)
(2.6 nanomoles of peptide per about 26 nanomoles [**S]streptavidin).
Increasing amounts of His-SMN immobilized on GST-Gemin2 were
incubated with 2.6 nanomoles of peptide in 500 pl of binding buffer
for 30 min at 4°C. After washing, reactions were extracted in 5 ml
of Ecolite scintillation fluid (ICN) and counted in a Packard Tri-Carb
2100TR Scintillation counter. Gemin2 alone retained less than 0.025
nanomole of either peptide, and the highest amount of SMN used
(8.1 nanomoles) retained less than 0.025 nanomole [*S]streptavidin-
labeled biotin (data not shown). Sigma Genosys synthesized the
SmD3 peptides, and the SmD1 peptides were synthesized by the
Protein Chemistry Laboratory of the Medical School of the University
of Pennsylvania supported by core grants of the Diabetes and Can-
cer Centers (DK-19525 and CA-16520). BL21 cells expressing GST-
Gemin2 and His-SMN were resuspended in 20 ml of purification
buffer (20 mM Tris [pH 7.5], 300 mM NaCl, 0.2 mM EDTA, and
protease inhibitor cocktail), lysed by sonication, and purified on 750
wl Glutathione Sepharose 4B (Amersham) according to the manufac-
turer’s recommendation. His-SMN/Gemin2 was cleaved off the
beads by incubation overnight at 4°C wih 10 U TEV protease (GIBCO-
BRL) per 3 pg of GST-Gemin2.

Cell Culture and Extract Preparation

For transient expression of myc-tagged SmD3 (myc-D3), 293 cells
were transfected with 5 g mycD3pcDNAS using the CalPhos Mam-
malian Transfection Kit (Clontech Laboratories) according to the
manufacturer’'s recommendation. Cells were treated with 100 nM
periodate-oxidized adenosine (Adox) (Sigma) for 20 hr, 32 hr after
transfection. Cells were labeled with 20 j.Ci per ml of [**S]methionine
(Amersham) during Adox treatment. Cell fractionation was done as
described (Siomi et al., 1997).

Immunoprecipitation and Western Blotting

Immunoprecipitation, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and Western blotting were done as
previously described (Liu et al., 1997). Antibodies used were mono-
clonal anti-SMN (2B1) (Liu and Dreyfuss, 1996); monoclonal anti-
Gemin2 (2E17) (Liu et al., 1997); monoclonal anti-myc (9E10); and
monoclonal anti-T7 tag (Invitrogen).
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