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In humans, assembly of spliceosomal snRNPs (small nuclear
ribonucleoproteins) begins in the cytoplasm where the multi-
protein SMN (survival of motor neuron) complex mediates the
formation of a seven-membered ring of Sm proteins on to a
conserved site of the snRNA (small nuclear RNA). The SMN
complex contains the SMN protein Gemin2 and several additional
Gemins that participate in snRNP biosynthesis. SMN was first
identified as the product of a gene found to be deleted or mutated
in patients with the neurodegenerative disease SMA (spinal
muscular atrophy), the leading genetic cause of infant mortality.
In the present study, we report the solution structure of Gemin2
bound to the Gemin2-binding domain of SMN determined
by NMR spectroscopy. This complex reveals the structure of
Gemin2, how Gemin2 binds to SMN and the roles of conserved

SMN residues near the binding interface. Surprisingly, several
conserved SMN residues, including the sites of two SMA patient
mutations, are not required for binding to Gemin2. Instead, they
form a conserved SMN/Gemin2 surface that may be functionally
important for snRNP assembly. The SMN–Gemin2 structure
explains how Gemin2 is stabilized by SMN and establishes a
framework for structure–function studies to investigate snRNP
biogenesis as well as biological processes involving Gemin2 that
do not involve snRNP assembly.

Key words: Gemin2, survival of motor neuron (SMN), small
nuclear ribonucleoprotein (snRNP) assembly, spinal muscular
atrophy.

INTRODUCTION

The SMN (survival of motor neuron) protein is found in the
cytoplasm and nucleus of cells, where it binds tightly to Gemin2
as part of a large multiprotein ‘SMN complex’ [1]. The SMN
complex mediates the ordered assembly of spliceosomal snRNP
(small nuclear ribonucleoprotein) particles that are responsible for
removing introns from pre-mRNA [2–4]. During the early steps
of snRNP biogenesis, seven Sm proteins are assembled to form
a ring around the Sm site of uridine-rich snRNAs (U-snRNAs),
resulting in a stable snRNP core. In human cells, assembly of the
Sm ring on the snRNA occurs in the cytoplasm and is catalysed
by the SMN complex. In addition to SMN and Gemin2, six
additional Gemin proteins, plus the protein Unrip, contribute to
the cytoplasmic phase of snRNP biogenesis [5]. However, in
simpler organisms, snRNP assembly is carried out by a more
modest complex that lacks some of the accessory factors found
in human cells. This observation, together with demonstrations
that the basic steps of snRNP assembly can be carried out in vitro
with minimal recombinant complexes, suggests that the crucial
conserved functions of the SMN complex are carried out by SMN
and Gemin2 [6,7].

SMN was first identified as the product of a gene that was found
to be deleted or mutated in patients with the disease SMA (spinal
muscular atrophy), the leading genetic cause of infant mortality
[8]. SMA is an autosomal recessive disorder characterized by
degeneration of α-motor neurons in the spinal cord, leading to

muscle weakness and poor muscle tone [9,10]. In the most severe
cases, patients typically die within the first two years of life due
to difficulties in breathing and poor airway protection [11].

Humans are unusual in having two copies of the SMN gene,
located in a large inverted duplication on chromosome 5q. The
telomeric SMN1 gene is altered in SMA patients, whereas the
centromeric SMN2 gene is unchanged and is often present in
multiple copies, where the copy number varies inversely with
disease severity [8,12]. Most transcripts from the SMN2 gene are
alternatively spliced, resulting in a truncated SMN that is rapidly
degraded [13,14]. Thus SMA patients have sharply reduced
amounts of functional SMN protein due to homozygous mutations
in SMN1; their functional SMN is derived from low levels of
expression from one or more copies of the SMN2 gene.

A strong body of evidence suggests that SMA is caused by
defects in snRNP assembly that arise from low levels of SMN
[15–18]. However, SMN appears to have additional functions
in specific tissues, including muscle and neural cells [19,20].
The Gemin2 protein has also been implicated in biological
processes independent of snRNP assembly [21,22]. An important
goal for understanding the function of SMN and Gemin2 has
been to establish structural models that can be used to probe
the various biological activities of the proteins. Until recently, the
only structural information available for either SMN or Gemin2
has been NMR and crystal structures of the central Tudor domain
of SMN [23,24]. To address this gap in our understanding of this
important system, we have determined the solution structure of

Abbreviations used: APS, Advanced Photon Source; CHESS, Cornell High Energy Synchrotron Source; DTT, dithiothreitol; GST, glutathione transferase;
HSQC, heteronuclear single-quantum coherence; MTSL, S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate; NOE, nuclear
Overhauser effect; NP40, Nonidet P40; PRE, paramagnetic relaxation enhancement; RDC, residual dipolar coupling; RMSD, root mean square deviation;
SAXS, small-angle X-ray scattering; SMA, spinal muscular atrophy; SMN, survival of motor neuron; snRNA, small nuclear RNA; snRNP, small nuclear
ribonucleoprotein.

NMR chemical shifts have been deposited in the BioMagResBank (www.bmrb.wisc.edu) under the accession number 17711. The structural co-ordinates
of the 32 lowest-energy structures will appear in the PDB under accession code 2LEH.
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SMN bound to Gemin2. The present study reveals the structures
of Gemin2 and the Gemin2-binding domain of SMN, the nature
of the conserved SMN–Gemin2 interface, and the roles of
conserved SMN residues at or near the interface in Gemin2
binding. The structure establishes a framework for structure–
function studies in snRNP assembly and other biological
processes that involve SMN and Gemin2.

MATERIALS AND METHODS

Expression and purification of human SMN and Gemin2

Gemin2, Gemin295−280 and SMN26−51 were fused to a C-terminal
Mxe intein (New England Biolabs) containing chitin-binding
and hexa-histidine tags in pETDuet (Novagen) and expressed
in BL21(DE3) cells. Cells were induced with 0.5 mM IPTG
(isopropyl β-D-thiogalactopyranoside) at 15 ◦C for 20 h in LB
(Luria–Bertani) medium or for 24 h in Mops minimal medium
with 15NH4Cl as the main nitrogen source and U-[12C/1H] or
U-[13C/1H]glucose (Cambridge Isotope Laboratories) as the main
carbon source. For leucine-selective 15N labelling, the Neidhardt
et al. [35] protocol for amino acid-supplemented Mops was
followed by the substitution of [15N]leucine (Cambridge Isotope
Laboratories); fractional 13C labelling for stereo-specific methyl
assignments was achieved with 10 % U-[13C/1H]glucose.

Following purification on Ni-NTA (Ni2 + -nitrilotriacetate)
(Qiagen) and chitin (New England Biolabs) resins, Gemin2 and
SMN26−51 were cleaved from the intein by addition of 50 mM
2-mercaptoethanol and overnight incubation at 20 ◦C. The cleaved
proteins were then purified by anion exchange using a Mono
Q column (GE Healthcare) with a 0.1–0.4 M NaCl gradient
at pH 8.0. SMN26−51 was further purified by gel filtration on
a Superdex-75 column (GE Healthcare). To form the SMN–
Gemin2 complex, SMN26−51 was combined in molar excess
with Gemin295−280 and the complex was purified on Superdex-
75. Purified proteins were concentrated and stored at − 80 ◦C
in 50 mM sodium/potassium phosphate, pH 6.5, 50 mM NaCl,
50 mM DTT (dithiothreitol) and 10% (v/v) glycerol.

SMN peptide–Gemin2 binding

Purified SMN26−51 peptides and an unrelated 32-mer control
peptide were labelled with amine-reactive fluorescein-5-
isothiocyanate (Invitrogen) in 0.1 M sodium bicarbonate, pH 9.0,
to favour labelling of the N-terminus. Binding reactions
(100 μl) containing 15 nM FITC-labelled SMN and increasing
concentrations of Gemin2 (0–1 μM) were analysed in PBS
(10 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl,
pH 7.4, and 2 mM DTT) using a Beacon 2000 fluorescence
polarization instrument (Panvera). Data were fitted to a simple
binding isotherm corrected for receptor depletion. Similar results
were obtained by titrating labelled peptide fixed at a concentration
of 5 nM, at the expense of weaker fluorescence intensities.

NMR spectroscopy and analysis

All NMR samples were prepared in Shigemi NMR tubes in
buffer containing 50 mM sodium/potassium phosphate, pH 6.5,
50 mM NaCl, 50 mM DTT, 50 μM EDTA, 0.2 mM sodium
azide and either 90% H2O/10% 2H2O or 99.99% 2H2O.
Spectra were collected at 25 ◦C at either 750 MHz or 500 MHz
(1H) on Bruker AVANCE III NMR spectrometers equipped
with cryo-probes. Proton chemical shifts were referenced to
DSS in the buffer, whereas 13C and 15N chemical shifts
were indirectly referenced. Data were processed using FELIX

(Molecular Simulations) and analysed in SPARKY (Goddard,
T. and Kneller, D., SPARKY 3, University of San Francisco,
2008). Specific experiments used to assign backbone and side
chain resonances are described in the Supplementary methods at
http://www.BiochemJ.org/bj/445/bj4450361add.htm.

NOE (nuclear Overhauser effect) distance restraints were
derived, in H2O, from three-dimensional 13C-edited NOESY-
HSQC (heteronuclear single-quantum coherence) and from four-
dimensional HNCH-NOESY-HSQC experiments [37] and, in
2H2O, from a four-dimensional HCCH-NOESY-HMQC [38,39].
All mixing times were 110 ms. NOE-derived interproton distances
were sorted into classes in each NOESY spectrum, corresponding
to approximate distance ranges: 1.8–3.0 Å (1 Å = 0.1 nm)
(strong), 1.8–3.5 Å (medium-strong), 1.8–4.0 Å (medium) and
1.8–5.0 Å (weak). All interproton restraints derived from the
aromatic-optimized 13C NOESY-HSQC were classified into
the 1.8–5.0 Å distance range. A distance restraint involving one or
two methyl groups was afforded an empirical correction of 0.5 Å
per methyl group added to its upper distance boundary [40].

Backbone torsion angle restraints were derived from chemical
shifts using the TALOS+ program [41]. Hydrogen bonds were
entered on the basis of secondary structure as indicated by
calculated backbone torsion angles for residues that demonstrated
slowed hydrogen/deuterium exchange when dissolved in 2H2O
buffer. For residual dipolar couplings, 15N-labelled protein
was aligned in bacteriophage Pf1 (ASLA Biotech) to a final
concentration of 12 mg/ml. 1DHN couplings were obtained from
a two-dimensional (1H,15N)-HSQC IPAP (in-phase/antiphase)
experiment [42]. SAXS (small-angle X-ray scattering) data
were collected at CHESS (Cornell High Energy Synchrotron
Source) beamline G1, and APS (Advanced Photon Source)
BioCAT 18-ID and PRE (paramagnetic relaxation enhancement)
distance restraints were derived from the attenuation of
signal intensity of amide resonances in (1H,15N)-HSQCs
collected in the presence of MTSL [S-(2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate]-labelled
(paramagnetic) SMN26−51-Gemin295−280 (C154S/C221S/C264S)
and its diamagnetic analogue. Further details of SAXS and
PRE restraints are described in the Supplementary methods at
http://www.BiochemJ.org/bj/445/bj4450361add.htm.

Structure calculations

Structures were calculated using the simulated annealing
molecular dynamics refinement protocol within the program
XPLOR-NIH [43]. The minimized target function comprised
NOE- and PRE-derived interproton distance restraints, torsion
angle restraints, RDC (residual dipolar coupling) restraints, a
SAXS restraint and a quartic van der Waals repulsion term
for the non-bonded contacts. A total of 400 structures were
generated, of which the 32 lowest-energy structures formed
the ensemble. Structure figures were generated using PyMOL
(http://www.pymol.org).

RESULTS AND DISCUSSION

Identification of a minimal SMN–Gemin2 complex

SMN and Gemin2 form the core of a large oligomeric
complex that sediments similarly to ribosomes on sucrose
and glycerol gradients [25]. To identify a minimal complex
that contains all of the protein elements required for a
stable SMN–Gemin2 interaction, we used bacterial two-hybrid
and in vitro binding assays to identify the minimal domain
boundaries (Figure 1A and Supplementary Figure S1 at
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Figure 1 A minimal SMN–Gemin2 complex

(A) Domain structures of human (h) SMN and Gemin2. The conserved Gemin2-binding domain,
Tudor domain and YG-box are shown for SMN. Minimal interaction domains are shaded. The
numbering for Gemin2 follows that used in the original report [1]. (B) Binding of SMN26−51

to Gemin2 or to Gemin295−280 using fluorescence anisotropy of SMN labelled at the α-amino
group with FITC. The average K d values fit to binding curves from three independent experiments
are 7.0 +− 2.5 and 3.3 +− 1.8 nM for Gemin2 and Gemin295−280 respectively. Error bars represent
one S.D. from the mean for three independent experiments. No binding was observed to a
labelled unrelated peptide (NC, negative control).

http://www.BiochemJ.org/bj/445/bj4450361add.htm). We found
that an SMN fragment including residues 1–62 (encoding exons
1–2b) binds as well to Gemin2 as fragments including residues
1–209 (exons 1–4) and full-length SMN, but we observed no
binding for a fragment including residues 52–209 (exons 2b, 3
and 4). Further deletion of the 1–62 fragment led to a peptide
corresponding to residues 26–51 of SMN that was still able to
bind with high affinity to Gemin2 (Figure 1B). These results are
consistent with some previous reports [1,26], but do not support
a role for exon 2b in binding independently to Gemin2 [27].

A minimal SMN-binding domain of Gemin2 was identified
as residues 95–280 (Figure 1A and Supplementary Figure S1).
Additional deletions of up to 15 residues from the N-terminus
were tolerated, but secondary structure predictions indicated
that these involved truncations of a long α-helix. These results
are in broad agreement with previous findings based on a
mammalian two-hybrid assay [26]. The Gemin295−280 core
domain binds to SMN26−51 tightly, and with similar affinity
compared with full-length Gemin2 (Figure 1B). Gemin2 and
Gemin295−280 also bind to larger SMN constructs with similar
efficiency in qualitative interaction assays (Supplementary Figure
S1). The complex formed between SMN26−51 and Gemin295−280

(24 kDa; shaded regions in Figure 1A) proved to be highly
soluble and monodisperse in solution, with no evidence of
oligomerization on the basis of analytical ultracentrifugation
and static light scattering analyses (Supplementary Figure
S2 at http://www.BiochemJ.org/bj/445/bj4450361add.htm). This
complex was refractory to crystallization, but was sufficiently
soluble to be a candidate for structure solution by NMR methods.

Table 1 Summary of structural ensemble statistics

Parameter Value

Experimental restraints
NOE distance restraints

All 1849
Intraresidue 616
Sequential (|i − j| = 1) 541
Medium-range (1<|i − j|<5) 453
Long-range (|i − j|>5) 239
Interprotein 50

PRE distance restraints 31
Hydrogen bond restraints 55
Dihedral angle restraints

� 139
� 134

15N-1H RDCs 84
RMSD from idealized covalent geometry

Bonds (Å) 0.0040 +− 0.0001
Angles (◦) 0.589 +− 0.006
Impropers (◦) 0.441 +− 0.011

RMSD from solution NMR restraints
NOE distance restraints (Å) 0.021 +− 0.001
PRE distance restraints (Å) 0.042 +− 0.009
Dihedral restraints (◦) 0.787 +− 0.069
RDC restraints (Hz) 0.116 +− 0.014

RMSD from SAXS data* 0.740 +− 0.050
RDC quality factor 0.311 +− 0.012
Precision of atomic co-ordinates

Secondary structure†
Backbone (N, Cα, C’, O) (Å) 0.596 +− 0.096
Heavy atoms (Å) 1.056 +− 0.081

Ramachandran statistics
Favoured (%) 98.0
Allowed (%) 1.8
Disallowed (%) 0.2

*RMSD between observed and predicted solution X-ray scattering intensities.
†The secondary elements used were as follows: Gemin2 residues 107–124,142–148, 180–

185, 188–201, 210–220, 229–246 and 259–269; SMN residues 38–48.

Solution structure of the core SMN–Gemin2 complex

To determine the solution structure of the core SMN–Gemin2
complex using heteronuclear NMR methods, we expressed
and purified 15N- and 13C-enriched SMN26−51 and Gemin295−280 and
obtained comprehensive resonance assignments using triple
resonance, total correlation spectroscopy and NOE-based
strategies (see the Materials and methods section). Structural
restraints were primarily interproton distances derived from
three- and four-dimensional 15N- and 13C-edited NOE spectra
and backbone dihedral restraints based on chemical shifts.
Orientational restraints included in refinement were derived
from residual dipolar couplings measured in a liquid crystalline
medium containing bacteriophage Pf1, and a restraint on
overall molecular shape was imposed from SAXS data
(additional SAXS data are presented in Supplementary Figure
S3 at http://www.BiochemJ.org/bj/445/bj4450361add.htm). Ad-
ditional distance restraints were obtained from PREs, where
Cys241 of Gemin2 was coupled to a paramagnetic nitroxide
spin label. The structure was determined by simulated annealing
molecular dynamics refinement using these restraints. Out of 400
trial structures, we selected the 32 with the lowest energy to
define an ensemble that represents the structure of SMN26−51–
Gemin295−280 (Figures 2A and 2B). Most of the structure is well
defined (Table 1). The major exception is a large poorly conserved
loop in Gemin2 (residues 150–175) that is disordered, with no
long-range NOEs observed. This region of the protein is highly
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Figure 2 Structure of SMN bound to Gemin2

(A) Stereo overlay of Cα-traces for the 32 lowest-energy structures. (B) Ribbon drawing of the lowest-energy structure. SMN26−51 is in red and Gemin295−280 is in blue. The Gemin2 helices are
numbered. (C) Backbone amide 15N T2 relaxation times of Gemin2 and the bound SMN peptide. Obtained at 750 MHz (1H). Helices are depicted above the graph as coloured rectangles for reference.
High T2 times are indicative of increased backbone flexibility.

mobile, as indicated by the relatively long 15N T2 relaxation time
constants (Figure 2C). In addition, the first seven residues in the
SMN peptide (residues 26–32) are disordered, which is consistent
with their lack of importance for Gemin2 binding as indicated by
our interaction assays.

Gemin295−280 folds into a helical bundle containing seven
α-helices (Figure 2B). The locations of helical secondary structure
agree well with those predicted by a number of prediction
algorithms. The Gemin2-binding domain of SMN also forms an
α-helix and this helix is embedded in an elongated hydrophobic
cavity formed by Gemin2 helices 1, 3, 5 and 7. A search of the
Dali database [28] using either the lowest-energy Gemin295−280

structure or the SMN–Gemin2 complex yielded no strong
matches. The highest scoring hits had RMSDs (root mean
square deviations) >3 Å and typically identified the four-helix
bundle formed by helices 4–7 of Gemin2, which is similar to that
found in a number of helical subdomains. Thus the overall spatial
arrangement of helices in Gemin2 and in the SMN–Gemin2
complex appears to be unique.

The conserved SMN–Gemin2 interface

The definition of the SMN–Gemin2 interface is largely derived
from 50 intermolecular NOEs (Figure 3). Eleven of the 18 SMN
residues from Ile33 through Phe50 are positioned close to the
Gemin2 core domain. The SMN helix is strongly amphipathic,
with its hydrophobic face largely buried in a cavity formed by
Gemin2 helices 1, 3, 5, and 7. In the lowest-energy structure,

the SMN–Gemin2 interface buries a total of 1800 Å2 of solvent-
accessible surface area, which is consistent with a high-affinity
interaction. There are also several polar interactions flanking
the hydrophobic SMN–Gemin2 interface, which we infer from
side chain positions. The Gemin2 residues involved in binding
to SMN are located throughout the sequence, explaining why
more extensive deletions into the 95–280 construct result in loss
of SMN-binding activity [29] and why a smaller SMN-binding
domain has not been previously reported.

Given the hydrophobic nature of the SMN–Gemin2 interface
observed in the NMR structure, we examined the effects of
ionic strength, temperature and non-denaturing detergents on
the affinity of the interaction. In PBS, SMN26−51 binds to
Gemin295−280 with Kd = 3.3 +− 1.8 nM (Figure 1B). As the salt
concentration is increased to 300 mM and then 600 mM, the
binding affinity remains similar, with Kd values of 5.2 +− 1.8
and 2.4 +− 1.5 nM respectively. Binding is relatively unaffected
in PBS at 4 ◦C or in PBS at 25 ◦C containing 0.05% NP40
(Nonidet P40) (Kd = 2.3 +− 0.92 and 2.2 +− 1.7 nM respectively).
Importantly, however, the combination of 4 ◦C and detergent
substantially weakens the affinity, with Kd = 180 +− 27 nM. These
observations, summarized in Table 2, are consistent with the
primarily hydrophobic interface observed in the structure and
shown in Figure 3(A).

SMN sequence alignments reveal that most of the residues
involved in the interface with Gemin2 are conserved
(Supplementary Figure S4 at http://www.BiochemJ.org/bj/
445/bj4450361add.htm). Leu39, Ala42, Tyr43, Ala46 and Val47 are
largely buried (Figure 3A), with little solvent-accessible surface in
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Figure 3 The conserved SMN–Gemin2 interface

(A) Close-up of the interface. Gemin2 residues that make up the interface are grey. SMN residues involved in binding Gemin2 are red. The residues mutated in some SMA patients (Asp30 and
Asp44) are black. Only selected SMN residues are labelled. (B) Binding of SMN26−51 mutants to Gemin295−280 using the fluorescence anisotropy assay described in Figure 1. Each binding titration
was repeated 3–6 times and the average K d value is shown. Error bars represent one S.D. from the mean. WT, wild-type. (C) Planes of a four-dimensional HCCH-NOESY-HMQC spectrum of the
SMN26−51–Gemin295−280 complex, aliased one sweep width upfield and downfield in the 13C dimension, illustrating some of the intermolecular 1H-1H NOEs defining the interface of the complex.
Red labels indicate 1H-1H NOEs to SMN and blue labels indicate 1H-1H NOEs to Gemin2. Obtained at 750 MHz (1H) with a mixing time of 110 ms.

members of the low-energy structural ensemble. In addition, Asp36

is directed towards the Gemin2 interface, where it could interact
with His120 and/or Trp124. To examine the role of conserved SMN
residues in Gemin2 binding, we prepared a series of SMN26−51

alanine substitutions and tested them for binding to Gemin295−280

(Figure 3B). Binding affinity was reduced more than 100-fold for
Y43A, 20-fold for L39A and 10-fold for A46N, all in accord with
their apparent roles in Gemin2-binding. Asp44 is the site of a SMA
patient mutation in SMN, where a valine residue is substituted in
this position [30]. Although Asp44 is well positioned to make
an electrostatic interaction with Arg213 of Gemin2, it is unclear
whether this would make a significant energetic contribution to
binding. We therefore tested the D44A and D44V mutants for
interaction with Gemin2. As peptides, each bound as well as
wild-type SMN, suggesting that the functional defect in patients
with the D44V mutation is unlikely to be the loss of an Asp44

interaction with Gemin2.
To determine if full-length SMN mutants have similar binding

properties, we purified full-length versions of the same mutants
shown in Figure 3(B) and tested their ability to bind to
GST (glutathione transferase)–Gemin2 (Supplementary Figure
S5 at http://www.BiochemJ.org/bj/445/bj4450361add.htm). The
results with full-length SMN and Gemin2 proteins were

qualitatively similar to those observed with the shorter constructs,
with two exceptions. Full-length SMN D36A and D44V display
modest Gemin2-binding defects that were not observed in
the peptide-binding assay. Because the binding and wash
buffers used in the GST pull-down assays contained detergent
(routinely used to reduce non-specific binding), we questioned
whether some of the mutants might be particularly sensitive to
the presence of detergents. To address this possibility, we repeated
peptide-binding experiments for SMN D44V in the presence and
absence of 0.05% NP40, both at 25 ◦C and at 4 ◦C. Binding of
SMN26−51 D44V to Gemin2 was reduced by a factor of ∼500 at
25 ◦C in the presence of detergent, but not at 4 ◦C in the absence
of detergent (Table 2). When the two effects were combined,
only weak binding could be observed over the range of our
titrations, indicating a Kd value greater than 4 μM. Thus the
combined effects of low temperature and detergent observed
for wild-type SMN26−51 are amplified for the D44V mutant. In
the absence of detergent, full-length SMN D44V binds to GST–
Gemin2 with three-fold higher efficiency (Supplementary Figure
S5), qualitatively similar to wild-type SMN.

Conclusions from previous studies on the SMA patient
mutation D44V have been mixed. In their original report of
this mutation, Sun et al. [30] showed that binding to Gemin2
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Table 2 SMN26−51–Gemin295−280 dissociation constants

K d values reported are the average of three to six individual binding titrations. The K d value for
SMN D44V in NP40-containing buffer at 4◦C could not be determined precisely, but a lower
limit of 4 μM could be established.

SMN26–51 Gemin2 Buffer* Temperature (◦C) K d (nM)

Wild-type 12–280 PBS 25 7.0 +− 2.5
Wild-type 95–280 PBS 25 3.3 +− 1.8
Wild-type 95–280 PBS, 300 mM NaCl 25 5.2 +− 1.8
Wild-type 95–280 PBS, 600 mM NaCl 25 2.4 +− 1.5
Wild-type 95–280 PBS 4 2.3 +− 0.92
Wild-type 95–280 PBS + NP40 25 2.2 +− 1.7
Wild-type 95–280 PBS + NP40 4 180 +− 27
W34A 95–280 PBS 25 16 +− 2.2
D35A 95–280 PBS 25 6.8 +− 2.1
D36A 95–280 PBS 25 8.3 +− 2.5
L39A 95–280 PBS 25 74 +− 41
K41A 95–280 PBS 25 4.8 +− 1.0
Y43A 95–280 PBS 25 510 +− 130
D44A 95–280 PBS 25 5.3 +− 2.4
D44V 95–280 PBS 25 8.4 +− 2.4
D44V 95–280 PBS 4 1.5 +− 0.47
D44V 95–280 PBS + NP40 25 1800 +− 240
D44V 95–280 PBS + NP40 4 >4000
A46N 95–280 PBS 25 42 +− 5.9
p28, p31 95–280 PBS 25 4.2 +− 1.3

*PBS: 10 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4, and 2 mM DTT;
NaCl concentration is modified where indicated.

is unaffected. However, Ogawa et al. [26] have reported that
binding of Gemin2 to a truncated SMN containing exons 1–5
is diminished with the D44V mutant, both in mammalian two-
hybrid and in vitro pull-down assays. Most recently, Zhang
et al. [29] have reported complete abrogation of the SMN D44V–
Gemin2 interaction, using GST pull-down experiments carried out
at 4 ◦C in the presence of detergent. Interestingly, SMN has been
shown to be cleaved by calpain in vivo at a site that is located in
the C-terminal half of the protein [19]. The SMN D44A mutant is
less efficiently cleaved by calpain, and this effect is dependent on
SMN oligomerization [31]. This suggests that Asp44, and perhaps
other conserved SMN residues in this region that are not strictly
required for Gemin2 binding, may be involved in higher-order
interactions within the oligomeric SMN complex [26]. Indeed,
the idea that the region encoded by exon 4 may interact with the
Gemin2-binding domain has already been proposed [27].

A second SMA patient mutation, D30N, is located upstream
of the Gemin2-binding domain of SMN. Asp30 is present
in the peptide used for our NMR and binding studies, but
this region is unstructured. As expected, the SMN D30N
mutant bound efficiently to Gemin2 (Supplementary Fig-
ure S5), in agreement with a previous report [30]. This region
of SMN also contains known phosphorylation sites at Ser28

and Ser31 [32]. Although these residues play no obvious role
in binding to Gemin2, we wanted to determine whether their
phosphorylation would affect binding. We observed no change
in the affinity of Gemin295−280 binding to SMN26−51 peptide
containing phosphoserine at positions 28 and 31 (Table 2 and
Supplementary Figure S5), in agreement with previous results
showing that there was no effect in the context of full-length
Gemin2 [32].

Surprisingly, several of the most strongly conserved residues
in the Gemin2-binding domain of SMN play no obvious role in
binding to Gemin2. The most conspicuous of these are the
invariant Trp34 and Asp35, as well as strongly conserved Lys41

and Asp44. In accordance with the lack of SMN–Gemin2

Figure 4 Properties of SMN-bound compared with unbound Gemin2

(A) Overlay of (1H,15N)-HSQC spectra of Gemin295−280 (red) and Gemin295−280 bound to
SMN26−51 (blue). (B) Comparison of the P(r) shape functions for Gemin295−280 (broken line)
and Gemin295−280–SMN26−51 (continuous line). Geometric parameters derived from SAXS
measurements are summarized in Supplementary Figure S3 at http://www.BiochemJ.org/bj/
445/bj4450361add.htm.

NOEs involving these residues, their alanine substitutions each
bind with high affinity to Gemin2. Of these, only the W34A
substitution shows a modest (three-fold) reduction in binding
affinity compared with the wild-type construct (Figure 3B and
Table 2).

Integral role of SMN in stabilizing Gemin2 structure

The arrangement of helices that form the SMN-binding pocket
suggests that SMN may play a role in stabilizing the fold of
Gemin2. Whereas helices 2–7 of Gemin2 could in principle form
a globular helical bundle on their own, a substantial fraction
of the interactions made by helix 1 involve SMN. It therefore
seems unlikely that the Gemin2 structure observed when bound
to SMN would be stable in the absence of SMN. Indeed, the HSQC
spectrum of Gemin295−280 shows substantial line broadening and
a loss of peak dispersion, indicating a poorly defined structure
when SMN is not bound (Figure 4A). Solution scattering analysis
of Gemin295−280 indicates an elongation of that domain in the
absence of SMN, with an increase in radius of gyration from 19
to 25 Å and an increase in the maximum dimension from 54 to
75 Å (Figure 4B and Supplementary Figure S3). These changes

c© The Authors Journal compilation c© 2012 Biochemical Society© 2012 The Author(s)

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/by-nc/2.5/)
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.

http://www.BiochemJ.org/bj/445/bj4450361add.htm
http://www.BiochemJ.org/bj/445/bj4450361add.htm


Solution structure of the SMN–Gemin2 complex 367

Figure 5 Conserved surfaces in the SMN–Gemin2 complex

(A) View of the SMN–Gemin2 surface in the same orientation as shown in Figure 2(B). (B) View
of the opposite side of the complex. Conserved residues (boldface type in Supplementary Figure
S4 at http://www.BiochemJ.org/bj/445/bj4450361add.htm) are drawn in red for SMN and dark
blue for Gemin2. Other residues are in pink for SMN and pale blue for Gemin2.

could be interpreted as an unfolding of the N-terminal 30–40
residues of the Gemin2 core domain in the absence of stabilizing
interactions involving SMN. A destabilization of Gemin2 in the
absence of SMN could explain in part the decrease in cellular
Gemin2 observed when SMN levels are experimentally reduced
[33,34].

Conserved surfaces of the SMN–Gemin2 complex

Many of the highly conserved residues in Gemin2 have obvious
roles in interhelical packing and formation of the SMN-binding
pocket. Some, however, are on or near the surface of the protein,
suggesting that they may be involved in forming functional
interaction surfaces. Similarly, only a subset of the highly
conserved residues in SMN26−51 plays critical roles in binding
to Gemin2. The others, including Trp34, Asp35, Lys41 and Asp44,
contribute to the formation of a composite SMN–Gemin2 surface
that we suggest is involved in some aspect of SMN complex
structural organization and/or snRNP assembly (Figure 5).

Chari et al. [6] have shown that a complex composed of Gemin2
bound to the N-terminal half of SMN binds to a 6S complex
composed of the Sm proteins D1, D2, E, F and G, and the Sm
chaperone pICln. In the context of a larger SMN complex, pICln is
displaced, leading to assembly of the snRNP core from the bound
Sm pentamer, SmD3–SmB, and snRNA. While the present paper
was under review, Zhang et al. [29] reported the crystal structure
of a SMN26−62–Gemin2–SmD1,D2,F,E,G complex, representing

a minimal version of the complex identified by Chari et al. [6].
Surprisingly, the structure reveals that the Sm pentamer is bound
by Gemin2, and neither SMN nor the SMN–Gemin2 interface is
involved. In the context of the present study, some of the conserved
surface elements shown in Figure 5(B) can now be identified as
the binding site for SmD1–SmD2 in the Sm pentamer. However,
the majority of the conserved surfaces in the core SMN–Gemin2
complex are not accounted for by the Sm pentamer interaction.

Changes in the SMN–Gemin2 core upon binding the Sm pentamer

The crystal structure of SMN26−62–Gemin2 bound to a Sm
pentamer [29] reveals that the globular core domain of Gemin2
(residues 89–280) is responsible for interacting with SmD1 and
SmD2, whereas the extended N-terminal region (residues 25–
88) wraps around the Sm pentamer and engages SmD2, SmF,
SmE and SmG. The present study provides an opportunity to
investigate structural changes that may occur in the SMN–Gemin2
core domain upon forming these interactions. A superposition of
the crystal and NMR structures of SMN–Gemin2 is shown in
two orientations in Figure 6. The lobe of Gemin2 that forms the
SmD1–SmD2 binding surface, formed by the turn between α5
and α6 and the C-terminal end of α7, is most similar between
the two structures (Figure 6B). This implies that Gemin2 is pre-
configured for interaction with the Sm pentamer when bound to
SMN.

In contrast, regions of Gemin2 not involved in Sm protein
binding show substantial differences between the two structures,
giving rise to an overall RMSD of 1.98 Å for Cα atoms in
the seven Gemin2 helices. The short α2 helix, for example, is
rotated by ∼120◦ and translated by ∼6 Å in the crystal structure,
violating several long-range NOEs observed in solution. The
positions of α1, α3, α4 and α7 are also displaced in the crystal
structure relative to the low-energy ensemble of NMR structures.
For α7, the helices overlap well at the C-terminus, near the
interface with SmD1–SmD2, but diverge as the distance from
the interface increases. Since the two structures overlap well
in the region where SmD1 and SmD2 are bound, it seems unlikely
that discrepancies in helical positions and orientations are due
to a reorganization that occurs upon binding to Sm proteins.
Examination of crystal packing and the N-terminus of the Gemin2
core domain provides more plausible explanations.

The α2 helix, which is flanked by disordered loops in the crystal
structure, contacts an adjacent SmG molecule which shifts its
position. The α4 helix makes close contact with a neighbouring
SmD1 molecule in the crystal, an interaction that also appears
to influence the position of the helix. Similarly, the N-terminus
of the α1 helix is buttressed by an adjacent SmD2 molecule,
resulting in shifts in not only α1 but in the positions of α3 and
the SMN helix as well. Each of these lattice contacts, shown
schematically in Figure 6, involve symmetry-related Sm proteins
that are not part of the biological unit identified by the authors, and
would therefore not be present in solution. In each case, the helix
positions adopted by low-energy members of the NMR ensemble
would not be possible in the context of the crystal structure owing
to these crystal lattice contacts.

A shift in the orientation of α7 instead appears to be a
consequence of the presence of additional residues at the
N-terminus of the Gemin2 core domain. In the crystal structure,
these residues serve as the connector to the N-terminal segment
that wraps around the Sm pentamer. As a consequence of this
structural motif, Gemin2 residues 90–98 cap one end of the core
domain and shift α7 towards the centre of the domain (Figure 6).
In this case, the crystal structure represents a more likely position
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Figure 6 Superposition of the SMN–Gemin2 complex (lowest-energy structure) with the SMN–Gemin2-Sm pentamer structure (PDB code 3S6N)

The RMSD for Cα atoms in the Gemin2 helices is 1.98 Å. (A) View of the SMN-binding surface of Gemin2. The displacement of α2 and divergence of α1, α3, α4, and α7 are indicated by
arrows. Crystal lattice contacts involving Sm proteins in different biological units are indicated schematically. The Sm pentamer is omitted for clarity. (B) Orthogonal view showing the interface with
SmD1–SmD2 and the stronger overlap of NMR and crystal structures in the binding region.

for this helix when Gemin2 is bound to the Sm pentamer. In the
absence of Sm proteins, it is unclear whether a similar position
would be adopted by Gemin2. Residues 95–98 are present in
the construct used for the NMR structure, but a conformation
similar to that observed in the crystal structure is not energetically
favoured.

An analysis of NOE measurements in the context of the crystal
structure model reveals 215 violations where interproton distances
exceed the expected range by more than 0.6 Å. These violations
involve 80 Gemin2 residues and 11 SMN residues and include
10 intermolecular Gemin2–SMN NOEs. Only a small number of
violations (∼20) involve residues that interact directly with SmD1
and SmD2 and might therefore be expected as a consequence of
side chain remodelling during the formation of the Gemin2–Sm
interface. We attribute the majority of differences between the
solution and crystal structures to artefacts introduced by formation
of the crystal lattice and not to structural differences between the
Sm-bound and unbound states. A smaller number of violations
are due to the presence of additional structure at the N-terminus
of the Gemin2 core domain in the crystal structure, as described
above and shown in Figure 6.

Expanding our understanding of Gemin2

The present study both complements the crystal structure model of
Gemin2 bound to a Sm pentamer and expands our understanding
of Gemin2 and of the Gemin2–SMN interface. Zhang et al. [29]
revealed that Gemin2 is primarily responsible for tethering the
pentamer of Sm proteins in preparation for snRNP assembly and
the crystal structure of the Gemin2–SMN–Sm5 complex provides
a molecular understanding of how this occurs. The Sm proteins
and the region of Gemin2 involved in binding SmD1 and SmD2
are very well defined in the structure, with an average B-factor
of 38 Å2 for the Sm pentamer. However, the remainder of the
Gemin2 core domain and the Gemin2–SMN interface are less
well defined, with an average B-factor of 68 Å2 and 20 out of 186
residues missing from the model due to disorder (excluding the
150–175 loop that is also poorly defined in the NMR ensemble).
Given the high average B-factors, the numerous lattice contacts
that would prevent the adoption of a solution-like structure in
the crystal and the large number of NOE violations, we would
argue that some aspects of the NMR ensemble better describe

the structure of the Gemin2 core bound to SMN and that the two
structural models are highly complementary with respect to the
information that they provide.

Understanding the Gemin2–SMN interaction has been the
major focus of the present study. These results, summarized in
Figure 3, Supplementary Figure S5 and Table 2, complement
and greatly expand the work of Zhang et al. [29]. Our panel
of alanine substitutions within the Gemin2-binding domain of
SMN is readily explained by both the NMR and crystal structure
models and provides a quantitative basis for understanding the
roles of individual residues in binding to Gemin2. A particularly
interesting subset of these residues includes those that are highly
conserved yet contribute little energetically towards interacting
with Gemin2. We suggest that these amino acids contribute to
the formation of a conserved, solvent-accessible surface on the
SMN–Gemin2 complex that is likely to be involved in higher-
order interactions within the SMN complex. Finally, comparisons
of SMN-bound versus unbound Gemin2 using solution scattering
data and HSQC spectra indicate that SMN plays an integral role
in stabilizing the folded three-dimensional structure of Gemin2.

One aspect of the present study that contrasts with the work of
Zhang et al. [29] is the functional consequence of the type III SMA
patient mutation D44V. We found that a SMN peptide containing
this substitution bound to Gemin2 with similar affinity as the wild-
type peptide, and full-length SMN D44V binding to Gemin2 was
within a factor of two relative to wild-type SMN in qualitative
assays carried out in the absence of detergents. Zhang et al. [29]
reported that Gemin2 binding is abrogated for this substitution
on the basis of GST–Gemin2 pull-down of in vitro-translated
SMN compared with SMN D44V. On the basis of the structure
of the SMN–Gemin2 interface, one rationale for a role of Asp44

interacting with Gemin2 is a potential electrostatic interaction
with Arg213 that would be disrupted with the D44V substitution.
Our binding studies using SMN peptides indicate no disruption of
the SMN–Gemin2 interaction at high salt concentrations (600 mM
NaCl), arguing against an essential electrostatic component of
the interaction. We also investigated the effects of temperature
and non-ionic detergent and found that although neither strongly
affects the SMN–Gemin2 interaction alone, the combination of
4 ◦C and 0.05% NP40 reduces the affinity of the wild-type SMN–
Gemin2 interaction by a factor of ∼60 and reduces the SMN
D44V–Gemin2 interaction by at least 1000-fold. These conditions
were used in the pull-down assay described by Zhang et al. [29],
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perhaps explaining the complete loss of interaction observed,
rather than a modest effect that might be more consistent with
the mild SMA phenotype of the D44V variant.

Other cellular functions for Gemin2

Gemin2’s involvement in snRNP assembly as part of the SMN
complex is well documented. However, previous studies have also
implicated Gemin2 in other biological processes, including HIV
infection and homologous recombination. During HIV-1 infection
of cells, Gemin2 functions with the integrase protein to stimulate
viral cDNA synthesis by facilitating reverse transcriptase loading
on to viral RNA. This idea is supported by a direct interaction
between Gemin2 and HIV-1 integrase, as well as strong negative
effects in the efficiency of HIV infection when Gemin2 expression
is reduced [21]. Similarly, an interaction between Rad51 and
Gemin2 has been reported in a study showing that Gemin2
enhances Rad51’s activity in homologous pairing and strand
exchange [22]. It is not clear in these studies how HIV integrase
and Rad51 bind to Gemin2 and which functional surfaces of the
protein might be exploited in carrying out the respective biological
activities. However, it should now be straightforward to identify
the regions of interest using the structural framework for Gemin2
reported in the present paper.

AUTHOR CONTRIBUTION

Kathryn Sarachan, Kathleen Valentine, John Gledhill, and Veronica Moorman performed
NMR experiments and analysed data. Kathryn Sarachan and Kushol Gupta
performed SAXS and sedimentation experiments and analysed data. Kathryn Sarachan
and Gregory Van Duyne performed binding experiments and analysed data. Matthew
Bernens performed protein interaction experiments. Cecilia Tommos assisted with NMR
data analysis. Joshua Wand and Gregory Van Duyne designed experiments and directed
the research. Kathryn Sarachan and Gregory Van Duyne wrote the paper.

ACKNOWLEDGEMENTS

We thank Renee Martin, Nisha Ninan and Tina Glisovic for helpful discussions, Robert
Sharp for technical assistance, and Richard Gillilan and Liang Guo for assistance with
SAXS data collection. Gianluigi Veglia kindly shared XPLOR-NIH scripts.

FUNDING

G.D.V. is an Investigator of the Howard Hughes Medical Institute. This work was supported
by the NIH (National Institutes of Health) [grant numbers DK39806 (to A.J.W.) and
GM079190 (to C.T.)]. CHESS is supported by the NSF (National Science Foundation)
and the NIH/NIGMS (National Institute of General Medical Sciences) [grant number DMR-
0936384], and the MacCHESS (Macromolecular Diffraction Facility at CHESS) resource
is supported by the NIH/NCRR (National Center for Research Resources) [grant number
RR-01646]. Use of the APS, an Office of Science User Facility operated for the U.S. DOE
(Department of Energy) Office of Science by Argonne National Laboratory, was supported
by the U.S. DOE [contract number DE-AC02-06CH11357]. BioCAT is a research centre
supported by the NIH [grant number RR-08630].

REFERENCES

1 Liu, Q., Fischer, U., Wang, F. and Dreyfuss, G. (1997) The spinal muscular atrophy
disease gene product, SMN, and its associated protein SIP1 are in a complex with
spliceosomal snRNP proteins. Cell 90, 1013–1021

2 Meister, G., Bühler, D., Pillai, R., Lottspeich, F. and Fischer, U. (2001) A multiprotein
complex mediates the ATP-dependent assembly of spliceosomal U snRNPs. Nat. Cell
Biol. 3, 945–949

3 Pellizzoni, L., Yong, J. and Dreyfuss, G. (2002) Essential role for the SMN complex in the
specificity of snRNP assembly. Science 298, 1775–1779

4 Will, C. L. and Lührmann, R. (2001) Spliceosomal UsnRNP biogenesis, structure and
function. Curr. Opin. Cell Biol. 13, 290–301

5 Kolb, S. J., Battle, D. J. and Dreyfuss, G. (2007) Molecular functions of the SMN
complex. J. Child Neurol. 22, 990–994
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SUPPLEMENTARY METHODS

Bacterial two-hybrid screens

A modified version of the lexA-based bacterial two-hybrid
assay [1] was used to test the interaction of Gemin2 and
SMN truncations. In our implementation, the lexA DNA-binding
domain fusions are expressed from a lac promoter on compatible
plasmids, and the reporter construct is present on an F′-episome in
strain CSH142 [2]. A positive interaction results in the repression
of lacZ transcription from a modified sulA promoter [1] and white
colonies on plates containing X-Gal (5-bromo-4-chloroindol-3-yl
β-D-galactopyranoside).

SMN–Gemin2 interaction assays

Binding of His6–SMN truncations and point mutants to
Gemin2 and Gemin295 − 280 that were tagged on the C-
terminus with GST–His6 was assessed using pull-down of
stable complexes on glutathione–agarose (GSH–agarose, Sigma)
following purification of the proteins using Ni-NTA–Sepharose.
Purification of Gemin2 was facilitated by co-expression and
co-purification with an SMN26 − 56 peptide, which improves
the stability of the protein. Binding assays therefore report
competition between SMN and wild-type SMN peptide. After
incubation of Gemin2–GST (2.5 μM) and SMN (1 μM)
constructs in 200 μl of binding buffer [10 mM sodium/potassium
phosphate, pH 7.4, 400 mM NaCl, 0.5 % Igepal CA-630 (a
replacement for Nonidet P40) and 5 mM DTT; the elevated salt
concentration was required for solubility of full-length SMN] for
30 min at 37 ◦C, 30 μl of GSH–agarose beads was added and the
slurry was nutated for 30 min at 25 ◦C. The beads were washed
five times with 500 μl of binding buffer and then stripped with
SDS loading buffer (50 mM Tris/HCl, pH 6.8, 5% glycerol, 0.5%
SDS and 10 mM DTT). Input and bound proteins were separated
by SDS/PAGE (12% gel) and quantified on a Kodak Image Station
using PageBlue staining (Pierce). All binding experiments were
repeated three to six times and no binding of any SMN construct
to GSH–agarose was observed when incubated with His6–GST
alone.

SEC (size-exclusion chromatography)-MALS (multi-angle
light scattering)

Absolute molecular masses of Gemin295 − 280 and Gemin295 − 280–
SMN26 − 51 were determined using MALS coupled with a Superdex
200 10/300 GL column (GE Healthcare) at 0.4 ml/min at 20 ◦C
in 20 mM Tris/HCl, pH 7.4, 200 mM NaCl and 2 mM DTT. The
scattered light intensity of the column eluant was recorded at 16

different angles using a DAWN-HELEOS MALS detector (Wyatt
Technology) operating at 658 nm; the detectors were calibrated
for counting efficiency using cytochrome c (Sigma) as an isotropic
scatterer. The protein concentration of the eluant was determined
using an in-line Optilab DSP interferometric refractometer (Wyatt
Technology). The mass-averaged molecular mass of species
within defined chromatographic peaks was calculated using
ASTRA software version 5.2 (Wyatt Technology) by construction
of Debye plots at 1 s data intervals. The mass-averaged molecular
mass was then calculated at each point of the chromatographic
trace from the Debye plot intercept, and an overall average
molecular mass was calculated by averaging across the peak.

NMR backbone and side chain assignments

Backbone amide 1H and 15N, Cα , C=O, and side-chain Cβ reson-
ances were obtained using the HNCA, HN(CO)CA, HNCACB,
CBCA(CO)NH, HNCO and HN(CA)CO experiments; 97.3%
of HN and N resonances and 94.4% of carbonyl carbon
resonances were assigned. Side chain assignments were obtained
from H(CC)(CO)NNH, (H)CC(CO)NNH and HCCH-TOCSY
experiments, facilitated by three-dimensional 15N and 13C-edited
NOESY-HSQC spectra. 15N- and 13C-HSQC spectra of a sample in
which only SMN was labelled assisted in the assignment of SMN
peptide resonances. To aid in the assignment of aliphatic residues,
an 15N-HSQC was collected for a sample in which only Gemin2
was labelled with [15N]leucine, and stereo-specific side chain
assignments of valine and leucine were determined from the 13C-
HSQC of trace-labelled protein sample [3]. Of aliphatic residues,
7/7 isoleucine, 19/24 leucine and 14/14 valine side chains were
completely assigned. Aromatic side chain assignments were made
using three-dimensional aromatic-optimized 13C-NOESY-HSQC
and HCCH-TOCSY experiments; 4/6 tryptophan, 6/6 tyrosine
and 4/6 phenylalanine side chains were fully assigned. All
experiments mentioned here are described in a review by Sattler
et al. [4] and references therein.

SMN26 − 51–Gemin295 − 280 (C154S/C221S/C264S) spin labelling with
MTSL

A 3-fold molar excess of MTSL (Toronto Research Chemicals)
was added from a concentrated stock in acetonitrile to 15N-labelled
SMN26 − 51–Gemin295 − 280 (C154S/C221S/C264S) at 0.3 mM in
50 mM sodium/potassium phosphate, pH 6.5, 50 mM NaCl,
2 mM DTT, 50 μM EDTA and 0.2 mM sodium azide buffer and
incubated overnight in the dark at 4 ◦C with constant stirring. The
unreacted spin label was removed by extensive buffer exchange
into 50 mM sodium/potassium phosphate, pH 6.5, 50 mM NaCl,

NMR chemical shifts have been deposited in the BioMagResBank (www.bmrb.wisc.edu) under the accession number 17711. The structural co-ordinates
of the 32 lowest-energy structures will appear in the PDB under accession code 2LEH.

1 Correspondence may be addressed to either of these authors (email wand@mail.med.upenn.edu or vanduyne@mail.med.upenn.edu).
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50 mM DTT, 50 μM EDTA, 0.2 mM sodium azide and 10 %
2H2O. A (1H,15N)-HSQC was recorded of the paramagnetic
species, after which the sample was reduced with a 3-fold molar
excess of ascorbic acid and another (1H,15N)-HSQC spectrum of
the diamagnetic species was collected under identical conditions.

Nitrogen relaxation and tumbling determination
15N-R1 and -R2 relaxation rates were obtained in both states at
600 MHz and 750 MHz (1H) using standard methods [4] on a
sample containing 0.3 mM 15N-SMN26 − 51–Gemin295 − 280. Briefly,
nine data points (to appropriately sample the decays) and three
duplicate time points (to assess uncertainties) were acquired for
each. The percentage change between each set of duplicated points
was calculated and subsequently used as the error estimate for
each of the three time points within the group; the estimated
errors in relaxation time are based upon the covariance matrix of
the least square fitting of the exponential decay curves. These rates
are defined as a function of spectral density and are described in
detail elsewhere [4]. The overall molecular tumbling was fit with a
standard isotropic tumbling model [5] using an in-house program
that utilizes a grid search approach [6]. An effective N–H bond
length of 1.04 Å [7] and a 15N chemical shift anisotropy tensor
breadth of − 170 p.p.m. were employed. Sites which fit best with
the inclusion of a chemical exchange (Rex) term or were located
in the disordered region were excluded from the tumbling time
calculations.

SAXS at CHESS beamline G1

Sample scattering profiles from beamline G1 at CHESS were
recorded on a custom 1024×1024 (69.78 μm) pixel CCD
(charge-coupled device) detector constructed by Sol Grüner and
colleagues (Laboratory of Atomic and Solid State Physics, Cornell
University, Ithaca, NY, U.S.A.). Two-dimensional images were
circularly averaged by Data Squeeze 2.07 (Datasqueeze Software)
to create one-dimensional intensity profiles as a function of Q
(which is equal to 4πsinθ /λ, where 2θ is the scattering angle).
Samples were dialysed in 20 mM sodium/potassium phosphate,
50 mM NaCl and 2 mM DTT at 4 ◦C and centrifuged for 10 min

at 4 ◦C before exposures from 1 to 30 s in duration were taken
in triplicate. Scattering from a matching buffer solution was
subtracted from the data and corrected for the incident intensity
of x-rays. Replicate exposures were examined carefully for
evidence of radiation damage by Guinier analysis and Kratky
plot analysis. Silver behenate powder was used to locate the
beam centre and to calibrate the sample-to-detector distance.
Measurements were taken at room temperature (20◦C) with a
sample-to-detector distance of 805 mm in 15 μl of commerical
sample cells (ALine). With a calibrated wavelength of 1.233 Å
(10.06 keV), scattering profiles encompassed a scattering range
of 0.015<Q< 0.38 Å− 1.

SAXS at the APS beamline 18-ID (BioCAT)

Samples were dialysed against 100% 2H2O buffer (20 mM
sodium/potassium phosphate, 50 mM NaCl and 2mM DTT) and
were centrifuged at 10000 g for 10 min at 4 ◦C immediately before
data collection. X-ray radiation at 12 kEV was used to collect
10–15 individual 1 s exposures while the sample was oscillated
in a quartz capillary to minimize radiation damage. Data were
corrected for the intensity of the incident radiation and reduced
to provide one-dimensional intensity profiles as a function of Q
using the data software Igor Pro. Accessible scattering was
recorded in the range 0.006<Q<0.35 Å− 1. Exposures were
examined for radiation damage before averaging and subsequent
subtraction of buffer scatter.

SAXS data analysis

All of the preparations analysed were monodisperse, as evidenced
by linearity in the Guinier region of the scattering data and
agreement of the I(0) and Rg (radius of gyration) values
determined with inverse Fourier transform analysis by the
program GNOM [8]. When fitting manually, the maximum
diameter of the particle (Dmax) was adjusted in 5–10 Å increments
in GNOM to maximize the goodness-of-fit parameter, to minimize
the discrepancy between the fit and the experimental data, and
to optimize the visual qualities of the distribution profile. This
analysis also yielded determinations of Rg and I(0).
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Figure S1 Gemin2–SMN interactions

(A) Bacterial two-hybrid interactions between regions of human SMN and regions of human Gemin2 (G2). (B) Binding of SMN truncations to GST–Gemin2 or GST–Gemin295–280. An SMN peptide
containing residues 26–51 binds as well as wild-type (WT) SMN to Gemin2 and residues 95–280 of Gemin2 are sufficient for wild-type binding to SMN. Binding experiments were repeated four to
six times and quantified on SDS/PAGE gels. Results are means +− S.D. No detectable binding was observed for any construct to GST alone. Human Gemin2 contains an upstream methionine (Met1)
that is not present in the mouse and does not have a strong Kozak sequence. We therefore considered Gemin212–280 to be ‘full length’. SMN1–209 contains translated exons 1–4; SMN1–62 contains
exons 1–2b; SMN52–209 contains exons 2b–4; and SMN1–160 contains exons 1–3. Efficient binding is observed for all constructs except SMN52–209.

Figure S2 Sedimentation velocity and SEC-MALS analysis of the human Gemin295–280–SMN26–51 complex

(A) Top panel: representative absorbance data recorded for the complex, rendered as black points on solid black lines that are the fits to the Lamm equation. Each boundary shown corresponds to a
60 s time interval, starting at zero time; data are shown only for the initial boundaries. Middle panel: residuals that show the agreement between the experimental data and the theoretical fit to the Lamm
equation, as a function of the radius of the experimental cell. Bottom panel: the corresponding c(S) distribution determined (black line); the Gemin295–280-SMN26–51 complex has a determined s20,w

of 2.46 and a frictional coefficient of 1.27. (B) SEC-MALS analysis for the same construct, performed on a Superdex 75 10/300 GL column. The molecular mass determined from MALS coincides
with a 1:1 heterodimer (Mw of 23 550 Da +− 0.6 % compared with a theoretical mass of 24 414 Da). In-line QELS (quasi-elastic light scattering) measurements yielded a hydrodynamic radius of
19 Å +− 2 % across the corresponding half-peak.
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Figure S3 SAXS

(A) Scattering intensity against resolution for Gemin295–280–SMN26–51 (black squares). Plotted against the data is the fit derived from GNOM analysis (red line). Inset: P(r) shape function (red) derived
from GNOM analysis. The theoretical scattering curve calculated based on the low-energy ensemble of 32 NMR-derived structures is in blue. a.u., arbitrary units. (B) Parameters derived from SAXS
for the Gemin295–280–SMN26–51 complex and for Gemin295–280 alone. In qRg, q=4πsinθ /λ.

Figure S4 Sequence alignments of SMN and Gemin2 from a diverse set of organisms

(A) SMN alignment in the N-terminal region. (B) Gemin2 alignment, with helices numbered as in Figure 2(B) in the main paper. Residues that are identical in four out of the six sequences are in bold
typeface. Residues involved in the SMN–Gemin2 interface are shaded yellow. The sequences shown are human (H.s.), mouse (M.m.), frog (X.l.), fly (D.m.), worm (C.e.) and fission yeast (S.p.).
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Figure S5 Binding of SMN variants to Gemin2

(A) Binding of SMN1–294 mutants to GST–Gemin2 in PBS buffer containing 0.5 % NP40. Experiments were repeated three times and quantified by SDS/PAGE. Error bars are one S.D. from the mean.
(B) Binding of a subset of the SMN1-294 mutants to GST–Gemin2 in PBS without detergent. (C) SMN28–51 peptide phosphorylated at Ser28 and Ser31 binding to Gemin2 by fluorescence anisotropy of
an N-terminal fluorescein. WT, wild-type.
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