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The spinal muscular atrophy disease gene product
(SMN) is crucial for small nuclear ribonuclear protein
(snRNP) biogenesis in the cytoplasm and plays a role in
pre-mRNA splicing in the nucleus. SMN oligomers inter-
act avidly with the snRNP core proteins SmB, -D1, and
-D3. We have delineated the specific sequences in the Sm
proteins that mediate their interaction with SMN. We
show that unique carboxyl-terminal arginine- and gly-
cine-rich domains comprising the last 29 amino acids of
SmD1 and the last 32 amino acids of SmD3 are necessary
and sufficient for SMN binding. Interestingly, SMN also
interacts with at least two of the U6-associated Sm-like
(Lsm) proteins, Lsm4 and Lsm6. Furthermore, the car-
boxyl-terminal arginine- and glycine-rich domain of
Lsm4 directly interacts with SMN. This suggests that
SMN also functions in the assembly of the U6 snRNP in
the nucleus and in the assembly of other Lsm-containing
complexes. These findings demonstrate that arginine-
and glycine-rich domains are necessary and sufficient
for SMN interaction, and they expand further the range
of targets of the SMN protein.

Spinal muscular atrophy (SMA)! is a neuromuscular disease
that results in muscular weakness and atrophy due to degen-
eration of motor neurons of the spinal cord (1-4). Over 98% of
SMA patients have mutations or deletions of the Survival Mo-
tor Neuron (SMNI) gene, which is present as an inverted
repeat on chromosome 5 at 5q13 (5-7). Only deletions or mu-
tations in the telomeric copy of SMN (SMN1) lead to SMA
(7-14). The centromeric copy of the gene (SMNZ2) produces
mostly an alternatively spliced form of SMN deleted of amino
acids encoded by exon 7 (SMNAEx7), and SMN2 can only
partially compensate for mutations or deletions in SMN1 (7,
15, 16). Indeed, some patients, instead of complete deletion of
SMN1, have shorter deletions of at least exon 7 or single point
mutations within the conserved YG domain (17, 18).

As measured by coimmunoprecipitation from cytoplasmic
extracts, SMN exists in a complex with Sm proteins (19), Ge-
min2 (formerly SIP1) (19), Gemin4 (20), and the DEAD box
RNA helicase Gemin3 (21). The amino terminus of SMN tightly
associates with Gemin2, whereas the carboxyl-terminal con-
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served YG domain is necessary for self-association and inter-
action with the core snRNP Sm proteins (19, 22). We have
recently demonstrated that oligomerization of SMN through
the conserved YG domain is required for efficient interaction
with SmB, -D1, and -D3 and suggested that upon oligomeriza-
tion a high affinity Sm protein binding site is formed (23).

SnRNPs are formed in the cytoplasm where the core Sm
proteins bind to the Sm site on U snRNA, and following hyper-
methylation of the m’G cap to a 2,2,7-trimethyl-gaunosine
(m3G) cap the snRNP is transported to the nucleus (24-30).
Using oocyte injections, it was demonstrated that the
SMN-Gemin2 complex plays a role in spliceosomal snRNP as-
sembly that takes place in the cytoplasm. Injection of Gemin2-
specific monoclonal antibodies inhibited, whereas injection of
SMN-specific monoclonal antibodies stimulated, snRNP bio-
genesis (31). In HeLa cells SMN deleted of the amino-terminal
27 amino acids (SMNAN27) functions as a dominant negative
mutant sequestering the SMN complex in large cytoplasmic
and nuclear bodies (32). SMNAN27 causes accumulation of Sm
proteins and U snRNA in the cytoplasm, suggesting that this
mutant blocks snRNP assembly prior to cap hypermethylation
and nuclear import. In vitro SMN stimulates, whereas
SMNAN27 and anti-SMN antibodies inhibit, splicing following
preincubation in nuclear extracts, demonstrating that SMN
may have a role in nuclear regeneration of snRNPs (32).
SnRNP assembly and nuclear splicing are basic cellular func-
tions required for cellular viability. Indeed, mice (33), Caenorh-
abditis elegans (34), and Schizosaccharomyces pombe (35, 36),
all lacking SMN, are not viable, which confirms that SMN
plays an essential role. Taken together these data suggest that
the SMA phenotype is caused by a motor neuron-specific re-
sponse to defects in the cytoplasmic assembly and/or nuclear
cycling of the splicing machinery.

The biogenesis of U6 snRNP is different from that of the
other snRNPs. Unlike other snRNAs, which are transcribed by
RNA polymerase II, U6 is transcribed by RNA polymerase III
(37). In addition, U6 does not leave the nucleus (38—40), has a
y-monomethyl triphosphate cap structure (41), and has a pro-
tein core consisting of eight Sm-like (Lsm) proteins (42—44). In
yeast it has been shown that Lsm4p, Lsm6p, and Lsm7p di-
rectly contact the U6 snRNA as measured by ultraviolet light
cross-linking experiments (45). The Lsm-U6 RNA complex is
relatively salt-labile and dissociates in the presence of compet-
itor RNA, suggesting that the interaction between Lsm and U6
snRNA is more dynamic in nature than that of the Sm core
snRNPs, which are extremely stable (44).

Here we have mapped the regions on the Sm proteins that
are responsible for SMN binding. We show that oligomerized
SMN interacts with the arginine- and glycine-containing car-
boxyl-terminal regions of SmB, SmD1, and SmD3. Surpris-
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ingly, we found that SMN also interacts directly with several of
the Lsm proteins. We suggest that the SMN complex has a role
in the assembly and/or regeneration of Lsm-containing com-
plexes, including the U6 snRNP.

MATERIALS AND METHODS

Plasmid Construction and Protein Production—All plasmids for ex-
pression of Sm and Lsm proteins and deletions or fragments thereof
were constructed by polymerase chain reaction amplification of cDNA
with specific primers containing restriction sites for subcloning. Ex-
pressed sequence tag cDNA clones encoding Lsm2, -3, -4, -5, -6, -7, and
-8 (IMAGE clone 1168053, IMAGE clone 278511, ATCC clone 160595,
IMAGE clone 2368661 (a kind gift from Bertrand Seraphin), IMAGE
clone 925894, and IMAGE clone 2325387, respectively) were obtained
and subcloned into pET vectors (Novagen). All constructs used were
confirmed by automated DNA cycle sequencing.

All [**S]methionine-labeled proteins were produced in vitro using the
TNT T7-coupled reticulocyte system (Promega) in the presence of
[**SImethionine (Amersham Pharmacia Biotech) according to the man-
ufacturer’s protocol. In Fig. 3, shown below, all Sm and Sm deletion
peptides were expressed from pcDNA3 with an in-frame myc tag
(myc-pcDNA3) (46). All Sm and Sm peptide fragments were produced
from pET vectors with (His)s-T7 tag (see Fig. 4A, below). SMN,
SMNY272C (tyrosine at position 272 changed to cysteine), SMNAYG
(deleted of the carboxyl-terminal 26 amino acids), and SMNAEx7 (de-
leted of amino acids encoded by exon 7) were produced from
myc-pcDNA3. These myc tag constructs produce two bands, because
translation starts at both the myc tag ATG and the native SMN ATG.

Recombinant GST (Amersham Pharmacia Biotech) and (His)6-T7
(Novagen)-tagged fusion proteins were produced according to the man-
ufacturers’ protocols. Following elution from Ni®* columns all (His),-
T7-tagged proteins were extensively dialyzed in 20 mm Tris, pH 7.5, 300
mM NaCl, 2 mm EDTA, 40% glycerol, and 0.5 mM phenylmethylsulfonyl
fluoride and stored at —20 °C. For oligomerized GST-SMN/SMN pro-
duction, two 500-ml cultures, one expressing GST-SMN and one ex-
pressing (His)g-T7-SMN, were induced and incubated at 17 °C with
shaking for 16 h. The cultures were centrifuged, and each cell pellet was
recovered in 20 ml of resuspension buffer (20 mm Tris, pH 7.5, 400 mm
NaCl, 1 mum dithiothreitol, and one tablet per 50 ml of Complete EDTA-
free protease inhibitor mixture tablets (Roche Molecular Biochemi-
cals)). Resuspended cells were mixed and lysed by sonication. Triton
X-100 was added to 1%, and the lysate was incubated with mild agita-
tion at 4 °C for 1 h. The lysate was clarified by centrifugation, and
oligomers of SMN were purified on glutathione-Sepharose (Amersham
Pharmacia Biotech). Purification of GST-SMN/SMN in this manner
produces immobilized oligomerized SMN, which binds to SmB, -D1, and
-D3 similarly to the previously reported oligomerized SMN (23). Prior to
use, all recombinant proteins were visualized on Coomassie-stained
SDS-polyacrylamide gels to confirm purity and lack of degradation.

In Vitro Binding—All binding reactions were carried out in 1 ml of
binding buffer (50 mm Tris, pH 7.5, 200 mm NaCl, 0.2 mm EDTA, 0.05%
Nonidet P-40, 2 mMm dithiothreitol, and one tablet per 50 ml of Complete
EDTA-free protease inhibitor mixture) and incubated 1-2 h at 4 °C
followed by five washes with 1 ml of binding buffer. All binding assays
employed glutathione-Sepharose-immobilized GST fusion proteins (1-2
ng). (His)g-T7-tagged fusion proteins (0.5-0.7 ug) were used for direct
binding assays, and for binding of in vitro translated [**SImethionine-
labeled proteins, 8 ul of each translation mixture was used. Bound
proteins were separated by SDS-polyacrylamide gel electrophoresis and
detected by Western blotting with the T7 tag antibody (Novagen) or
autoradiography.

RESULTS

SMN, but Not SMN Mutants Found in SMA Patients, Di-
rectly Interacts with SmD1 and SmD3—Among the eight core
Sm proteins, three of them, SmD1, -D3 and -B, have been
shown to avidly interact with oligomerized SMN, and only SmB
has been shown to interact directly with SMN (23). To deter-
mine if SmD1 and -D3 can also directly interact with SMN, we
produced recombinant (His)s-T7-tagged SmD1 and -D3. As
shown in Fig. 14, these proteins bound directly to immobilized
GST-SMN/SMN but not to GST alone. In the reverse experi-
ment, (His)s-T7-tagged SMN bound GST-SmD1 and GST-
SmD3 but not GST alone (Fig. 1B) demonstrating that SmD1
and -D3 interact directly with SMN. To determine if, as is the
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Fic. 1. SMN directly interacts with SmD1 and SmD3. A, (His),-
T7-tagged SmD1 and SmD3 (as indicated) were incubated with immo-
bilized GST-SMN/SMN or GST followed by washing, boiling in SDS
sample buffer, and Western analysis with anti-T7-tag antibody. The
input lanes show 10% of the total used in each binding reaction. B,
(His)s-T7-tagged SMN was incubated with the indicated immobilized
fusion proteins, and binding was measured as in A. The input lane
shows 20% of the total used in each binding reaction. C, the indicated in
vitro translated, [**S]methionine-labeled, SMN proteins were incubated
with immobilized GST-SmD1 and SmD3 as indicated followed by SDS-
polyacrylamide gel electrophoresis and fluorography. The input panel
shows 10% of each protein used in the binding experiments.

case with SmB, SMN mutations found in some SMA patients
are deficient in SmD1 and SmDS3 interactions, we tested the
ability of in vitro produced, [>°*S]methionine-labeled, SMN and
SMN mutants to interact with GST, GST-SmD1, and GST-
SmD3. Fig. 1C shows that SMN but not SMN deleted of amino
acids encoded by exon 7 (SMNAEx7), SMN deleted of the YG
box (SMNAYG), or SMN with tyrosine at position 272 changed
to cysteine (SMNY272C) bound GST-SmD1 and GST-SmDS3.
No binding with GST alone was observed (data not shown).
Thus, as is the case with SmB, SMN binds directly to SmD1
and -D3, and SMN mutants reduce these interactions.

Sm Protein Carboxyl-terminal Arginine- and Glycine-rich
Domains Are Required for SMN Binding—The Sm protein
sequence requirements for SMN interaction have not been
elucidated. From visual inspection of the primary sequence of
the human Sm proteins we observed that those proteins, which
interact most strongly with SMN (SmB, -D1, and -D3), contain
extended carboxyl termini. Further examination revealed that
the carboxyl termini of these proteins contain clusters of gly-
cine and arginine residues (Fig. 2). Most strikingly, SmD1
contains nine contiguous glycine-arginine (GR) repeats. SmD3
contains fewer arginine and glycine residues but is markedly
arginine- and glycine-rich. SmB contains a very extended car-
boxyl terminus, which is most noticeably proline-rich but also
contains five GRG and three GMR repeats. Because the Sm
proteins that interact weakly (or not at all) with SMN do not
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Sm motif 1
SmB 1 MTVGKSSKMLQHIDVYRMAC oD @R! F I@IT FKA FEI™
Smb3 1 MSI1 GV PIKVIHEAEGH I MIiTcETNTIGEV v RE(KIM EAE ®
seD2 1 M S LLNKPKSEMTPEELQKREEEEFNTGPLSVLTQGSVKNNTOMILINCANNGEKKLLEIRYV KA FEJ®
SmDl 1 MKLVAFIEWEKkLsHETHEIT) EMknvnEBTavHEBET ITGV e
SmE 1 MAYRGQGQKVAQKVMVaQPINLIFRYBoNRSR I o@wL YEQVNMR | E@Ic |1 cFB3
Smf 1 MSLPLNPKPFIEN gLT GKP MBI BKw@we v <@y [lv sv By
smG 1 MSKAHPPERIKKFMD KKLsLKIBINGEBIRH Yl R 6 FIBY| ™
Leml 1 MNYMPGTA St ED I D KKHLEILBROo@RT L | BIF R s | BY *
Lsm2 1 MLFYSFFKsSLY eKkDMIvMeBknD Ls | c@ltiBH sv g™
Lsm3 1 MADDVDQOAQTTNTVEEPLDLIRLSLDERI YMIKMAND REL REIRIBH A ¥ BN
Lemé 1 MLPLSLExTAaQoNHPMLEIEMK NBIET v n@H BV s cll
Lsms 1 MAANATTNPSQLLPLELVDEKGIGSRIHIVMEKSDKE ! v@ETlL c FB4
Lemé 1 MSLRKQTPSD Fllka | | c RPEVExEN s@voeo vy rREIv IBA c LB
Lem? 1 MADKEKKKKESILDBISKY IDKT I RMKFoG@REA s@1 Bk cFBl«
Lsms 1 MTsABENY INRTHE~M Tso@Rrwv | vET Bk c FEY>
Sm motif 2 139
smB 36 K H L I BICOCDMEIFARKI KPKNSKQAEREEKRY L FipE EMBL VSMTVEGPPPKDT GIYARY %
SmD3 37 p N CQMSNI TVTYRDG - - - ---AvaclEaY Y I SKIRFLILPDMLEKNAPMLEKS SM?®
smb2 60 R H cNEM VIBlE N v K BIMW TE V P - - - KSGKGKKKSKPVMNKDRY | SKMFLRGDSV IVYV LRI
Smbl 34y g THEMK AV KMTLKNR - - - - - - --EPVOMMETL 51 NEJ! RYF ILPDSLPLDTLLVDYV ®
SmE 52 E Y LvBo o AEEI HSKTK - - - sRKQ RIMLKEBIOMII TLLOQSV SN ke
smF 38 g ¥ Mo@aNTEBY I DGA - - - - - - - - LSGH EV L IMcNMvV LY | ARGV EEEEEDGEMRE %
Smi 36 p F LVIDECVYVBIMATSG - - - - - - . -QQNN @MYV VI NS I |IMLEALERYVY 7
lsml 37 g F ANSL VIH o T v BIR | HV G - - - - - - KKY GD | PRI@I FVV Ef¥ VLLGE IDLEKESD T TPLOQQ ®
lsm2 34 g vy LM K@TD | SVTDPEK - - - - - - -YPHMLSY KNCEF I SVVYRYVOQLPADEVDTQLLGDA ©
lsmi 48 g H LNBM | e D Vv E[ETV TT1 E I D -EETYEEIYKSTKRNIPMLFVARGD GV YV LVAPPLARY I
Lsmé 34 N W INBAREV I CTSRDGD - - -KFWRMPECGCY I STIKYLRIPDEI | DMV KEEV YV 8
Lsmi 45 p Fy MM viBE D v TBIFE 1 TP E -GRAI TKM@MoaQ | LLN N.ITMLVPGGEGPEV ol
Lsmé 39 G ¥ tAlMecreE@YyvNGQ - - - - - - - - - . LKNKYGDA F | NElVv LY | sSTaKRAM L
Lsm7 42 p L LASL V|0 ¢T I BlYMRDPDDQY K LTEDTRQ LV VG TSVVLICPQDGMEAIPNPF Q¥
Lsmé 32 g 7 | ML | o Es HBIRYV FSSSQG - - - VEQVY LY IV DEllv AV I GE IDEETDSALDLGN
v‘)‘]

SmB % p | AGAAGGPGI| GRAAGRGI|PAGYVPMPQAPAGLAGPVRGY GGPSAQAQVMTPQGRGTVAAAAAS
SmD3 87 K N - KN QG S GaA G R G Al LKAQVAARGRGRGMGRGN | FQKRR 126
SmDZUZ N P L | A GKQI 32 § 1
SmDl 84 E P KV K SK'K REAVAGRGRGRGRGRGRGRARGRGRAGGPAR 12
SmE 93 2
SmF 87 &
SmG 77 k-
Lsml 90 y § | EEILEEQRVEQQTKLEAEKLKVQALKDRARGLSI| PRADTLDEY 13
Lm2 86 A RKEA LQQ KQ 5
Lsm3 102 g 102
lamé 85 A,K GAR G RGGLOOQKQOKGRGMGGAGRGVFGGRGRGGIPGTGARGAPEKKPGRQAGKAQ 1
LsmS 92 54 9
Lsmé  ®1 L
Lsm? 100 g @ D A 103
Lsmé 86 | RAE P LNSVAH %
smB 156 A A TA S| AGAPTQYPPGRGGPPPPMGRGAPPPGMMGPPPGMRPPMGPPMGIPPGRGTPMGHM IS

SmB 216 p P PGMRAPPPP GMRGL L

Fic. 2. SmB, -D1, -D3, and Lsm4 contain arginine- and glycine-rich regions in their carboxyl termini. An alignment of Sm and Lsm
proteins is shown. Dark shading indicates identities, and light shading indicates similarities. Sm motifs 1 and 2 are indicated. Adjacent arginine
and glycine residues are underlined, and arrowheads with numbers indicate carboxyl-terminal deletions and fragments used in this study.

contain carboxyl-terminal arginine- and glycine-rich domains,
we tested whether these domains of SmD1, -D3, and -B were
responsible for SMN interaction. We deleted the carboxyl-ter-
minal arginine- and glycine-rich regions and analyzed the abil-
ity of these deletions to interact with recombinant GST-SMN/
SMN. These deletions did not eliminate any portion of Sm
motifs 1 or 2 common to all Sm proteins (Figs. 2 and 3A).
Deletion of the carboxyl-terminal 99 or 139 amino acids of SmB
(SmBAc99 and SmBAc139, respectively) abolished SMN bind-
ing. Deletion of 29 amino acids from the carboxyl terminus of
SmD1 (SmD1Ac29) and 32 amino acids from the carboxyl ter-
minus of SmD3 (SmD3Ac32) also abolished SMN interaction
(Fig. 3B). Thus, the arginine- and glycine-rich domains of SmB,
-D1, and -D3 are necessary for interaction with SMN.

The Carboxyl-terminal Arginine- and Glycine-rich Domains
of Sm Proteins Are Sufficient for SMN Binding—To determine
whether the arginine- and glycine-rich Sm protein sequences
are sufficient for interaction with SMN, carboxyl-terminal frag-
ments were produced separately. In the case of SmB, the car-
boxyl-terminal 99 (SmBc99) and 139 (SmBc139) amino acids
were translated in vitro and SMN binding was assayed. Fig. 4A
shows that these peptides did not bind SMN (see “Discussion”).
SmD1 carboxyl-terminal 79 (SmD1c79) and 54 (SmD1c54)
amino acids and SmD3 carboxyl-terminal 83 (SmD3c83) and 58
(SmD3¢58) amino acids were also translated in vitro and tested
for binding to immobilized SMN. All of the SmD1 and SmD3
carboxyl-terminal fragments bound SMN with avidities com-

parable to that of the full-length proteins (Fig. 4B) and did not
bind GST alone (data not shown). In the reverse experiment we
fused GST to the carboxyl-terminal 29 and 32 amino acids of
SmD1 (GST-SmD1c¢29) and SmD3 (GST-SmD3c¢32), respec-
tively. These peptides were produced as recombinant proteins
and assayed for interaction with wild type SMN and SMN
mutants (SMNAEx7, SMNY272C, and SMNAYG). Wild type
SMN bound the GST fusion proteins, whereas two of the SMN
mutants (SMNAEx7 and SMNAYG) showed greatly reduced or
undetectable binding (Fig. 4C). In contrast, under these condi-
tions SMNY272C has only slightly reduced affinity for the
carboxyl termini of SmD1 and -D3. GST-SmD1c¢29 and GST-
SmD3c32 interact directly with (His)g-T7-tagged SMN (data
not shown). Thus, the carboxyl-terminal arginine- and glycine-
rich domains of SmD1 and -D3 are sufficient for SMN interac-
tion and, like the full-length SmD1 and -D3 proteins, have
markedly reduced affinity for SMN deleted of Ex7 or the YG
box.

SMN Interacts with the Carboxyl-terminal Arginine- and
Glycine-rich Domain of Lsm4—1It has recently been shown that
the human U6 snRNP contains Sm-like proteins (Lsm) instead
of the Sm proteins found in the U1, U2, U4, and U5 snRNPs
(42—44). Because the Lsm proteins may function in a similar
manner to the core Sm proteins, we were interested to deter-
mine if the Lsm proteins can also interact with SMN. To
facilitate these experiments we obtained cDNA clones corre-
sponding to the human Lsm2, -3, -4, -5, -6, -7, and -8 proteins.
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Fic. 3. Carboxyl-terminal arginine- and glycine-rich domains
of SmB, -D1, and -D3 are required for interaction with SMN. A,
schematic representation of full-length and deletion mutants used for
binding in B. Open boxes represent Sm motifs as indicated. Closed boxes
represent carboxyl-terminal arginine- and glycine-rich domains (R/G
domain). Jagged lines indicate sites of carboxyl-terminal deletions. B,
the indicated in vitro translated, [>>S]methionine-labeled, Sm and Sm
deletion mutants were tested for interaction with immobilized SMN as
in Fig. 1C. The input panel shows 20% of each protein used in the
binding experiments.

These proteins were then produced by in vitro transcription
and translation in the presence of [>*S]methionine and tested
for binding to SMN. Lsm2, -4, -6, and -7 bound immobilized
SMN, with Lsm4 exhibiting higher affinity than the other
binders under the assay conditions used (Fig. 5A). None of
these Lsm proteins bound GST alone (data not shown). Inter-
estingly, only one of the Lsm proteins, Lsm4, has an arginine-
and glycine-rich carboxyl domain (Fig. 2). To confirm a direct
interaction between Lsm4 and SMN and to determine if, like
Sm proteins, the carboxyl-terminal arginine- and glycine-rich
domain of Lsm4 interacts with SMN, recombinant GST fusions
of full-length Lsm4 (GST-Lsm4), Lsm4 deleted of the carboxyl-
terminal 54 amino acids (GST-Lsm4Ac54), and the carboxyl-
terminal 54 amino acids of Lsm4 (GST-Lsm4c54) were pro-
duced separately. As shown in Fig. 5B, GST-Lsm4 and GST-
Lsm4c54 bound SMN with similar avidities, whereas deletion
of the carboxyl-terminal 54 amino acids greatly reduced SMN
binding. Thus, the carboxyl-terminal arginine- and glycine-rich
domain of Lsm4 is necessary and sufficient for direct interac-
tion with SMN. Because SMN mutants found in SMA patients
affect interaction with Sm proteins, we tested their ability to
interact with Lsm4. Fig. 5C show that these SMN mutations
abolished the binding to Lsm4.

DISCUSSION

We demonstrate that SMN directly interacts with SmD1 and
-D3, and mutants that alter the YG domain of SMN greatly
reduce these interactions (Fig. 1). We have previously shown
that peptides encompassing the YG box specifically compete for
SmB interaction (19). Recently, it has been suggested that the
tudor domain of SMN is necessary and sufficient for interaction
with the Sm proteins. It has also been shown that a point
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FiG. 4. Carboxyl-terminal arginine- and glycine-rich domains
of SmD1 and -D3, but not that of SmB, are sufficient for SMN
interaction. A, in vitro [**S]methionine-labeled SmB and the indicated
SmB fragments were tested for immobilized SMN binding as in Fig. 1C.
Input lanes show 10% of the input used in each binding reactions. B, as
indicated, in vitro [**S]methionine-labeled SmD1, SmD3, and frag-
ments were tested for interaction with immobilized SMN as in Fig. 1C.
Input lanes show 10% of the input used in each binding reaction. C, the
indicated [**S]methionine-labeled SMN and mutant SMN proteins were
bound to GST-SmD1¢29 or GST-SmD3c32, as indicated, and processed
as in Fig. 1C. The input panel shows 10% of each protein used in the
binding experiments.

mutation in the tudor domain, which changes a glutamate
residue at position 134 to lysine (E134K), reduces Sm interac-
tion (47). These inconsistent data can be explained if SMN
self-association through the YG domain results in the forma-
tion of a high affinity Sm binding site, which includes amino
acids found in the tudor domain, the YG domain, and possibly
other regions of the protein (23). Regardless of deletion map-
ping results designed to find the Sm binding site on SMN, it
remains clear that SMN mutations found in SMA patients are
deficient in Sm protein interaction.

We show that arginine- and glycine-rich domains found at
the carboxyl termini of SmB, -D1, and -D3 are necessary for
SMN interaction. We further demonstrate that SmD1 and -D3
carboxyl termini with relatively uninterrupted arginine-gly-
cine repeats are also sufficient for SMN interaction. In con-
trast, SmB has GRG and GMR repeats spread throughout the
151 amino acids from the end of Sm motif 2 to the carboxyl
terminus (Fig. 2). This region, when expressed without the Sm
domain, is not sufficient for SMN interaction. This result can
be explained if the three-dimensional structure of SmB brings
the GRG/GMR repeats into close proximity to form a surface for
SMN interaction, and deletion of the Sm domain disrupts this
fold. It is possible that this region forms an arginine- and
glycine-rich binding surface that is structurally similar to the
correspondingly shorter regions of SmD1 and -D3. Crystal
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Fic. 5. SMN interacts with Lsm proteins in vitro. A, the indi-
cated in vitro translated, [**S]methionine-labeled Lsm proteins were
incubated with immobilized GST-SMN/SMN and binding was assayed
as in Fig. 1C. Input lanes show 10% of each protein used in the binding
reactions. B, the indicated GST fusion proteins were incubated with
(His)s-T7-tagged SMN and processed as in Fig. 1A. The input lane
shows 10% of the total used in each binding reaction. C, the indicated in
vitro produced SMN and SMN mutant proteins were incubated with
immobilized GST-Lsm4, and binding was assayed as in Fig. 1C. The
input panel shows 10% of each protein used in the binding experiments.

structures of heterodimers of SmD3-SmB and SmD1-SmD2
show that the tertiary structure of the Sm domains contains an
amino-terminal «-helix followed by a bent five-stranded anti-
parallel B-sheet (48). Unfortunately, the SmB-SmD3 structure
did not include amino acids carboxyl-terminal to Sm motif 2,
and the carboxyl terminus of SmD1 was not ordered in the
crystal structure of SmD1-SmD2. In light of the present work it
will be interesting to determine the structure of the carboxyl-
terminal regions of SmB, -D1, and -D3, and it is possible that
these regions remain unstructured until bound by SMN.

We show that the carboxyl termini of SmD1 and -D3 are
sufficient for interaction with SMN. It is striking that such a
small region that, in the case of SmD1, is comprised almost
exclusively of arginine-glycine repeats (Fig. 2) is responsible for
SMN interaction. This suggests that SMN interacts with any
arginine-glycine repeat sequence of sufficient length. However,
this is not the case, because heteronuclear RNP Al and A2,
which have regions containing RGG repeats, do not interact
with SMN (data not shown).

Electron microscopy (49), Sm-Sm interaction studies (50—
52), x-ray crystallography, and structural modeling suggest
that the assembled snRNP Sm core is a seven-membered ring
consisting of one copy of each of the Sm proteins, with the
snRNA bound in the central hole of the ring (48). Prior to
snRNP assembly, cytoplasmic Sm proteins appear to form
SmD1-SmD2 and SmB-SmD3 dimers and SmE-SmF-SmG tri-
mers (50, 53, 54). The capacity of SMN to interact with at least
one component of each of the pre-snRNP Sm complexes (or
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particularly efficiently with at least the two SmB and SmD
complexes) suggests that SMN serves as a scaffold on which the
seven-membered snRNP ring forms. SMN readily oligomerizes
in vitro (23) and is found in large oligomers in cellular extracts
(19, 21). Oligomeric SMN interaction with non-Sm motif car-
boxyl-terminal regions of SmB, -D1, and -D3 will likely not
interfere with Sm-Sm and Sm-snRNA interactions required for
proper snRNP assembly, thus supporting our speculation that
SMN can serve as a scaffold for proper snRNP assembly.

Gemin3 and Gemin4, two components of the SMN complex,
bind subsets of the Sm proteins. Gemin3 binds SmB, -D2, and
-D3, whereas Gemin4, similar to SMN, binds SmB, -D1, -D2,
-D3, and -E (20, 21). The series of SmB, -D1, and -D3 deletion
mutants used to map the SMN binding site on these Sm pro-
teins was used in interaction studies with GST-Gemin3 and
GST-Gemin4. Although these studies did not exhaustively map
the Sm protein sequences required for these interactions, they
did demonstrate that the carboxyl-terminal arginine- and gly-
cine-rich sequences of SmB, -D1, and -D3 are dispensable for
interaction with Gemin3 and Gemin4 (data not shown). Thus,
SMN interacts with the same Sm proteins bound by Gemin3
and Gemin4 but on different regions of the Sm proteins. The
SMN complex is, therefore, likely to have a firm multivalent
grip on the Sm proteins during snRNP assembly.

We also report here a novel set of interactions between SMN
and Lsm proteins (Fig. 5). The carboxyl terminus of Lsm4
contains an arginine- and glycine-rich domain that, when ex-
pressed on its own, is sufficient for direct interaction with SMN
(Fig. 5B). We further show that SMN interacts with Lsm2, -6,
and -7. These proteins have no carboxyl-terminal arginine- and
glycine-rich domain and, thus, are likely have a different mode
of SMN binding. By analogy with the crucial role of the SMN
complex in cytoplasmic snRNP assembly and SMN interaction
with Sm proteins, the interaction with Lsm proteins suggests
that SMN likewise functions in the assembly of U6 snRNP. The
fact that SMN interacts with at least two of the Lsm proteins
and the similarities in the size and overall shape of Lsm and
Sm cores (44, 49) suggest that SMN also serves as a scaffold for
Lsm core assembly. This also brings up the possibility that
SMN plays a more direct and more extensive role in splicing.
Because the Lsm-U6 snRNA interaction is less stable than that
of the Sm core with U1, U2, U4, and U5 snRNAs, it has been
suggested that the Lsm proteins play a more dynamic role in
splicing (44). Given SMN's role in splicing (32), it is possible
that SMN functions in the rearrangement of the Lsm proteins
during splicing.

In yeast, Lsm proteins have recently been shown to have a
role in mRNA decay. Specifically, there appears to be a complex
of Lsm1-7 involved in mRNA degradation in the cytoplasm and
a complex of Lsm2-8 involved in splicing in the nucleus (55).
Thus, it is possible that SMN also has a role in RNA degrada-
tion in the cytoplasm. The role of SMN in Lsm function is
currently being investigated.

We originally cloned SMN by interaction with the RGG box
of heteronuclear RNP U, and from this work it now emerges to
be a general theme that SMN interacts with arginine- and
glycine-rich domains. RGG boxes are often found in RNA bind-
ing proteins (56, 57), which is consistent with the role of SMN
in assembly of RNPs. Finally, we note that arginines in RGG
boxes are often subject to dimethyl arginine modification (58—
61). It is possible that these arginine- and glycine-rich domains
in Sm proteins are similarly modified, and this could serve to
modulate their interactions with SMN and to regulate snRNP
assembly.
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