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Spinal muscular atrophy (SMA) is a common motor neuron
disease that results from mutations in the Survival of Motor
Neuron (SMN) gene. The SMN protein plays a crucial role in
the assembly of spliceosomal uridine-rich small nuclear
ribonucleoprotein (U snRNP) complexes via binding to the
spliceosomal Sm core proteins. SMN contains a central Tudor
domain that facilitates the SMN-Sm protein interaction. A
SMA-causing point mutation (E134K) within the SMN Tudor
domain prevents Sm binding. Here, we have determined the
three-dimensional structure of the Tudor domain of human
SMN. The structure exhibits a conserved negatively charged
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surface that is shown to interact with the C-terminal Arg and
Gly-rich tails of Sm proteins. The E134K mutation does not
disrupt the Tudor structure but affects the charge distribu-
tion within this binding site. An intriguing structural simi-
larity between the Tudor domain and the Sm proteins
suggests the presence of an additional binding interface that
resembles that in hetero-oligomeric complexes of Sm pro-
teins. Our data provide a structural basis for a molecular
defect underlying SMA.

Spinal muscular atrophy (SMA) is a motor neuron disease that
leads to muscle atrophy due to motor neuron degeneration. SMA
is a major genetic cause of early childhood mortality and results
from mutations in the Survival of Motor Neuron (SMN) genel-.
The 294-residue SMN protein is part of a multimeric complex
that includes the spliceosomal Sm core proteins®®. The seven
human Sm core proteins are Sm B, D,_;, E, F, and G. Most of the
cellular SMN protein is localized in the cytoplasm, where it is
crucial for the assembly of spliceosomal uridine-rich small
nuclear ribonucleoprotein (U snRNP) complexes®68¢, It has
been shown that the interaction of SMN with Sm proteins is
essential for this process®?, during which hetero-oligomeric
Sm D,-D,, E-F-G and D;-B complexes are bound to the
U snRNAs?. SMN contains a central, highly conserved Tudor
domain that is required for U snRNP assembly and facilitates Sm
protein binding®. A SMA-causing point mutation (E134K) with-
in the SMN Tudor domain prevents Sm binding®. Several RNA-
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Fig. 1 Structure of the SMN Tudor domain. a, Multiple sequence alignment of Tudor domains. Secondary structure elements defined by the NMR struc-
ture of the SMN Tudor domain are shown above the alignment. Conserved hydrophobic, aromatic and negatively charged residues are marked with
yellow, green and red circles, respectively. Accession numbers (SWISS-PROT, Genbank or PIR) are: SMN1.hs, Q16637; SMN1.bt, 018870; SMN1.mm,
P97801; SMN1.cf, 002771; SMN1.dr, QOW6S8; SPF30.hs, 5032113; SPF30.at, 7487808; TUD (Tudor protein), A41519; CCAl.hs (colon cancer antigen),
3170162; EDC.hs (epidermal differentiation complex RNA binding protein), 5803195;EBNA.hs (Epstein-Barr virus nuclear coactivator protein), 7657431.
b, Stereo view of the backbone atoms (N, Ca, C') for residues 91-144 of an NMR ensemble of 20 superimposed structures. Secondary structure elements
are colored blue. The helical turn connecting p4 and 35 is colored green. The first and last residues of the five 3-strands are labeled. c, Left: ribbon rep-
resentation of the Tudor domain structure closest to the average conformation of the NMR ensemble in the same orientation as in (b). Right: rotated
view of the Tudor domain structure showing the side chains of hydrophobic core residues in yellow. d, Left: surface representation of the Tudor
domain structure. Blue and red colors indicate positive and negative electrostatic surface potential, respectively. Right: ribbon representation shown in
the same orientation. Side chains of conserved aromatic and negatively charged residues discussed in the text are indicated.
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Fig. 2 Sm binding by the SMN Tudor domain. a, Autoradiography exposure of a binding assay using recombinant GST-Sm D, and GST-Sm Dj; tails and
in vitro translated full length SMN (lanes 3 and 6), SMN Tudor domain (lanes 4 and 7) or the E134K mutant Tudor domain (lanes 5 and 8). Input lanes
(9-11) show 50% of the translated protein used for binding. As a control, binding of SMN translate (lane 1) and Tudor translate (lane 2) to GST alone
are shown. b, Binding of full length Sm D, (D1) and the core domain lacking the C-terminal tail (D1core) to recombinant GST-Tudor (lanes 1 and 2)
and GST-Tudor harboring the E134K mutation (lanes 3 and 4). Input lanes show 20% of the translated protein (D1, lane 5; D1core, lane 6) used in the

binding reaction.

associated proteins contain the Tudor domain, a conserved motif
of 50 amino acids!*216, To gain molecular insight into SMN and
its interaction with the spliceosomal Sm proteins, we have solved
the three-dimensional structure of the Tudor domain of human
SMN.

Structure determination

The solution structure of the Tudor domain of SMN was deter-
mined by heteronuclear multidimensional NMR spectroscopy.
The recombinant protein used for the structural studies com-
prised residues 83-173 of human SMN. However, only residues
92-144 (Fig. 1a), which correspond to most of exon 3 in the SMIN
gene, adopt a well-defined tertiary structure. The additional N-
and C-terminal residues are disordered as indicated by the pauci-
ty of nuclear Overhauser effects (NOES) and small heteronuclear
{*H}-5N NOE values (data not shown). The protein is monomer-
ic in solution as determined by analytical ultracentrifugation
experiments (data not shown). Distance restraints were derived
from three-dimensional ®N- and 2C-edited NOE spectra.
Orientational restraints were based on residual dipolar couplings
measured in a liquid crystalline medium (see Methods). The
structure is well-defined by the NMR data that provided more
than 29 restraints per residue (Table 1). An ensemble of 20 NMR
structures and a ribbon representation of the lowest energy struc-
ture are shown in Fig. 1.

Description of the Tudor domain structure

In our three-dimensional structure, the SMN Tudor domain
forms a strongly bent antiparallel B-sheet,(Fig. 1c). Five strands
(B1-5) form a barrel-like fold that is lined at the bottom by the
long curved 32 strand and closed by an antiparallel interaction
between B1 and Leu 142 in the short 35 strand. Strands 31-4 are
connected by short turns, while strand 4 and 35 are linked by a
helical turn such that the angle between these two strands is
[B0°. The conserved residues Cys 98, Ala 100, Ala 111, lle 113,
lle 116, Cys 123, Val 125 and Leu 141, stabilize the structure
through formation of a hydrophobic core (Fig. 1c). Based on the
conservation of these structurally important residues (Fig. 1a), a
similar three-dimensional fold can be expected for other Tudor
domains. Furthermore, the conserved aromatic residues Trp 102
(loop 1), Tyr 109 (B2), Tyr 127 (B3) and Tyr 130 (loop 3) form a
cluster of hydrophobic side chains between loops 1 and 3 (Fig.
1d). Both loops, therefore, adopt a well-defined structure and are
not disordered. The conserved Gly 131 appears to be important
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for the distinct conformation of loop 3. The electrostatic surface
representation of the Tudor domain (Fig. 1d) exhibits a
hydrophobic patch in this region that may be involved in ligand
interactions. Next to this hydrophobic surface, several negatively
charged amino acids are located in loop 1 (Glu 104, Asp 105), 34
(Glu 134) and the helical turn connecting 4 and 35 (Asp 140).
Based on these residues, which are conserved in all SMN
homologs and in many other Tudor domain-containing pro-
teins, the structure exhibits an overall negatively charged surface
(Fig. 1a). These unique structural features suggest that the Tudor
domain is more likely to represent a protein interaction domain
than to bind to RNA directly?t,

Interaction with Sm proteins

Since SMN binding to Sm proteins is essential for its function®®
we further characterized the role of the Tudor domain in this
interaction. SMN binds to the Arg and Gly-rich C-terminal tails
of the Sm D, and D; proteins2. To investigate whether this inter-
action could involve the SMN Tudor domain, we performed
in vitro binding assays. C-terminal tails of Sm D, and Sm D; were
expressed as glutathione-S-transferase (GST) fusion proteins
and used in pull-down experiments with in vitro translated full
length SMN, the Tudor domain or the Tudor domain harboring
the E134K mutation. SMN and the Tudor domain bound effi-
ciently to the tails of both Sm D, and D, whereas the mutant
Tudor domain bound to neither (Fig. 2a). Conversely, binding to
recombinant GST-Tudor domain could be observed for in vitro
translated Sm D, but not for a truncated version lacking the tail
(Fig. 2b). Again, this interaction was abolished by the E134K
mutation. Similar results were obtained using Sm D; (data not
shown). We conclude, therefore, that the Tudor domain binds to
the C-terminal tails of Sm D, and Ds.

To localize the binding surface on the Tudor domain structure,
we performed NMR titrations with a 23-residue oligopeptide
(GR){GGPRR derived from the C-terminal tail of Sm D..
Heteronuclear correlation experiments were recorded on a
15N-labeled Tudor domain to monitor *H and >N chemical shift
changes upon addition of the peptide (Fig. 3a). The exchange
between free and bound protein conformations is fast on the
NMR time scale (Fig. 3a), which is indicative of a micromolar
dissociation constant. The spectral changes show that the Sm D,
tail binds to a region consisting of loops 1 and 3, including the
conserved Gly 131, and neighboring parts of strands f1-4. This
surface involves the conserved negatively charged and aromatic
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Fig. 3 Mapping the Sm binding site on the Tudor domain structure. a, Results of the NMR titration using a 23-mer peptide comprising the C-terminal
tail of the Sm D, protein added to a 0.3 mM N-labeled SMN Tudor domain sample. *H,5N correlation spectra corresponding to 0, 0.1 and 0.3 mM
peptide are shown in blue, green and red, respectively. b, Residues for which changes are observed during the NMR titration are colored on the sur-
face of the Tudor domain structure. Coloring from gray to orange scales with increasing chemical shift change as indicated (A% = ((Ady4)? +
(Ad15n)2)12, where Ad is the chemical shift difference observed at 0 and 0.3 mM peptide). The surface on the left is in the same orientation as in Fig. 1d;
the surface on the right shows a view from the back side. c, Ribbon representation in the same orientation as in (b, left). The side chains of amino
acids whose amide groups experience chemical shift changes A% > 35 Hz are shown. Color coding from yellow to orange is the same as in (b).
d, 'H,5N correlation spectra recorded on a 0.1 mM *>N-labeled sample of the E134K mutant Tudor domain with 0 (blue), 0.1 (green) or 1 mM (red) Sm
D, tail peptide. Minor chemical shift changes were observed only at 10-fold molar excess of the peptide, confirming that the affinity is severely

reduced compared to the wild type Tudor domain.

residues of the Tudor domain (Fig. 3b). Thus, a region of the
Tudor domain that includes Glu 134 is part of the binding site
that recognizes the C-terminal tail of Sm D;.

To exclude the possibility that the E134K mutation impairs Sm
binding by disrupting the three-dimensional structure of the
Tudor domain, we prepared recombinant E134K Tudor domain.
Comparison of H,5N correlation spectra of wild type and
mutant proteins revealed chemical shift differences only for
residues in close spatial proximity to residue 134. In addition,
{*H}-15N NOE experiments (data not shown) confirmed that the
E134K mutant Tudor domain remains structured and also
excluded the possibility that strand (34 is locally unfolded. In an
NMR titration, minor chemical shift changes were observed only
at 10-fold molar excess of the (GR),GGPRR peptide, confirming
that binding to the E134K mutant Tudor domain was severely
reduced (Fig. 3d). Thus, the E134K mutation changes the local
charge distribution at the Sm binding site, which likely affects
electrostatic interactions with the positively charged C-terminal
Sm tails.

Structural similarity to the Sm protein fold

The three-dimensional structure of the SMN Tudor domain
resembles the fold of the Sm core proteins (Fig. 4), even though
their amino acid sequences do not share any detectable similari-
ty (Fig. 1a). Compared to the Sm fold (Fig. 4), the Tudor
domain lacks an N-terminal helix, and strands 33-5 are shorter.
Strands 3 and 34 are, therefore, much less curved than the cor-
responding strands in Sm proteins (Fig. 4a). However, the
lengths of 33 and [34 are also variable within the Sm protein fam-

nature structural biology ¢ volume 8 number 1 ¢ january 2001

ily'4. Sm proteins exist as heteromeric complexes in solution?®,
The binding interface in the Sm DB and Sm D,-D, het-
erodimers consists of an antiparallel -sheet formed from strand
[34 of one monomer and strand (35 of the neighboring Sm pro-
tein (Fig. 4b)!4. This interface is further stabilized by hydropho-
bic and electrostatic interactions.

The intriguing structural similarity between the Tudor
domain and the Sm fold suggests that the Tudor domain may
form a similar intermolecular B4—35 interface with a cognate Sm
protein, in addition to its interaction with the C-terminal tails of
Sm proteins. Despite the fact that we (Fig. 2b) and others!? have
not detected such an interaction using in vitro binding assays,
such a model is supported by the observation that, even though
the Sm-like proteins Lsm2, Lsm6 and Lsm7 lack an Arg and Gly-
rich tail, they are still able to bind SMNZ. As a possible explana-
tion, the Tudor-Sm core interaction might be too weak to be
detected by in vitro binding experiments. Similarly, the B4—35
interactions between different Sm heterodimers in the snRNP
core and subcore complexes', for example, Sm B-D;, Sm D,—F
and Sm G-D, are only observed in the presence of Sm site RNA
and are not detectable in in vitro binding experiments in the
absence of RNAN, Thus, the formation of a high affinity
SMN-Sm complex could require multiple and cooperative inter-
actions, for example, involving Sm core and tail binding to the
Tudor domain, and additional regions of the SMN protein8<13,

Conclusion

Our results provide novel structural insights into the interac-
tions between SMN and Sm proteins. These interactions are crit-
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ical for U snRNP biogenesis, during which the hetero oligomeric
Sm D,-D,, E-F-G and D;-B protein complexes are assembled
onto U snRNAs in a stepwise and ordered manner®. Although
an important role in U snRNP assembly has been demonstrated
for SMNS3, the mechanistic details remain elusive. Here, we have
shown that the Tudor domain but not its E134K mutant interacts
with the C-terminal tails of the Sm proteins, and that the binding
site maps to a conserved negatively charged

Fig. 4 The Tudor domain resembles a truncated Sm fold. a, Comparison
of the SMN Tudor domain structure and the Sm D; protein. Both struc-
tures share a common fold consisting of a strongly bent five-stranded
B-sheet. The backbone r.m.s. deviation for the superposition of 49
residues in Sm D; and SMN Tudor is 3 A. The residue numbers that were
superimposed between the Tudor domain and Sm D3 are: Tudor: 91-101,
105-118, 120-129, 130-137, 140-144; Sm Dg: 11-21, 24-37, 38-47, 57-64,
70-74. The circle indicates the extension of strands 33 and 34 in the Sm D3
protein that is not observed in the fold of the Tudor domain. b, Crystal
structure of the human Sm D;D, heterodimer!*. The B-strands that form
the dimer interface (5 of Sm D; and B4 of Sm D,) are shown in orange.
For Sm D,, only the core domain (residues 9-72) is shown for clarity.
Strands 34 of Sm D; and 35 of Sm D,, also shown in orange, are assumed
to form similar interactions with neighboring Sm hetero-oligomers in
the heptameric Sm core complex4.

domain and provide novel insights into the SMN-Sm interac-
tions that are critical for understanding the function of the SMN
protein, and thus a molecular basis of SMA. Finally, it is likely
that the Tudor domains in other RNA associated proteins func-
tion as protein—protein interaction motifs and do not bind to
RNA directly.

Methods

Sample preparation. Human SMN cDNA encoding the Tudor
domain was inserted into the Ncol/Kpnl sites of a modified pET24d
expression vector (Novagen) containing an N-terminal Hisg-GST tag
followed by a TEV protease cleavage site'’. The expression clone
was confirmed by DNA sequencing. The 94-residue recombinant
protein used for the structural studies comprised residues 83-173 of
SMN plus four additional residues from the TEV cleavage site. The
molecular weight of the protein was confirmed by mass spectrome-
try. Uniformly 5N-labeled and 15N,3C-labeled proteins were pre-
pared by growing the Escherichia coli strain BL21(DE3)
overexpressing the SMN Tudor domain in a minimal medium con-
taining NH,Cl with or without 3Cs-glucose and purified as
described?’. Additional purification was achieved with ion exchange
chromatography on a Q-sepharose column. NMR samples were

region that includes Glu 134 and a hydropho-
bic cluster of aromatic residues between

Table 1 Structural statistics for the SMN Tudor domain

loops 1 and 3. It should be noted that the Sm
D, and D; tails are post-translationally modi-
fied in vivo and contain symmetrical
dimethylargininest>. These modifications

<SA>1

Experimental restraints

Number of restraints R.m.s. deviations

Distance restraints (A)2

could provide a regulatory mechanism for Unambiguous 1,402 0.0045 +0.0016

the binding of Sm proteins to SMN. The Hydrogen bonds 50 0.005 + 0.002

striking structural similarity between the

Tudor and Sm folds suggests that additional ~ Dihedral angle restraints (°)? 17,6 0.09+0.10

interactions between the Tudor domain and ~ Residual dipolar coupling restraints (Hz)

an Sm core domain may exist. In contrast to H-N 44 0.56 £0.12

the interaction with the Sm tails, which is Coordinate precision (A; residues 92-144)*

presumably mediated by electrostatic attrac- N Co. C' 0.42+0.09

tions, a B4—P5 interaction with a Sm protein Al heavy atoms 0.88 +0.09

core domain could be weaker but may pro- Structural quality

vide additional contacts for specific recogni- ~ E.-® (kcal mol) -481+6

tion of an Sm protein. It has been shown that Ramachandran plot (%)

SMN self-associates and is part of a multi- ~ Most favored region 80.0£4.1
Additionally allowed region 19.8+4.1

meric protein complex with Sm proteins and

other SMN interacting proteins®%8, In such
an oligomeric complex, the formation of a
specific and high affinity SMN-Sm complex

1<SA> is the ensemble of the 20 lowest energy structures out of 100 calculated. Root mean
square (r.m.s.) deviations for bond lengths, bond angles and improper dihedral angles were
0.00092 + 0.00004 A, 0.240 + 0.003° and 0.119  0.004°, respectively.

could be established through multiple con-
tact points, involving the Tudor domain and
additional regions®13 of SMN.

In summary, we present the first structure
of the -evolutionarily conserved Tudor
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2No distance restraint was violated by >0.3 A in any of the final structures.

3No dihedral angle restraint was violated by >2.1°.

“Coordinate precision is given as the Cartesian coordinate r.m.s. deviation of the 20 lowest
energy structures with respect to their mean structure.

5E, ., is the Lennard-Jones van der Waals energy calculated using the CHARMM PARMALLH6
parameters. E,_; was not included in the target function during the structure calculations.
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exchanged into 20 mM sodium phosphate buffer (pH 6.3), 30 mM
NaCl, 5 mM DTT in 9:1 H,0:2H,0 or 2H,0 at 1.0-1.5 mM concentra-
tion. The peptide (GR);GGPRR, comprising the 23 C-terminal
residues of the Sm D, protein, was purchased from MWG Biotech
(Munich, Germany).

NMR spectroscopy. NMR spectra were recorded at 27 °C on Bruker
DRX 500 and DRX 600 NMR spectrometers. Spectra were processed
with NMRPIPE?® and analyzed using XEASY?®, Backbone and side
chain 'H, 15N and '3C resonances were assigned using standard triple
resonance experiments?. Stereospecific assignments of the methyl
groups of Val and Leu residues were obtained using a 10% *3C-
labeled sample as described?!. Distance restraints were derived from
13C-edited and '>N-edited 3D NOESY experiments. Dihedral angle
restraints for g and x, were obtained from 3J,y_, and 3Jy¢, coupling
constants, respectively??. Hydrogen bond restraints were derived
from slowly exchanging amide protons, identified after exchange
of the H,O buffer to D,O. *H,’5N residual dipolar couplings were
measured in isotropic and anisotropic (5% 3:1 dimystoyl phos-
phatidycholine (DMPC) and dihexanoyl phosphatidylcholine
(DHPC)) phases®. For NMR titrations, chemical shifts were recorded
with *H,'SN heteronuclear single quantum correlation (HSQC) exper-
iments® at 600 MHz proton frequency using a 0.3 mM 5N-labeled
Tudor domain sample. The concentration of the peptide was
increased up to a two-fold molar excess. However, saturation of the
binding at equimolar peptide/protein ratio suggests that the Sm tail
and the Tudor domain formed a 1:1 complex. For some residues,
including Glu 134, chemical shift changes were observed but could
not be quantified due to spectral overlap. NMR titrations with the
E134K mutant Tudor domain were recorded at 500 MHz proton fre-
quency on a 0.1 mM *5N-labeled protein sample. {*H}-15N heteronu-
clear NOE experiments were recorded and analyzed as described?*.

Structure calculations. The experimentally determined distance
and dihedral angle restraints were applied in a mixed torsion and
Cartesian angle dynamics simulated annealing protocol with the
programs CNS?*> and ARIA"26, Residual dipolar coupling restraints
were applied as described?’. Structural quality was evaluated using
PROCHECK?8. Figures showing three-dimensional structures and
molecular surfaces were prepared using MOLMOL? and GRASP3,
respectively.

Binding assays. Glutathione-Sepharose ([B0 pl; Amersham-
Pharmacia) was incubated for 1 h at 4°C with 1 ug of purified recom-
binant GST-fusion protein. Fragments fused to GST and used for
binding assays included the tails of human Sm D, and D; (residues
68-119 and 72-126, respectively) and the Tudor domain of the wild
type and mutated (E134K) human SMN sequence (residues 36-160).
For protein binding, 3 pl of ¥S-labeled, in vitro translated proteins
were incubated with the matrix-coupled GST-fusion proteins for 1 h
at 4 °C. The resin was subsequently washed extensively with binding
buffer (300 mM NacCl, 50 mM Tris-HCI pH 7.4, 5 mM MgCl,). Bound
protein was eluted with SDS sample buffer and analyzed by SDS-

nature structural biology ¢ volume 8 number 1 ¢ january 2001

PAGE followed by autoradiography using Amplify (Amersham).
Translates used included full length human SMN, the wild type and
mutant (E134K) SMN Tudor domain, Sm D;, and the Sm D, core
domain (residues 1-68). The weak bands visible above the Tudor
domain translates in Fig. 2a represent read-through products that
were terminated downstream of the normal stop codon.

Coordinates. Coordinates have been deposited in the Protein Data
Bank (accession code 1G5V). Chemical shifts and NOE peak lists have
been deposited in the BioMagResBank (accession code 4899).
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