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ABSTRACT

Protein oligomerization is one mechanism by which
homogenous solutions can separate into distinct lig-
uid phases, enabling assembly of membraneless or-
ganelles. Survival Motor Neuron (SMN) is the epony-
mous component of a large macromolecular complex
that chaperones biogenesis of eukaryotic ribonucle-
oproteins and localizes to distinct membraneless or-
ganelles in both the nucleus and cytoplasm. SMN
forms the oligomeric core of this complex, and mis-
sense mutations within its YG box domain are known
to cause Spinal Muscular Atrophy (SMA). The SMN
YG box utilizes a unique variant of the glycine zipper
motif to form dimers, but the mechanism of higher-
order oligomerization remains unknown. Here, we
use a combination of molecular genetic, phyloge-
netic, biophysical, biochemical and computational
approaches to show that formation of higher-order
SMN oligomers depends on a set of YG box residues
that are not involved in dimerization. Mutation of key
residues within this new structural motif restricts as-
sembly of SMN to dimers and causes locomotor dys-
function and viability defects in animal models.

INTRODUCTION

Oligomeric proteins represent a significant fraction of
cellular proteomes in all three domains of life. Self-
interaction (homo-oligomerization) is a widespread and

well-established feature of soluble proteins, occurring
within a majority of known macromolecular assemblies (1).
Protein oligomerization provides several functional benefits
[reviewed in (2,3)], not least of which is the potential for
forming novel and multivalent interaction surfaces that are
not present in the monomer. Oligomerization can thus al-
ter protein stability, enzymatic activity, and allosteric inter-
actions; indeed, the manifold opportunities for adding new
layers of regulation are too numerous to list.

The Survival Motor Neuron (SMN) protein forms the
oligomeric core of a multiprotein complex that chaper-
ones the biogenesis of small nuclear ribonucleoproteins
(snRNPs) required for pre-mRNA splicing (4,5). Together
with its Gemin protein partners (6), the SMN complex is
also thought to participate in many other important cellular
processes, including RNA transport, translation, endocyto-
sis, cytoskeletal maintenance, and intracellular signaling (7—
10). Notably, SMN is a key component of RNP-rich, phase-
separated cellular domains known as stress granules (11)
and Cajal bodies (12). Homozygous mutation or deletion of
the human SMNI gene causes a devastating neuromuscu-
lar disease called Spinal Muscular Atrophy (SMA) (13,14).
Most SMN orthologs have three conserved domains: an N-
terminal region responsible for binding to Gemin2, a cen-
trally located Tudor domain important for binding to Sm-
class splicing factors, and a C-terminal YG box region that
mediates self-interaction (15,16). There are two paralogous
copies of SMN in humans, SMNI and SMN2 (13). Non-
human primate and other eukaryotic genomes have only a
single-copy Smn gene (17), deletion of which is lethal in ev-
ery species studied to date (18). Note that the Tudor do-
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main of SMN is not essential for eukaryotic viability, as
this domain is missing in certain phyla (e.g. fungi and try-
panosoma). However, the YG box is present in all SMN or-
thologs identified to date and this domain is also important
for the protein to associate with Gemin3 and Gemin8 (19—
21).

The extent to which defects in SMN oligomerization con-
tribute to the pathophysiology of SMA is not yet known.
Roughly half of all SMA-causing missense mutations in
SMNI are located within the YG box (22), and the predom-
inant protein isoform expressed from the SMN2 gene con-
tains a truncation of this domain (23). Despite the widely
held belief that oligomerization of SMN is important for
its function, there is no direct evidence that higher-order
(n > 2) multimers are actually necessary for SMN to carry
out its activities. To better understand how the SMN pro-
tein forms oligomers, we carried out a detailed structure-
function analysis of the YG box self-interaction domain.
Using a broad spectrum of experimental approaches and
model systems, we find that formation of higher-order SMN
oligomers depends on specific YG box residues that are not
involved in dimerization. These identified residues consti-
tute a second structural motif that is not only required for
SMN oligomerization in vitro, but also for organismal via-
bility, longevity, and locomotor function in vivo.

MATERIALS AND METHODS

Protein expression purification and reconstitution of
SMNeGemin2

Human and nematode SMNeG2 complexes were purified
as previously described (24,25). SMNeGemin2 complex
was produced by co-expression of SMN (residues 1-294)
and Gemin2 (12-280) fused to a C-terminal Mxe intein
(New England Biolabs (NEB), Beverly, MA, USA) contain-
ing a hexahistidine tag. Both coding regions were cloned
into pETDuet (Novagen, Madison, WI, USA) and sol-
uble SMNeGemin2 complex was obtained following in-
duction with 500 mM IPTG in BL21(DE3) cells for 16
h at 18°C. The complex was purified by Ni-NTA Super-
flow (Qiagen, Germantown MD) and chitin bead (NEB)
chromatography at 4°C, following the vendor’s protocols.
SMNeGemin2 complex was further purified on a Superdex
200 16/60 column at 20°C using 20 mM Tris-HCI pH7.5,
400 mM NaCl, 5 mM DTT, followed by spin column con-
centration (Millipore). SMNAS5-Gemin2 complexes were
produced using a similar protocol, except that SMNAS
was expressed from pCDFDuet and Gemin2-Mxe-His6 was
produced from pETDuet together in BL21(DE3) and the
final sizing column was performed using a Superdex 200
10/30 column at 4°C. Yeast SMNeG2 complexes were also
purified as previously described (24).

The Drosophila SMNeGemin2 complex was produced by
separately expressing and purifying the two proteins and
then reconstituting the complex in vitro. dmGemin2 was
fused to a C-terminal Mxe intein (NEB) containing a hex-
ahistidine tag, expressed in BL21(DE3) for 16 hat 18°C, and
purified using Ni-NTA Superflow (Qiagen) and chitin bead
(NEB) chromatography at 4°C following the vendor’s pro-
tocols. Purified protein was further purified on a Superdex
200 16/60 column at 20°C using 20 mM Na/KPO4 pH
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7.0, 300 mM NaCl, and 10 mM B-ME. Similarly, dmSMN
was fused with an N-terminal His7-Flag-Sumo (HFS) tag
and cloned into a pCDFDuet expression vector and ex-
pressed in BL21(DE3) for 2 h at 37°C following induction
with 500 mM IPTG. Bacterial pellets were lysed in 100 mM
NaKPOQOy, 10 mM Tris, 6M guanidineeHCL, 10 mM Imi-
dazole, and 10 mM B-ME (final pH 8.0). After binding to
Ni-NTA Superflow (Qiagen) resin, the column was subse-
quently washed with 15 c.v. of 100 mM Na/KPO, (pH 7.0),
150 mM NaCl, 8M urea, 10 mM Imidazole, and 10 mM B-
ME (final pH 7.7), followed by 20 c.v of 50 mM Na/KPO,
pH 7.0, 500 mM NaCl, 20 mM Imidazole, and 10 mM (-
ME. Protein was eluted in 50 mM Na/KPO4 (pH 7.0), 400
mM NacCl, 300 mM Imidazole, and 10 mM B-ME.

A two molar excess of purified dmGemin2 was added
and the N-terminal HFS tag was liberated from SMN
by overnight cleavage with SUMO protease Ulpl (Life
Sensors) at 4°C. After passage through a second Ni-
NTA column to capture fusion protein, the reconstituted
dmSMNeG?2 complex was purified on a on a Superdex 200
16/60 column at 20°C using 20 mM Na/KPO,4 pH 7.0, 300
mM NaCl and | mM DTT, followed by spin column con-
centration (Millipore).

Purification of MBP-dmSMN!86-220

MBP-dmSMN!8¢-220 wag expressed pETDuet at 37°C and
purified on amylose resins (New England Biolabs) followed
by Superdex-200 sizing (G.E. Healthcare). Proteins were
stored in 20 mM Na/KPO, pH 7.0, 300 mM NaCl, 10 mM
B-ME and 10% glycerol at —80°C.

Size-exclusion chromatography in-line with multiangle light
scattering (SEC-MALS)

Analyses were performed as previously described (26). Ex-
periments were performed with a Superdex 200 10/300
GL column (GE Healthcare, Waukesha, WI, USA) at 0.5
ml/min at room temperature in 50 mM HEPES-NaOH pH
7.5, 250 mM NaCl and 5 mM DTT. The column was cali-
brated using the following proteins (Bio-Rad Laboratories,

Hercules, CA, USA): thyroglobulin (670 kDa, Rs = 85 A),

y-globulin (158 kDa, Rs = 52.2 A) ovalbumin (44 kDa,

Rs = 30.5 A), myoglobin (17 kDa, Rg = 20.8 A) and Vi-
tamin B12 (1,350 Daltons). Blue-Dextran (Sigma-Aldrich,

St. Louis, MO, USA) was used to define the void volume of
the column.

Absolute molar mass of the proteins studied were de-
termined using multi-angle light scattering coupled in-line
with size-exclusion chromatography. Light scattering from
the column eluant was recorded at 16 different angles us-
ing a DAWN-HELEOS MALS detector (Wyatt Technol-
ogy Corporation, Santa Barbara, CA, USA) operating at
658 nm. The detectors at different angles were calibrated
using the monomer peak of Fraction V bovine serum al-
bumin (Sigma). Protein concentration of the eluant was
determined using an in-line Optilab T-rEX Interferomet-
ric Refractometer (Wyatt Technology Corp.). The weight-
averaged molar mass of species within defined chromato-
graphic peaks was calculated using the ASTRA software
version 6.0 (Wyatt Technology Corp.), by construction of
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Debye plots (KC/R® versus sin’[#/2]) at 1 s data inter-
vals. The weight-averaged molar mass was then calculated
at each point of the chromatographic trace from the Debye
plot intercept and an overall average molar mass was calcu-
lated by averaging across the peak.

Sedimentation velocity analytical ultracentrifugation (SV-
AUC)

Sedimentation velocity analytical ultracentrifugation (SV-
AUC) experiments were performed at 20°C with an XL-
A analytical ultracentrifuge (Beckman-Coulter, Fullerton,
CA, USA) and a TiAn60 rotor with two-channel charcoal-
filled epon centerpieces and quartz windows. Experiments
were performed in 20 mM HEPES-NaOH pH 7.5, 300
mM NaCl and 0.1 mM TCEP at concentrations of 0.16—
1.0 mg/ml. Complete sedimentation velocity profiles were
collected at 280 nm every 30 s for 200 boundaries at 40
000 rpm. Data were fit using the ¢(s) distribution variant of
the Lamm equation model, as implemented in the program
SEDFIT (27). After optimizing meniscus position and fit-
ting limits, the sedimentation coefficient(s) and best-fit fric-
tional ratio (f/fy) was determined by iterative least squares
analysis. Sedimentation coefficients were corrected to sa0.w
based on the calculated solvent density (p) and viscosity (1)
derived from chemical composition by the program SED-
NTERP (Sedimentation Utility Software. Hayes ef al., Am-
gen Corp., http://www.rasmb.bbri.org/).

Sedimentation equilibrium analytical ultracentrifugation
(SE-AUC)

Analytical ultracentrifugation experiments were performed
with an XL-A analytical ultracentrifuge (Beckman—
Coulter) and a TiAn60 rotor with six channel charcoal-
filled epon centerpieces and quartz windows. SE data
were collected at 4°C with detection at 280 nm for 1-3
sample concentrations in 20 mM Tris-HCI pH7.4, 200
mM NaCl, 5 mM DTT. Analyses were carried out using
global fits to data acquired at multiple speeds for each
concentration with implicit mass conservation using the
program SEDPHAT (74). Error estimates for equilibrium
constants were determined from a 1000-iteration Monte
Carlo simulation. The partial specific volume (o), solvent
density (p) and viscosity () were derived from chemical
composition by SEDNTERP.

Size-exclusion chromatography in-line with small-angle X-
ray scattering (SEC-SAXS)

Data were collected at the SIBYLS beamline of the Ad-
vanced Light Source Light Source II (Berkeley, CA). Data
were collected at a wavelength of 1.0 A in a three-camera
conformation, yielded accessible scattering angle where
0.006 < g < 3.0 A"!, where q is the momentum transfer, de-
fined as ¢ = 4 sin(0)/ N, where \ is the X-ray wavelength
and 20 is the scattering angle; data to g < 0.5 A~ were used
in subsequent analyses. 100 pl of 2.5 mg/ml dmSMNeG2
or 10 mg/ml MBP-dmSMN 8220 were injected and eluted
isocratically from a Shodex 804 sizing column equilibrated
in 20 mM N/KPO4 pH 7.0, 300 mM NaCl and 1 mM DTT,

at room temperature. Eluent from the column flowed into a
1 mm capillary for subsequent X-ray exposures at 1-s in-
tervals. Plots of intensity from the forward scatter closely
correlated to in-line UV and refractive index (RI) measure-
ments.

Singular Value Decomposition with Evolving Factor Analysis
(SVD-EFA)

SVD-EFA analysis of the SEC-SAXS data sets were per-
formed as previously described (78), as implemented in
the program RAW (77). Buffer subtracted profiles were
analyzed by singular value decomposition (SVD) and the
ranges of overlapping peak data determined using evolving
factor analysis (EFA). The determined peak windows were
used to identify the basis vectors for each component and
the corresponding SAXS profiles were calculated. When fit-
ting manually, the maximum diameter of the particle (Dyax)
was incrementally adjusted in GNOM (79) to maximize the
goodness-of-fit parameter, to minimize the discrepancy be-
tween the fit and the experimental data, and to optimize
the visual qualities of the distribution profile. The theoreti-
cal SAXS profiles for atomic models were created using the
FoxS program (80). The models were rendered using the
program PYMOL (73).

Small-angle X-ray scattering (SAXS)

Sample scattering profiles from beam line X21 at the Na-
tional Synchrotron Light Source (NSLS, Upton, NY, USA)
were collected with a MAR 165 CCD detector (MAR USA,
Inc., Evanston, IL). Two-dimensional images were inte-
grated using software developed at the beam line into 1D in-
tensity profiles as a function of ¢. Measurements were taken
at 20°C with a sample-to-detector distance of 835 mm and
an X-ray wavelength of 1.239 A; scattering profiles covered
a q range from 0.009 to 0.45 A~!. The sample holder was
a 1-mm quartz capillary (Hampton Research, Aliso Viejo,
CA) that was sealed across the evacuated beam path. Both
ends of the capillary were open to allow the sample to flow
continuously through to minimize radiation damage to the
sample. Each measurement required 30 pl of sample for
30 and 60 s exposure times. After each measurement, the
capillary was washed repeatedly with buffer solution and
purged with compressed nitrogen.

Parallel axis theorem analysis (56)

Knowing the individual radii of gyration (R, and Ry,) of
two objects and their overall R, as a complex, the distance
r between the two bodies can be expressed as such:

R’ = fi R’ + /iRy’ + fi L
where
_ S pidV;
CSedVi+ S pidVs

These are the relative scattering components of the two
particles, with respective scattering-length densities p; and
volumes V;.

y/ (i=12)
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Mixed oligomer experiments

The SMNAS5SeGemin2 complex was expressed and pu-
rified as described above, with an additional Mono Q
ion exchange purification step. HFS-SMNASeGemin2
(wild-type, patient mutation variants, and a truncated
SMNAS* 16 negative control) was expressed using a
pColADuet-derived vector and purified in the same way.
Using both expression vectors, the two complexes were also
co-expressed and purified using the same Ni-NTA, Chitin
Binding Resin. The final material was spin-concentrated in
a final buffer of 20 mM HEPES-NaOH pH 7.5, 400 mM
NaCl and 10 mM DTT. The recovered proteins were ana-
lyzed by 12.5% SDS-polyacrylamide gel electrophoresis and
visualized using acidic Coomassie blue.

For mixing experiments, material was further purified us-
ing Mono Q ion exchange purification steps. Protein mix-
tures were nutated at 10 wM concentrations for one hour
at 25°C or 4°C before binding to 0.5 ml of Ni-NTA resin
at room temperature. Resin was washed twice with ten col-
umn volumes of wash buffer (20 mM Na/KPO4 pH 7.4, 400
mM NaCl, 20 mM imidazole) before elution with 200 mM
imidazole and subsequent SDS-PAGE analysis.

Yeast complementation analysis

A haploid Schizosaccharomyces pombe strain (spGV40)
with chromosomal smnl+ replaced by a kanM X6 marker
and episomal smnl/+ provided on a wra4+ plasmid
(pGV2887) was constructed using standard methods (28)
from strain ATCC 96116 (h+ his3-D1 leul-32 ura4-
D18 ade6-M210). pGV2887 was constructed by inser-
tion of a genomic PCR fragment extending ~500 bp
upstream and downstream of the Smnlp coding se-
quence into the BamHI/Sall sites of pUR19 (29) using
primers 5'-gtcagt-ggatccttactgagaagtcectegetaaace-3' and 5'-
gtcagtgtcgacatcaccaccgtggagacgaac-3'. Wild-type and mu-
tant Smnlp coding sequences were cloned into pREP3X
(30) and transformed into spGV40 with selection on Edin-
burgh minimal medium (Bio 101) supplemented with histi-
dine, adenine, lysine, and thiamine but not leucine (EMMT-
Leu). Six transformants were patched onto EMMT-Leu
plates and replica plated to dilution on successive EMMT-
Leu plates followed by FOA selection plates containing
0.5% yeast extract, 80 wg/ml adenine sulfate, 3% dextrose,
0.5 mg/ml 5-fluoroorotic acid (Research Products Interna-
tional), adjusted to pH 4 with acetic acid. Growth on FOA
medium requires loss of the ura4d+ marker, indicating that
the pREP3X plasmid can support growth in the absence of
smnl+ from pGV2887. Experiments were repeated three or
more times with consistent results for all constructs but the
Y137H and Y137R mutants, which sometimes displayed
more growth on FOA than shown in Figure 3B, but al-
ways much less than wild-type Smnp. Basal expression in
the presence of thiamine was sufficient for complementa-
tion of the smnl+ deletion.

Drosophila husbandry, transgenesis and viability

Balanced transgenic fly lines (overall genotype: Smn*”,
Flag-Smn™® JTM6B-GFP) were generated as previously
described (21), where ‘TG’ denotes a given transgene.
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Briefly, the lines were generated using ®C31 integration
at an insertion site located in chromosome band posi-
tion 86F8 and these lines were introgressed into an Snmn*”
null mutant background. The Smmn transgenic construct
is a ~3kb fragment containing the entire Smn coding re-
gion, expression of which is driven by the native Smn pro-
moter. The transgene also contains an N-terminal 3X-
FLAG tag. The Smn®” and Smn® alleles are previously
described null alleles (31,32), and both stable stocks are
GFP-balanced. To generate single-copy transgenic mutants
(Smn™”, Smn™% | Smn*7), virgin Smn*” J7TM6B-GFP females
were crossed to Smn*’, Smn’%/TM6B-GFP males. Crosses
were performed on molasses-based agar plates with yeast
paste, and then GFP-negative larvae were sorted into vials
containing standard molasses fly food at the 2™-instar stage
to prevent competition from heterozygous siblings.

To measure viability, 25-50 GFP-negative progeny at the
late second to early third-instar stages were sorted into vials
containing standard molasses fly food. After sufficient time
had passed, pupal cases were counted and marked, and any
adults were counted and removed from the vial. Any new
pupal cases or adults were recorded every two days. The %
viability was calculated at both the pupal and adult stages.
Pupal viability (% pupation) was calculated by dividing the
number of pupal cases by the initial number of larvae and
multiplying by 100 (# pupae/# initial larvae x 100). Adult
viability (% eclosion) was calculated similarly but using the
number of adults as the numerator (# adults/# initial lar-
vae*100).

To assess larval motor function, crosses were maintained
and progeny were raised at 25°C. Once the larvae reached
the wandering third-instar, 1-5 animals were placed onto
the locomotion stage (a large molasses plate) at room tem-
perature. The stage was then placed into a recording cham-
ber to control light and reflections on the stage. Once all
larvae were actively crawling, movement was recorded for
at least 62 s on an iPhone6 at minimum zoom. Two record-
ings were taken for each set of larvae. At least 30 larvae were
recorded for each experimental group. Locomotion videos
were transferred to a PC and converted to raw video .avi
files using the ffmpeg program. Videos were then opened in
Fiji/Image] (https://imagej.net/Fiji), trimmed to about 60 s
of video and converted into a series of binary images. The
wrMTrck plugin for ImagelJ (http://www.phage.dk/plugins/
wrmtrck.html) was used to analyze the video and determine
larval size, average speed of movement, and average speed
normalized to larval size (body lengths per second or BLPS)
(33). Each larva was treated as an individual when calculat-
ing average and standard error.

Disulfide crosslinking

The MBP-hsYG box fusion used for crosslinking stud-
ies has been described (25). To maintain a cysteine-free
background, a C289A background was used for all exper-
iments. A similar construct was prepared for spSMN YG
box fusions, where SMN residues 112-152 were fused to
the penultimate Thr residue in Escherichia coli MBP with
a Gly-Ser linker. The fusion proteins were expressed in
BL21(DE3) cells and purified using amylose resin (NEB)
using the vendor’s protocol under reducing conditions. Af-
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ter adjusting the concentrations to 5 wM, the proteins were
dialyzed versus 20 mM Tris-HCI pH 7.4, 200 mM Nacl,
1 mM EDTA and 10 mM maltose to remove reducing
agent. Protein samples were then treated with either 1 mM
DTT or 160 wM freshly prepared diamide for 1 h at 20°C
and immediately analyzed by non-reducing SDS-PAGE.
Dialysis and crosslinking experiments were repeated three
times and the average percent dimer formation was deter-
mined following quantitation of Coomassie stained gels.
Non-reducing SDS-PAGE of all constructs showed only
monomeric MBP-YG fusions following DTT treatment.

Structural modeling

A structural model of a dmSMN YG box dimer was gener-
ated by replacement of side chains in the spSMN YG box
(PDB ID 4RGS5) with those that differ in the dmSMN se-
quence. A hsSMN dimer model was extended to include
additional N- and C-terminal residues using the same su-
perposition. A model of an hsSMN tetramer was gener-
ated by superposition of one helix from each of two YG
box dimers with helices forming a right-handed cross in the
E. coli glycerol facilitator structure (PDB ID 1FXS8). Using
COOT (34) along with a rotamer library, residues 269-277
of one hsSMN helix were superimposed onto residues 92—
100 of 1FX8 and the same residues of a second hsSSMN helix
were superposed onto residues 14-22 of 1FXS. The result-
ing interface is tightly packed and required manual adjust-
ment of His273, Tyr277 and Met278 side chains. Further
adjustment of the inter-helical distance and angle would be
required to fully relieve the remaining steric contacts.

RESULTS
Sequence and structural conservation of the SMIN YG box

A phylogenetic comparison of the C-terminal domain of
diverse SMN orthologs reveals several highly conserved
sequence features. In addition to the overall hydrophobic
character of this domain, there are three overlapping mo-
tifs (Figure 1A). The G-motif (GxxxGxxxGQ) is a signature
of certain glycine zipper transmembrane proteins that form
coiled-coil dimers and oligomers (35). The s-motif denotes
the presence of small amino acid residues (typically Ser, Ala,
Thr). The Y-motif (YxxxYxxxY), on its own, is common
among unstructured regions of tyrosine-rich RNA binding
proteins. However, the interdigitation of these highly con-
served tyrosine and glycine residues was shown to form a
unique structural variant of the glycine zipper motif, termed
a YG zipper (29).

Within the SMN YG box dimer structure (Figure 1B),
each of the three Y-motif side chains packs against the main
chain atoms of the i + 3 glycine residue on the opposing
helix. Face-to-face apposition of the three glycine residues
with their counterparts in the partner helix leads to a more
intimate interface between helix backbones than is found
in canonical coiled-coil dimers. This resulting network of
inter-subunit interactions in SMN is conserved from yeast
to human (24,25). The broad conservation of SMN YG box
sequence features among other eukaryotic groups (e.g. in
Amoebozoa, Plantae, Rhizaria and Excavata) strongly sup-
ports the importance of these inter-subunit Y-G interac-

tions in dimer formation (Figure 1A and Supplementary
Figure S1A). Models of the fruitfly and nematode YG zip-
per dimers were readily generated from the human and yeast
X-ray structures, without any initial steric clashes or need
for changes to the main chain helix conformation (Figure
1B and Supplementary Figure S1B).

The SMNeGemin2 heterodimer (SMNeG?2) is thought
to be the fundamental structural component of the SMN
complex, and this subunit is known to form higher-order
multimers in vitro (24,25). Human Gemin2 is monomeric,
and does not oligomerize, either alone or in the presence of
pre-formed SMNeG2 dimers (24). For our purposes here,
an oligomer of SMNeG2 refers to a species with a stoi-
chiometry of (SMNeG?2),, where n = 2 for a dimer, n =
4 for a tetramer, etc. Notably, purified recombinant SMN
(36), as well as those complexes isolated from animal cells
(37,38), are of a size that is much larger than that predicted
for a dimer. Yet we currently have no structural models
for SMN higher-order oligomerization. Thus, understand-
ing the cellular circumstances and molecular mechanisms
whereby SMN assembles into higher-order oligomers is cru-
cial.

Biophysical properties of metazoan SMNeGemin2 com-
plexes are conserved

In vitro and in vivo, human SMN forms complexes whose
hydrodynamic size is much greater than that predicted
from its components (24,25,36). Size-exclusion chromatog-
raphy coupled with multi-angle light scattering (SEC-
MALS), analytical ultracentrifugation (AUC) and small-
angle X-ray scattering (SAXS) data have shown that Homo
sapiens hsSSMNeG2 and hsSMNAexon5 (hsSSMNAS5)eG2
complexes exist within a temperature-dependent tetramer
to octamer equilibrium with little presence of dimers
(24). For reasons unknown, complexes from fission yeast
S. pombe (spSMNeG2) exist in vitro primarily as dimers
and tetramers, with no evidence of octamers, or tempera-
ture dependence (24). Furthermore, estimates of SMN pro-
tein concentration within living fission yeast cells (39) sug-
gest that the concentration of the dimer (~15 nM) is far be-
low the measured dissociation constant for the tetramer (~1
wM) (24). Hence, the spSMNeG2 dimer is likely the most
abundant species in vivo and is presumed to be the basal
functional complex required for cell viability (7).

To determine whether the biophysical properties of meta-
zoan SMN proteins are conserved, we generated SMNeG2
complexes from the fruitfly Drosophila melanogaster
(dmSMNeG2) and nematode Caenorhabditis elegans
(ceSMNeG2) and carried out a variety of biophysical
measurements. As shown in Figure 2, SEC-MALS shows
that fruitfly and nematode SMNeG2 complexes mirror
those of the human complex at room temperature. The
weight-averaged molecular masses (M) of the complexes
derived from MALS (Figure 2A, Supplementary Table
S1) are consistent with a tetramer-octamer distribution
and the sedimentation velocity (SV) profiles obtained
via AUC (Figure 2B) are similar in size and breadth to
those previously determined for the hsSMNeG2 (24). The
sedimentation coefficients of the human complex were
also shown to be temperature-dependent, with a shift
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H.sapiens D.melanogaster

Figure 1. Structural conservation of the SMN YG box domain. (A) Phylogenetic analysis of SMN C-termini from a diverse selection of eukaryotes.
Conserved glycine residues are shaded in magenta, hydrophobic residues are in green, and polar residues in teal. Note the regularized spacing of residues
in three overlapping motifs (Y, G and s) that are contained within the overall YG box consensus. (B) Structure of the SMN YG box dimer. Experimental
atomic structures of the human (PDB ID: 4GLI) and fission yeast (PDB ID: 4RG5) SMN dimers were used to generate extended models of the human (left)
and fruitfly (right) proteins. The three well-conserved glycine residues are shown as Ca spheres. Atomic views were rendered using the program PYMOL
(73). See supplemental Supplementary Figure S1 for a more extensive phylogenetic comparison along with additional ultrastructural models.
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Figure 2. Biophysical properties of wild-type SMNeGemin2 complexes are conserved. (A) SEC-MALS analysis performed at 20°C for Homo sapiens
(hs), Drosophila melanogaster (dm), Caenorhabditis elegans (ce) and Schizosaccharomyces pombe (sp) SMNeG2 complexes. As previously observed for
the human and fission yeast complexes (24,25), SEC elution times suggest the presence of larger multimers in metazoans. However, M\, values from the
in-line light scattering indicate a range of oligomers in each case; the oligomeric range is assigned below each panel. (B) Sedimentation velocity (SV-AUC)
analyses of dmSMNeG2 (left) and ceSMNeG2 (right). At 25°C, the fruitfly complex sediments as a broad ~15 S peak but at 4°C a smaller ~8 S peak
is observed. Similarly, the nematode complex sediments as a broad ~12S peak at 25°C but smaller ~7S peak at 4°C. See Supplementary Figure S2 for
additional biophysical characterization of the dmSMN complex and its components.

towards smaller species observed at 4°C. This behavior
was recapitulated with the nematode and fly complexes
in SV-AUC analysis (Figure 2B). The temperature depen-
dence of metazoan SMN oligomerization implies that the
larger multimers are stabilized primarily by hydrophobic
interactions.

The fly complex was distinct among the systems ex-
amined in that both dmSMN and dmG2 could be puri-
fied separately and the complex reconstituted in vitro. In
contrast, the human, worm, and yeast systems required
bacterial co-expression to obtain soluble wild-type com-
plexes. We used this opportunity to determine the proper-
ties of dmMSMN and dm@G2 alone. As anticipated, dmSMN
is oligomeric, with a sedimentation coefficient of 11S, and
dmG?2 is largely monomeric, with a very modest dimer-
ization (33.4 pM =+ 5) constant, as determined by SE-
AUC (Supplementary Figure S2). Previous studies with
hsSMN and spSMN showed that the oligomeric behavior
of the SMNeG2 complexes was recapitulated by fusions
of the maltose binding protein (MBP) to the SMN YG
boxes (24,25). This behavior is true of the fly complex as
well; MBP-dmSMN!8¢-220 forms complexes spanning the

tetramer-octamer range (Supplementary Figure S2). As a
final test of the fruitfly proteins, we analyzed dmSMNeG2
complexes and MBP-dmSMN!86-220 fysions using size-
exclusion chromatography in-line with synchrotron small-
angle X-ray scattering (SEC-SAXS). The scattering profiles
for the dmMSMNeG2 complex were deconvoluted into two
primary components: tetramers and octamers (Supplemen-
tary Figure S2, Supplementary Table S3). Thus, as analyzed
by AUC, SEC-MALS and SEC-SAXS at micromolar con-
centrations, metazoan SMNeG2 complexes exist as a mix-
ture of oligomers spanning tetramers to octamers, whereas
the fission yeast complex forms dimers and tetramers.

Genetic and biophysical analysis of SMIN mutations in
S. pombe

Although Smn has been lost from the budding yeast genome
during evolution, it is an essential gene in the fission yeast
(40-42). Fungal SMN proteins contain only two of the three
conserved domains, the Gemin2 binding region and the YG
box (Figure 3A), both of which are essential for viability
(42). To understand the effects of YG box missense muta-
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Figure 3. Genetic and biophysical characterization of fission yeast SMN mutants. (A) Cartoon of spSMN protein, showing relative location of the Gemin2
(Gem?2) binding domain and the YG box. An alignment of YG box sequences from the human (H. sapiens), nematode (C. elegans), kéji mold (A4.orzae)
and fission yeast (S. pombe) SMN orthologs is shown for comparison. Genetic complementation analysis of a fission yeast smn/ null allele was performed
with a wild-type (WT) rescue construct or with a variety of chimeric or point substitution mutation constructs. Mutants that correspond to human SMA-
causing missense alleles are shown in bold text. Ability to complement (Comp) the growth defect observed in the null mutant background is indicated.
Recombinant SMNeG2 complexes of these same mutant constructs were generated in vitro and subjected to SEC-MALS and SE-AUC analysis, as described
in Figure 2. The range of oligomeric species detected by SEC-MALS is also indicated. See Supplementary Table S2 for additional details regarding
biophysical characterization of spSMN complexes. (B) Complementation of smnl+ deletion in S. pombe. Constructs expressing smnl variants under
control of the nmtl promoter were transformed into haploid S. pombe containing a deletion of chromosomal smn/+ and episomal smnl expressed from
a ura4+ plasmid. Individual transformants were patched onto minimal medium containing thiamine, then replica plated to dilution on selection plates
containing S-fluoroorotic acid (5-FOA). Strong growth on FOA medium requires loss of the ura4+ plasmid, and therefore complementation of smnl A by
the smn construct.

tions on cell growth and SMN oligomerization potential, 1A) with bulky residues like glutamine (S130Q, A134Q) or

we carried out site-specific mutagenesis and compared phe-
notypes of the mutant proteins when expressed in vivo and
in vitro. As summarized in Figure 3, expression of the wild-
type Smnlp construct fully complemented deletion of the
endogenous smnl gene. In contrast, most of the mutant pro-
teins failed to complement growth in vivo and were like-
wise affected in their ability to form SMNeG?2 tetramers
when expressed in vitro (Figure 3). For example, replace-
ment of three of the conserved ‘s-motif” residues (Figure

isoleucine (T1381) all caused defects in oligomerization and
cell growth (Figure 3). Substitution of other YG box ala-
nines with glutamine (A141Q or A145Q) had little effect on
growth or oligomerization.

As expected, modeling of human SMA patient-derived
missense alleles in S. pombe revealed that mutations of
highly conserved YG box residues (Y136C, Y137R, T1381
and G139S) failed to complement the smnl deletion (Figure
3). Moreover, all four of these mutations caused defects in
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SMN oligomerization to different extents (Figure 3A). The
spY136C protein is monomeric, consistent with studies of
this mutation in other model systems that showed a failure
to interact with itself in pulldown assays (e.g. hsY272C and
dmY203C (15,21)). We note that one of the SMA-causing
alleles (spG143V) did not display a defect in complemen-
tation (Figure 3A, B). Interestingly, overexpression of this
same spG143V mutant protein in a wild-type smnl back-
ground was previously shown to impede growth of S. pombe
in a dominant negative fashion (41), but here we show that
this allele is viable when expressed in the absence of the wild-
type protein (Figure 3B). Furthermore, and similar to pre-
vious findings in Drosophila S2 cells (dmG210V, (21)) and
MBP-hsSMN?22% fusion constructs (hsG279V, (25)), we
show that the spG143V construct is able to form higher-
order oligomers (Figure 3).

Given that this C-terminal glycine (hsG279) is the least
well-conserved position among the three G-motif residues
(see Supplementary Figure S1A), the spG143V result sug-
gests that the observed metazoan SMA phenotype (human:
Type I, (43); fruitfly: Class 2, (44)) is caused by a distinct
mechanism-of-action. Indeed, the C-terminus of the nema-
tode SMN orthologue diverges in this region and a chimeric
fusion of the yeast and worm YG boxes fully complements
the smnl null mutation in vivo and displays an oligomer-
ization profile that is very similar to that of the wild-type
S. pombe protein in vitro (Figure 3A). Thus, we conclude
that the C-terminal G-motif glycine is not required for SMN
self-interaction.

In order to determine whether dimerization alone is suf-
ficient for SMN to carry out its functions in fission yeast,
we generated a series of chimeric fusion constructs that re-
place the entire S. pombe YG box with a leucine zipper do-
main derived from the S. cerevisiae transcriptional activa-
tor, GCN4. The ~34 a.a. coiled-coil motif present within
GCN4 has been thoroughly studied and can be tuned to
generate dimers, trimers or higher-order oligomers (45).
When fused to spSMN, the GCN4(IL) peptide (Sp-GCN4
chimera, Figure 3A, Supplementary Table S1) forms obli-
gate dimers when analyzed by SEC-MALS, SV-AUC and
SAXS, whereas the GCN4(LI) and (1) fusion proteins form
multiple higher-order oligomeric species (Supplementary
Tables S1, S2, S4, and Supplementary Figure S6). Impor-
tantly, all three of these chimeric proteins fail to comple-
ment the smnl deletion in vivo. This result was not unex-
pected, as the YG box is thought to provide binding sur-
faces for Sm protein substrates as well as other members of
the SMN complex (6,19). These data clearly show that C-
terminal multimerization, per se, is insufficient to support
organismal viability.

Oligomeric properties of human SMNeGemin2 complexes
bearing SMA-causing YG box point mutations

Thus far, we have only analyzed the oligomerization
status of human SMA-causing YG box missense mu-
tations in the context of MBP-fusion constructs (25).
To directly compare the molecular size data in Figure
3B, we generated hsSSMNAS5eG2 complexes that contain
SMN point mutations and analyzed their properties us-
ing SEC-MALS (Figure 4). Exon 5 encodes a proline-

rich region in hsSMN that causes the SMNeG2 com-
plex to have reduced solubility, making biochemical anal-
yses difficult. We therefore used the naturally occurring
SMNAS isoform for these experiments. As shown in Fig-
ure 4A, hsSMN and hsSMNAS contain all three conserved
domains.

For the most part, the severity of the SMA phenotype
correlates well with the oligomerization potential of the cor-
responding SMNeG2 complexes, and with the previously
reported oligomerization status of the corresponding MBP-
fusion constructs (Figure 4B; (25)). Several of the SMA
point mutants are within a strongly conserved hydrophobic
region that precedes the Y, G and s motifs (Figure 1A). For
example, L260S, M263T and M263R would be expected to
weaken or disrupt the helical dimer shown in Figure 1B and
that is what we observe. Although the crystal structure of
the hsSMN YG box (25) did not provide insights into much
of this region, the longer N-terminal extension present in
the spSMN YG box structure (24) indicates clear roles for
these residues in extending the hydrophobic interface be-
tween helices.

In certain cases, the SMA-causing mutations have little
effect on the oligomeric state of SMNeG2. Substitutions
at human Ser262, His273 and Gly279 each result in com-
plexes that can form higher-order oligomers. The hsG279V
mutant is particularly interesting because one might expect
that a bulky valine substitution would be incompatible with
the close Gly-Gly contacts present in the YG box dimer.
However, as discussed above for the equivalent yeast sub-
stitution (spG143V), the SMN dimer apparently tolerates a
larger separation of helices near hsGly279, and the resulting
structural perturbations do not affect formation of higher-
order oligomers.

The experiments summarized in Figure 4B address the
homo-oligomerization potential of SMA-causing point
mutations but do not indicate whether the mutant proteins
are likely to form hetero-oligomers with wild-type SMN.
To test this idea, we co-expressed a subset of the more se-
vere SMA alleles with hexahistidine-FLAG-SUMO (HFS)-
tagged SMINAS and Gemin2, purified the complexes, and
determined whether the untagged mutant proteins copuri-
fied with Ni-NTA beads (Figure 4C). The M263R, Y272C,
G279V and L260S mutants can each interact with wild-
type SMN and might therefore be expected to exhibit domi-
nant negative phenotypes in vivo. Consistent with these ob-
servations, the dmM194R and dmY203C mutants display
dominant phenotypes over the maternal SMN contribution
in the fly (21) and spY136C suppresses growth when co-
expressed in fission yeast (41).

The hsG275S mutant does not interact with wild-type
SMN (Figure 4C). On a structural level, this is not a sur-
prising finding, given that Gly275 is the central glycine in
the YG box and even a single substitution in the interacting
Gly—-Gly pair in a dimer should be severely disruptive (Fig-
ure 1B). This finding provides a compelling explanation for
the relatively mild SMA severity of the G275S mutation in
humans (Figure 4B), especially given that it renders SMN
monomeric. The relative lack of a dominant negative effect
also explains why the corresponding dmG206S mutant dis-
plays a slightly milder phenotype in the fly as compared to
dmY203C (44).
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Figure 4. Biophysical characterization of human SMNeGemin2 complexes bearing SMA-causing YG box missense mutations. (A) Cartoon of hsSSMN
protein, showing the conserved YG box, Gemin2 binding (Gem2) and Tudor domains, along with location of exon5 (Ex5) sequences deleted in the SMNAS
construct. (B) SEC-MALS analysis of SMA-causing point mutant constructs in the hsSMNAS5eGemin2 backbone. All of the mutations were generated
on the SMNAS backbone. Additional details regarding reported human SMN2 copy number and SMA patient phenotype are also provided (22). (C)
Formation of mixed oligomers between wild-type hsSMN and SMA patient mutations in vitro. A subset of the patient-derived mutations was screened
for the ability to form mixed oligomers with wild-type SMNAS. The left two panels show Coomassie and western blot analyses of SDS-PAGE gels of the
input material following bacterial co-expression and lysate clarification; the last panel shows a western blot of the resulting pulldown using Chitin-binding
resin. As a negative control, the ability of a truncated SMN lacking the YG oligomerization domain (SMN'-194) was also assayed. After co-expression and
elution from the chitin binding resin, four of the five patient mutant samples (M263R, Y272C, G279V and L260S) demonstrated the ability to form mixed
oligomers. Among these five missense constructs, only SMNAS(G275S) failed to co-purify with wild-type SMNAS.

Genetic and biophysical analysis of YG box mutations in

D. melanogaster

As shown in Figure SA, the overall structure of Drosophila
SMN is similar to that of the human protein (Figure 4A),
and a homozygous null mutation of the endogenous Smn
gene can be rescued by transgenic expression of a wild-
type (WT) FLAG-tagged construct (46). Previously, we
showed that expression of disease-causing missense muta-
tions in all three conserved SMN subdomains recapitulates

the full spectrum of phenotypic severity observed in human
SMA (21,44). For example, the Drosophila M194R, Y203C
and G206S mutants are severe Class 1 alleles that die dur-
ing larval stages, whereas Y208C, G210C/V (Class 2) and
T2051 (Class 3) display intermediate phenotypes that man-
ifest during pupal or adult stages (Figure 5A). Phenotypic
comparison between SMA patient mutations and the cor-
responding animal model is complicated by human SMN2
copy number variation (14). In cases where the SM N2 copy
number is known, the severity observed in each fly mutant
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Figure 5. Genetic and biophysical characterization of Smn YG box mutations in Drosophila. (A) Cartoon of the dmSMN protein, showing the conserved
YG box, Gemin2 binding (Gem2) and Tudor domains, along with the location of the 3x-FLAG tag used for transgenic rescue experiments. An alignment of
YG box sequences from the human (H. sapiens), zebrafish (D.rerio), butterfly (P xuthus) and fruitfly (D.melanogaster) SMN orthologs is shown for reference.
Phenotypic comparisons of an extensive panel of Drosophila YG box substitution mutations are summarized below the alignment. With the exception of
S201F and G202S, which are point mutations in the endogenous Smn gene (55), the rest of the panel is comprised of transgenic constructs that have been
recombined with an Smn null allele ((21); this work). Genetic complementation analysis (Comp) was performed using either a wild-type (WT) or mutant
Flag-Smn transgene. Mutants that correspond to human SMA-causing missense alleles are shown in bold text; the classification system used for fly SMA
models was described previously (44). See Supplementary Figure S4 for pupal and adult viability analysis of the fifteen new transgenic fly lines used in
this work. Mutant lines that eclose at low frequency (adult escapers) are considered semi-viable; those marked with a # sign are incapable of establishing
an independent breeding stock. Class 2 denotes animals that pupate but display a significant advancement in lethal phase or reduction in eclosion
frequency. The asterisk * = stop codon. (B) SEC-MALS analysis of SMNeG2 complexes containing mutations at hsH273 (H273R) or dmY204 (Y204H
and Y204R) aimed at modeling an SMA-causing missense allele in human SMNI. (C) Analytical ultracentrifugation of Drosophila SMNeG?2 complexes.
¢(S) sedimentation distributions of wild-type (WT) or mutant (Y204H and Y204R) are shown. Note, biophysical analyses of additional Drosophila SMIN
constructs are presented in Table 1 and Supplementary Figure S2.



Class is well aligned with that of human SMA patient Type
(44).

Phenotypic differences can be illuminating. For instance,
we note that the Tudor domain mutants hsI116F/dmI93F
and hsW92S/dmF70S are Type I SMA mutations in hu-
mans (47,48) but display milder Class 3 phenotypes in
flies (21). Interestingly, we recently found that these two
fly alleles are highly temperature-sensitive, and become dif-
ferentially more severe (Class 2") when the mutants are
reared at elevated temperatures closer to those of mam-
mals (49). Among the few discordant YG box mutants,
the hsG275S (Type I1I) and dmG206S (Class 1) pair is in-
teresting because, as discussed above, the hsG275S com-
plex is monomeric (Table 1). Although SMN2 copy num-
ber was not determined in the single reported patient bear-
ing this SMNI mutation (50), one would have expected a
much stronger phenotype. We therefore generated the cor-
responding SMNeG2 complex (dmG206S) and found that
it too is primarily monomeric, as measured by SEC-MALS.
Thus, the biophysical properties of recombinant dmG206S
(Table 1) are consistent with those of hsG275S as well as
with results of GST-pulldown assays in Drosophila S2 cells
(21).

Unknown SMN2 copy number also hinders interpreta-
tion of the SMA phenotype at Gly279. Mutation of this
residue to Cys (hsG279C) results in mild Type II/111 SMA
(51), whereas a Val substitution (hsG279V) causes severe
Type I SMA (43). In flies, the corresponding mutations
are dmG210C and dmG210V, which were designated as
Class 3 and Class 2 alleles, respectively (44). As mentioned
above (Figure 3), the fission yeast spG143V mutant is vi-
able. The model in Figure 1B shows that human Gly279
is tightly packed against Tyr276, whereas in flies and yeast
the tyrosine is replaced by leucine. In the fly model, Gly210
is tucked into a hydrophobic pocket created by Leu207
and the aliphatic side chain of Lys211 (Figure 1B), and so
leucine is predicted to be more tolerant of a valine substi-
tution at Gly210 than is tyrosine. To test this prediction,
we generated single and double substitutions at Leu207
and Gly210 in the fly. As expected, the dmL207Y con-
trols are fully viable, whereas a small, but reproducible,
fraction of dmG210V mutants can complete development
(Figure 5A; (44)). By contrast, the dmL207Y,G210V dou-
ble mutants display a phenotype that is more severe than
dmG210V alone and are completely inviable, with no eclos-
ing adults (Supplementary Figure S4A). On the other hand,
the dmL207Y-G210C animals display a phenotype that is
less severe than dmG210C alone and are viable (Figure 5A,
Supplementary Figure S4A). The results show that Leu207
is indeed more tolerant of a G210V substitution than is
Tyr207.

As an animal model, Drosophila arguably provides a bet-
ter overall indication of SMN activity in vivo because mu-
tant proteins can be expressed and analyzed in the ab-
sence of wild-type SMN (21,44). However, due to sequence
differences between the vertebrate and insect YG boxes,
certain SMA-causing point mutations could not be effec-
tively modeled using the WT Drosophila backbone (Fig-
ure 5A). Phylogenetic comparison of the YG box domains
from nine different vertebrate clades (see Supplementary
Figure S3A) suggests that there has been a deletion of four
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residues in the C-terminal region of the fruitfly YG box rela-
tive to the human sequence (residues ;73MGFR g1). Among
these four residues, Phe280 is a clear phylogenetic outlier,
as this residue is typically a leucine (Supplementary Figure
S3A). We therefore inserted a sequence encoding MGLR
at the corresponding position in fly SMN to create the
WT(+MGLR) strain. As shown in Figure 5A, this allele
is fully viable. Indeed, these animals eclose at significantly
higher frequencies than do those of the WT rescue strain
(Supplementary Figure S4B).

In addition, the N-terminal half of the human YG box
contains several other sequence differences, notably at con-
served s-motif or Y-motif positions (Supplementary Fig-
ure S3A). Therefore, we generated additional vertebrate-like
transgenic rescue lines (vSmn, vSmnFAL | and vSmnAMGLR)
to serve as baseline controls. As summarized in Figure 5A,
each of these three fly strains is fully viable, demonstrat-
ing that neither the insertion of the MGLR residues nor
substitution of Ser for Ala, or Leu for Phe at the other
positions has any negative effects on organismal viability.
Once again, these vSmmn strains are healthier overall than
the WT rescue line (see Supplementary Figure S4 for de-
tails). Also as expected, truncation of the fly protein in this
region with MEMLA* to model SMINA7, the predominant
human SMN2 gene product, caused early larval lethality
(Figure 5SA, vSmnA7S).

However, when we attempted to model one particular
SMA patient-derived mutation (hsH273R, Figure 4B), sub-
stitution of the corresponding human wild-type residue into
the fly protein (vSmnY?0#H.AMGLR) reqyted in complete pu-
pal lethality (Figure 5A, Supplementary Figure S4B). Mu-
tation of this residue to model the disease-causing allele
(vSmnY2H4RAMGLR) giopificantly worsened the phenotype
(Figure 5A, Supplementary Figure S4B). Consistent with
these findings, fission yeast spY137H and Y137R mutants
failed to complement and displayed an impaired growth
defect (Figure 3A). Interestingly, spY137R was entirely
defective in formation of higher-order SMN oligomers
(Figure 3A), whereas hsH273R was only partially im-
paired (Figure 4B). We therefore generated dmY204H and
dmY204R constructs and analyzed their solution prop-
erties in complexes with Gemin2, as described above. As
shown in Figure 5B, these constructs both show a sig-
nificant shift toward dimers. The trace for dmY204H
is biphasic, with a clear peak in the monomer-dimer
range, whereas the mass profile for dmY204R is consis-
tent with the presence of monomers to large aggregates
(Figure 5B).

As described previously, hsHis273 sits on the outer side of
the helix and makes no direct contacts along the dimer in-
terface (see Figure 1B). So why is the dmY204H/spY137H
substitution toxic in flies and yeast? As shown in the crystal
structure of the yeast dimer (Supplementary Figure S1B)
and in the fly model (Figure 1B), Tyr204 packs against
the adjacent Tyr203 residue and helps to buttress the Y-
G interaction that forms between Tyr203 and Gly206 on
the other helix of the dimer. Histidine is polar and does
not make the same hydrophobic contacts, and thus may
not function as well in this role (see Discussion). The
dmY204R substitution is even more polar and destabiliz-
ing, affecting both dimerization as well as formation of
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Table 1. Oligomeric properties of SMNeG?2 variants

13

SMNeG?2 construct AUC Sy (25°C) SEC-MALS M,, (20°C) Peak conc. (WM) Oligomer status

S. pombe® 6.58 ~150 kD (110-180) 23 Di-Tet
L140Y,A141Y n.d. ~257 kD (152-362) 1.7 Tet-Oct

C. elegans 138 ~326 kD (250-450) 0.2 Tet-Oct
Ce2-184-Sp140-152 n.d. ~137 kD (137-610) 1.0 Dimer

D. melanogaster 14S ~345 kD (202-380) 0.4 Tet-Oct
Y204H 128 ~261 kD (154-295) 0.2 Di > Tet-Oct
Y204R 118 ~295 kD (103-457) 0.1 Di >> Oct+
G206S 4-8S ~43 kD (42-55) 2.8 Monomer+
Y208A 9S ~127 kD (66-137) 1.9 Di > Tet

H. sapiens™ 128 ~247 kD (200-600) 0.14 Tet-Oct
SMNAS3 128 ~231 kD (188-454) 0.7 Tet-Oct
SMNA7# 28 ~66 kD (58-74) 0.2 Monomer
Y277A n.d. ~171 kD (110-220) 0.03 Di > Tet

Hs!275.GCN4(IL) n.d. ~113 kD (80-113) 0.3 Dimer

Hs!275.gpl40-152 n.d. ~128 kD (88-227) 23 Di > Tet

Hs!279_gp 144152 n.d. ~285 kD (119-640) 0.1 Di < Tet-Oct

#Note: These data from Gupta et al. (Ref. 24).

higher-order oligomers (Figure 5B). Interestingly, insertion
of the vertebrate MGLR helix extension completely sup-
presses the toxicity of the histidine substitution (Figure
5A, compare vSmn Y24 to ySmn Y204H.AMGLR)) "whereas the
SMA-causing arginine substitution remains inviable (com-
pare vSmn Y2 to vSmnY?%*R) We conclude that the fruit-
fly YG box is unable to support a histidine at Tyr204, af-
fecting both higher-order multimerization as well as dimer-
ization. In the human system, the hsH273R mutation does
not appear to interfere with dimerization; rather, it drives
the equilibrium in the direction of lower-order multimers
(Figure 5B).

Formation of higher-order SMN oligomers correlates with
metazoan viability

Our detailed structure-function analysis of the YG box has
shown that mutations which reduce the oligomerization po-
tential of SMN in vitro also tend to have a negative im-
pact on organismal viability in vivo (Figures 3-5). However,
none of the SMA patient-derived missense mutations ana-
lyzed thus far allow dimer formation but prevent assembly
of higher-order multimers. We therefore sought to identify a
missense mutation that causes metazoan SMNeG2 to form
obligate dimers in vitro and then determine its phenotype
in an animal model. Toward that end, we focused on trying
to understand the aforementioned discrepancy between the
oligomerization status of wild-type fungal and metazoan
SMN complexes.

As summarized in Table 1, animal SMNeG2 complexes
mainly form tetramers and octamers at micromolar con-
centrations in vitro, whereas those of fission yeast exist pri-
marily as dimers along with some tetramers. Chimeric con-
structs with yeast N-termini and human C-termini (Sp''"7-
Hs?332%4) form tetramers and octamers. To better under-
stand this phenomenon, we generated reverse chimeras with
C-terminal portions of yeast SMN fused to either hu-
man (hsl—275_sp140—152) or nematode (C62—184_Spl4&152) N-
terminal regions. Interestingly, these complexes were pri-
marily dimeric, although some tetramers were also detected
(Table 1). A fusion bearing only the distal C-terminus of

the yeast protein (hs'?7?-Sp'#13?) restored the ability of
the human chimera to form octamers (Table 1) and al-
lowed us to map the residues that were largely responsi-
ble for this effect to the region encompassing S. pombe
residues 140LAEGL 45 (see Figure 6A). Thus, we conclude
that the C-terminal portion of the fission yeast YG box
contains determinants that limit formation of higher-order
oligomers.

Inspection of the S. pombe YG box shows that it is a se-
quence outlier, even when compared to other fungal SMN
orthologs. Indeed, the fungal consensus in this region is
140LYEGQ 45 (numbering per spSMN, see Supplementary
Figure S3B). Although substitutions are clearly allowed,
S. pombe is the only species among the nine clades we sur-
veyed that have an alanine at position 141 (see Supplemen-
tary Figure S3B). To better model the vertebrate consen-
sus, we generated an spL140Y,A141Y mutant construct and
tested it in vivo for complementation in an smnl deletion
background, as described above. As shown in Figure 3B,
this allele fully rescued the growth defect of the null al-
lele. When assayed in vitro for oligomerization using SEC-
MALS, we found that it displayed a tetramer-octamer dis-
tribution similar to those of the human, fruitfly and ne-
matode SMNeG2 complexes (Figure 6B). Furthermore,
we note that in flies, the dmL207Y mutation (spL.140Y)
also improved the viability phenotype as compared to the
WT Flag-Smn rescue transgene (Supplementary Figure S4),
whereas expression of an SMA-causing mutation at the ad-
jacent residue, hsY277C/dmY208C, significantly impaired
viability (Figure 5A). Collectively, these findings implicate
spAlal4l as an anti-oligomerization determinant.

We therefore generated SMNeG2 constructs bearing the
corresponding mutations in Drosophila and human SMN
and determined their oligomerization status using SEC-
MALS. As shown in Figure 6B and Table 1, the dmY208A
and hsY277A complexes are consistent with a dimer-
tetramer equilibrium. We generated a hs'?7>-GCN4(IL)
chimeric fusion as a control for a dimeric complex. As ex-
pected, this construct with Gemin2 forms obligate dimers
(Table 1). Thus, when evolutionarily variant residues are
considered, the SMNeG?2 oligomerization results are com-
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Figure 6. Identification of a specific YG box residue critical for formation of higher-order SMN multimers. A structure-function analysis was carried out
in parallel using fission yeast, fruitfly and human SMN. (A) Genetic complementation (Comp) and biophysical analyses (Oligomerization) of C-terminal
chimeras and point substitution mutants. (B) SEC-MALS analysis of SMNeG2 complexes of yeast spSMNE40CAIAY " qmMNY208A 4nd hsSMNY277A,
(C) Developmental viability of control Oregon Red (OR) flies or animals expressing transgenic Flag-tagged Smn wild-type (WT), Y208C or Y208A rescue
constructs in the background of an Smn null mutation. Left panel: % Viability is the proportion of animals that survive to the pupal (darker gray) or adult
(lighter gray) stages, relative to the number of larvae initially collected (n-values in parentheses). Right panel: Breakdown of fraction of animals that arrest
during early versus late stages of pupal development. (D) Larval locomotion analysis. Average crawling speed, measured in body lengths/sec, in wandering
third instar larvae. Data points correspond to measurements of individual larvae. n-values for each genotype are shown in parentheses. Statistical analysis
used in panels A-D: Asterisks above the data bars indicate significance versus WT rescue line from one-way ANOVA using the Dunnet correction for
multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001. P > 0.05 is not significant (ns).

pletely concordant across multiple eukaryotic phyla, includ-
ing Chordata, Arthropoda, Nematoda and Ascomycota (Ta-

ble 1).

Having established the importance of Drosophila Tyr208
to the formation of higher-order SMN oligomers in vitro,
we generated transgenic flies bearing a dmY208A mutation
to study its effects in vivo. We assayed organismal viability,
lethal stage and larval locomotion phenotypes in compar-
ison to the previously described SMA missense mutation
strain, dmY?208C (44), as well as to wild-type controls. As
shown in Figure 6C, control animals complete development
and eclose at high frequency, unlike the two missense mu-
tants. However, dmY208A animals display a significantly
more severe phenotype than do the dmY208C mutants,
as a small fraction of the latter reach adulthood. By con-

trast, none of the dmY208A mutants eclose as adults, and
they are also significantly impaired during pupariation as

compared to either the dmY?208C or the WT control line

and (21)).

(Figure 6C). Both missense mutations display SMA-like
phenotypes early in development, appearing during lar-
val stages. Locomotion analysis shows that larval crawl-
ing velocity is significantly reduced for both dmY208C and
dmY208A (Figure 6D). Finally, intragenic complementa-
tion analysis of SMA-causing mutations within the YG box
versus the Tudor domain suggest that these two domains
perform independent functions (Supplementary Figure S5

On the basis of the experiments described above, we con-
clude that animals expressing YG box mutations that allow
dimerization but prevent assembly of higher-order SMN



7658 Nucleic Acids Research, 2021, Vol. 49, No. 13

oligomers are incompatible with metazoan viability. The re-
sults also call into question whether unicellular organisms
like fission yeast require formation of SMNeG2 oligomers
larger than tetramers to support cell growth.

Defining the SMN oligomeric interface

The combined data from three different model systems
highlight the importance of four distinct residues in
the assembly of higher-order SMN multimers. Obviously,
hsY277/dmY208/spAl141 is one of those residues, as de-
tailed above (Figures 5 and 6). In addition, we showed that
mutations at hsH273/dmY?204/spY 137 shift the oligomeric
equilibrium towards lower-order species (Figures 3-5).
The other two residues are hsS266/dmA193/spS130 and
hsS270/dmS201/spA134, as mutations at these positions
are inviable in vivo and prevent formation of tetramers in
vitro (Figure 3).

Among the lesser studied residues within the SMN YG
box are those that comprise the S (serine)-motif (25), which
for reasons that will become apparent, we have renamed as
the s (small)-motif, Figure 1A. Due to the presence of con-
served serine/threonine residues, especially within higher
eukaryotic organisms, we and others initially assumed that
phosphoregulation of these residues was somehow impor-
tant for SMN biology. Indeed, mutation of hsS270/dmS201
to either aspartate or alanine has dramatic (and opposite)
effects on SMNAT7 protein stability in both human and
Drosophila cells (52,53). Notably, this residue forms a key
part of an E3 ubiquitin ligase phosphodegron (52), but the
serine itself is not essential for viability in the context of
full-length SMN, as dmS201A mutants are viable and fer-
tile (Figure 5A). By contrast, substitution of a bulky Phe
residue at this position renders the dmS201F protein unsta-
ble in vivo (32,54), and the animals are completely inviable
(Figure 5A; (55)).

Glutamine scanning mutagenesis of various small
residues in the yeast YG box (Figure 3A) reveals that inser-
tion of a bulky and polar Gln residue can be tolerated at
certain positions in spSMN (e.g. spA145Q and spA141Q),
whereas at other positions (e.g. spS130Q and spA134Q)
it cannot. Quizzically, the two s-motif residues that are
intolerant to GlIn substitution are located at positions
that do not lie along the direct YG zipper dimerization
interface (Figure 1). To better visualize this arrangement,
we highlighted the location of the s-motif residues on the
surface of the hsSMN YG box dimer. As illustrated in
Figure 7A, B, the Gly residues directly involved in SMN
dimer formation are located along one face of the alpha
helix, whereas the residues implicated in higher-order
multimerization are on the opposite side. The alignment
of conserved small residues (Ser266, Ser270 and Thr274)
along the same face of the helix suggests the existence of
a novel binding interface that could be used to generate
higher order oligomers.

Parallel versus antiparallel SMN tetramers

Tetramers can form by two distinct mechanisms: one in
which all four subunits are equivalent (symmetric bundle),
and one that involves self-association of dimeric subunits

(dimer of dimers). In a symmetrically bundled tetramer, the
same residues are involved in forming the inter-subunit con-
tacts of both the dimeric and tetrameric forms, whereas in
the dimer of dimers model, different binding surfaces are
used for dimerization versus tetramerization. Previously, we
showed that spSMN forms tetramers in vitro via the associ-
ation of stable dimers (24). We therefore considered whether
SMNeG?2 dimers might associate in a parallel vs. antiparal-
lel fashion.

We used SEC-SAXS data from spSMNeG2 constructs
to evaluate the likelihood of parallel versus antiparallel
arrangements of YG boxes in an SMN tetramer. To ob-
tain data for the spSMNeG2 dimer, we determined the ra-
dius of gyration (Rg) and maximum dimension (Dpmax) for
spSMN(GCN4IL)eG2, which forms obligate dimers (Sup-
plementary Table S4). We previously reported Ry and Dppax
values for tetrameric spSMNeG?2 (24), also listed in Sup-
plementary Table S4. A comparison of SAXS results for
the two complexes leads to the surprising conclusion that
tetrameric SMN is only slightly larger in size (Dpax = 276A)
than dimeric SMN (Dpax = 233A). As illustrated in Sup-
plementary Figure S7, the observed spatial restriction of
the tetramer can be more readily explained by a parallel ar-
rangement of dimers. In an independent method of analy-
sis, the R values of the dimer and tetramer can be used to
calculate the distance (L) between centers of mass of the
dimers within the tetrameric complex by application of the
parallel axis theorem (56). For the wild-type spSMNeG2
tetramer, this calculated value is L; = 106 A, a distance
that could be consistent with either a parallel or antiparallel
arrangement of dimers (Supplementary Figure S7). Thus,
SAXS analysis leads to a preference for parallel tetramers
based on maximum distance values, but not as measured by
radii of gyration.

While this manuscript was under consideration (57), the
crystal structure of a non-native fusion between the Gem?2
domain and YG box of spSMN was reported (58). In that
structure (PDB ID 7BB3), the YG box dimers interact to
form a polymer of antiparallel stacked dimers in the crystal
lattice, with the Gem2 domain helices forming an indepen-
dent array of hydrophobic interactions. As anticipated, the
s-motif residues play key roles in the observed crystal lat-
tice contacts, and provide a plausible molecular model for
an antiparallel YG box tetramer. However, other YG box
residues highlighted in our study of native metazoan SMN
complexes (e.g. hsY277 and hsH273) play correspondingly
less prominent roles in the reported yeast fusion structure.
We therefore carried out disulfide crosslinking experiments
to directly test parallel vs. antiparallel models of YG box
oligomers.

MBP-YG box fusion constructs of yeast and human
SMN were engineered to contain a single cysteine residue
at key positions. Because there are no cysteine residues
within MBP-hsSMN?32-2%4(C289A), we used this construct
(ACys) as the starting point for the human YG box.
These fusions have been well characterized (25) and, as de-
scribed above, recapitulate the oligomeric properties of na-
tive SMNeG2 complexes. Moreover, the crystal structure
of the yeast MBP-YG box dimer (24) is entirely congru-
ent with that of the dimeric subunits reported by Fischer
and colleagues (58). An outline of the experiment is illus-



Nucleic Acids Research, 2021, Vol. 49, No. 13 7659

283( 0 256 260 n] A 285
C (x ) )
> o b & & & & & SO A %

&L 0«'\‘;«\:&4‘" S &WI o &
v © \d O " v © Q \d "
Ay A A A U A 4
n) D) N\ )}
283 285
zse%) 260 N )
Antiparallel Parallel
Non-reducing
SDS-PAGE
(@ )
Q9
Inter-subunit Dimer Free Monomer Control Dimer (N283C)
D O L L O O 0 L
® A A B P
S - LN R U Uy
kDa ==
95| v G A —(MBP-YG), 4
72| w-—- v E
o
55| - S
43| = G G ——— ———— —MBP-YG
34| o
- R R N R R R
¥ g '1?6;{) ,\'{.‘.(i‘ P &

Figure 7. Disulfide crosslinking analysis and models of higher order SMN

oligomerization. (A) Model of an antiparallel SMN YG box tetramer based on

crystal contacts in a spSMN crystal structure (PDB ID: 7BB3). Numbering as per human SMN. (B) Model of a parallel YG box tetramer, based on s-motif

helix—helix interactions observed in membrane proteins (see Materials and

Methods and text for details). (C) Cartoon of disulfide crosslinking between YG

box dimers containing single cysteine substitutions at indicated residues. Crosslinking between Thr274 residues is illustrated with a red arrow as an example.
Disulfide crosslinking allows for resolution of dimers upon non-reducing SDS-PAGE. The N283C substitution serves as a positive control because hsN283
(marked in red in panels A and B) is within the dimer interface and is efficiently crosslinked. (D) SDS-PAGE of MBP-hsSMN YG box fusions treated with

160 uM diamide for 60 min (left). The graph on the right shows the average fraction of dimers formed from three independent crosslinking experiments.

Error bars show standard deviation. Note that MBP-YG box fusions treated with | mM DTT rather than diamide are monomeric (see Supplementary

Figure S8).

trated in Figure 7C. As shown in Figure 7D, the ACys
negative control does not form disulfide linkages, whereas
the hsSMNN?3C (N283C) positive control is efficiently
crosslinked, with nearly complete conversion to dimers on
SDS-PAGE. Note that hsSSMN Asn283 is located within
the dimeric interface (Figure 7A) and that hsSMNNZ83C
corresponds to spSMNS!47€ which we previously used as
a positive control for crosslinking yeast YG box dimers
(24).

We tested the crosslinking efficiencies of six cysteine sub-
stitutions at residues predicted to form the oligomeric in-
terface (Figure 7D). S266C and S270C are the least ef-
ficiently crosslinked substitutions, indicating that these s-

motif residues are not well-positioned for self-interaction
along the dimer—dimer interface. T274C and Y277C are
crosslinked at the highest levels among the six residues
tested, indicating that they are located close to their part-
ners in the tetramer interface. The remaining mutants,
S262C and R281C, displayed intermediate crosslinking ef-
ficiencies (Figure 7D). Hence, the human crosslinking data
are more consistent with a parallel interface between YG
box dimers. We also carried out crosslinking experiments
on the corresponding yeast MBP-YG box fusions. Those ex-
periments also showed poor crosslinking efficiency for the
critical s-motif residues S130C and A134C and better sup-
ported a parallel model (Supplementary Figure S8). The
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primary difference compared to the hsSMN results was a
lack of strong crosslinking activity for spA141C, which cor-
responds to hsY277C (see Discussion). Altogether, these
data are most consistent with the hypothesis that SMN
YG box dimers associate in a parallel fashion to form
tetramers.

A structural model for SMN oligomer formation

Models of human YG box tetramers are shown in Figure
7A, B. For the antiparallel model, we used the crystal pack-
ing observed in the structure of the spSMN fusion construct
mentioned above (58), to define the interface. In this case,
the tetramer is formed by a left-handed crossing of helices
(Figure 7A). To generate a plausible model for a parallel
YG box tetramer, we searched for examples of helix-helix
interactions involving s-motif residues (Figure 1A, Supple-
mentary Figure S1A) such as serine, alanine, and threonine.
Helix-helix packing that features small residues at the inter-
face is common among membrane proteins, where the in-
terfaces are enriched for Ala, Ser, Thr and Gly residues, and
the helix crossing is generally right-handed (59). Indeed, an
extreme example of this type of helix-helix interaction is the
glycine zipper, where Gly residues mediate intimate contact
between the helical backbones as occurs in the SMN YG
box dimer. In contrast, the well-studied coiled-coil interface
is enriched in Leu, Ile, and Val residues and the crossing is
left-handed (60,61).

We therefore generated a parallel YG box tetramer model
based on a previously observed small residue interface, us-
ing the glycerol facilitator protein structure (62) as a tem-
plate. Superimposing one helix from each of two YG box
dimers onto a helical dimer from PDB entry 1FX8 (62),
the resulting model places the conserved s-motif residues,
along with His273 and Tyr277, at or near the interface be-
tween SMN dimers. Note that a left-handed crossing of
dimers within a parallel SMN tetramer is also possible, but
not modeled here. In summary, the models shown in Fig-
ure 7A, B illustrate both antiparallel and parallel docking
of YG box dimers that utilize both left- and right-handed
crossing of the YG box helices.

DISCUSSION

Transmembrane proteins frequently contain GxxxG mo-
tifs that promote dimerization (61). An extension of this
motif (G,A,S)xxxGxxx(G,S,T) is known as a glycine zip-
per (35), which is thought to mediate oligomerization. Al-
though helices bearing these motifs interact with right-
handed crossing angles, glycine zipper proteins form sym-
metrically bundled oligomers that associate in a front-to-
back fashion, whereas GxxxG dimers employ face-to-face
packing (35,63). The SMN YG box contains an extended
GxxxGxxxG motif, however the Gly residues are face-to-
face as in GxxxG dimers (Figure 1B). This unique feature
suggests that once a YG zipper dimer forms, that same
binding surface should no longer be available to generate
oligomers. Our experimental data are not only consistent
with this model, but they identify specific YG box residues
that mediate formation of higher-order multimers.

Structural aspects of SMN oligomerization

Residues within the tetrameric SMN interface (Figure
7A,B) are not normally found at interfacial positions of sol-
uble protein coiled-coils, which are dominated by Leu, Ile,
and Val (60). In SMN, the core interfaces involved in form-
ing both dimers and oligomers employ small residues like
Ser, Ala, Thr and Gly. In the parallel and antiparallel mod-
els, Ser270 is buried in the tetrameric interface where inter-
helical hydrogen bonds could be formed with the polypep-
tide backbone, as observed for membrane proteins (59).
Such positioning would explain the sensitivity of the cor-
responding spSMN and dmSMN residues to substitution
by larger side chains, but not by smaller ones (Figures 3 and
5). Both models also explain how formation of higher-order
multimers could protect SMN from degradation via seques-
tration of the Ser270 phosphodegron (52), which is solvent
exposed in the dimer.

Two other highly conserved s-motif residues, Ser266 and
Thr274, are located in the tetrameric interfaces of both
models. A role for Ser266 in the antiparallel model is un-
clear, but Thr274 makes a hydrogen bond to Trp267 that
is one of the few specific interactions in the interface. The
SMA mutation T2741 is expected to disrupt the antiparal-
lel interface shown in Figure 7A due to a clash with Trp267
and indeed, we found that spSMN T138I is deficient in
oligomerization (Figure 3). However, hsSMN T2741 is only
moderately affected, arguing against this close contact in
human SMN oligomers. hsT274C was one of the two cys-
teine mutants most efficiently crosslinked (Figure 7D), yet
the corresponding residues are far apart in the antiparallel
model (Figure 7A,C). In contrast, Ser270 is expected to be
close to its partner in the antiparallel model, yet the S270C
mutant is least efficiently crosslinked (Figure 7A,D).

A key finding of this study is identification of
hsY277/dmY208/spAl41l as a major determinant of
higher-order oligomerization. A large hydrophobic residue
is strongly conserved at Tyr277, whereas the Ala found
in S. pombe is an outlier. The reduction in the extent of
spSMN oligomerization, compared to that of its meta-
zoan orthologs (Table 1), can be attributed to the lack
of bulky hydrophobic residues at Leul40 and Alal4l, as
Tyr substitution of these residues promotes higher-order
oligomerization (Figure 6B). The same argument explains
the loss of higher-order multimers we observed for the
hsY277A and dmY208A mutants (Figure 6, Table 1).
Indeed, the strong temperature dependence of SMN
oligomerization we observed for the metazoan complexes
(Figure 2) also suggests a hydrophobic driving force.
The defective phenotypes of hsY277C and dmY208C are
consistent with the idea that this residue plays a key role
in formation of higher-order multimers and that oligomers
larger than SMN dimers are required for proper animal
development. A critical test for any structural model would
therefore be to explain these phenotypes. The antiparallel
model shown in Figure 7A is derived from spSMN, where
the residue corresponding to hsY277 is alanine. Residues
near the N-terminus of the YG box that are likely to
interact with a tyrosine substituted at this position are
poorly conserved, making it difficult to rationalize how this
residue mediates formation of antiparallel oligomers. In



support of a parallel arrangement, we note that an A141Y
substitution increased the disulfide crosslinking efficiency
of an A145C mutant (Supplementary Figure S8), as would
be expected for a mutation that promotes oligomerization
(Figure 6A, B).

Another key residue is hsH273/dmY 204 /spY 137. Evolu-
tionarily speaking, His273 is usually a Tyr in the SMN pro-
teins of lower organisms, with Gln present in a very small
number of cases (Figure 1A, Supplementary Figure S1A).
There is a strong correlation between the presence of His
at position 273 (hsSMN numbering) and a large hydropho-
bic at 280 (see Supplementary Figures SIA and S3). When
Tyr is present at position 273, the residue at 280 is more
variable and is often not hydrophobic. This finding suggests
that His273 might be less effective than Tyr in this posi-
tion but is compensated by a strong hydrophobic residue
at position 280, and most often a flanking hydrophobic at
278. These observations provide a plausible explanation for
the lethal phenotype and reduced oligomerization of the
Y204H substitution in dmSMN, where the residues corre-
sponding to Met278 and Phe280 in hsSSMN are Gln and
Lys, respectively (Table 1, Figure 5). Insertion of sequences
that place Met and Leu in these positions (+MGLR) results
in a more ‘histidine friendly’ environment and a viable phe-
notype (Figure 5). The antiparallel tetramer model (Figure
7D) provides no insight into these observations, because a
hydrophobic residue at 280 (spLeul44) is predicted to be
juxtaposed with an acidic Asp- and Glu-rich region located
in the N-terminal region of metazoan SMN orthologs (Sup-
plementary Figure S1A).

Additional residues contribute to the interfaces shown
in Figure 7A, B. Leu260, Met263 and Trp267 form con-
served hydrophobic interactions in the antiparallel model,
with Trp267 playing a particularly important role at the cen-
ter of the interface. Met269, Thr274, Tyr276, Met278 and
Phe280 would be expected to provide flanking hydrophobic
interactions in both models. In summary, an antiparallel in-
terface between YG box dimers explains some of the genetic
and biochemical observations reported here but is incon-
sistent with others. Moreover, it is not supported by disul-
fide crosslinking experiments. In contrast, a parallel model
is consistent with the crosslinking results and could in prin-
ciple explain the available genetic and biochemical data, but
no high-resolution structure is yet available for compari-
son. Because many models of both parallel and antiparallel
dimers-of-dimers are possible (e.g. differing by helical cross-
ing angles and points of interaction), further structural in-
vestigations are essential. It will be particularly important
to obtain structural data for YG box oligomers in the con-
text of native SMN complexes.

SMN multimerization and biomolecular condensation

Protein oligomerization is thought to underlie a phe-
nomenon that allows homogenous solutions of macro-
molecules to separate, or ‘demix,’ into two co-existing liquid
phases (64). This biomolecular condensation makes it pos-
sible to create membraneless organelles or compartments
with elevated protein concentrations that serve to acceler-
ate biochemical reactions or to sequester key factors away
from the cellular milieu (65,66). As with most things in na-
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ture, the positive benefits provided by multimerization come
with a down-side: oligomeric proteins also have the poten-
tial to form dysfunctional or pathogenic aggregates (67—
70). Molecular mechanisms underlying a wide variety of
physiological and pathological processes are thus being re-
examined through the lens of liquid-liquid phase separation
(71). The models we outline in Figure 7 explain a large body
of genetic, phylogenetic and biochemical data. Because the
SMNeG2 tetramer has two binding surfaces available for
self-interaction, the models provide an obvious mechanism
for forming large polymers.

What factors limit the extent of SMN oligomeriza-
tion? In vitro, metazoan SMNeG2 complexes in the uM
range exist primarily in a tetramer-octamer equilibrium,
and their hydrodynamic properties show that they adopt
highly extended (non-globular) conformations. Clearly, the
N-terminal portion of SMN is an important determinant of
its overall solubility and oligomerization potential, as YG
box constructs tagged with small epitopes or synthetic YG
box peptides form large, insoluble aggregates. By analyzing
a series of MBP-YG box fusions, we found that we could
control the size of the complexes formed (n = 1, 2, 4 or 8)
by very small changes in the length of the linker [(25) and
this work]. The amino terminal domains of SMN, along
with Gemin2, plausibly limit multimerization. Thus, steric
factors including N-terminal composition and linker length
are critical determinants in regulating the extent of YG box
oligomerization.

In vivo, post-translational modifications (PTMs) and the
presence of additional binding partners are almost certain
to play important roles in regulating SMN oligomerization.
Gemin2 and the Sm proteins are known to bind directly
to the Gem2 and Tudor domains of SMN, respectively (re-
viewed in (4)). In addition, two other Gemin subcomplexes
associate with the YG box. The Gemin3-4-5 and Gemin6-
7-8 subunits are tethered to SMN via Gemin3 and GeminS,
respectively (19). Binding of these additional subunits to the
oligomeric core of SMNeG?2 will doubtless have an effect,
butitis hard to predict its direction. Should these PTMs and
binding interactions work to increase the local concentra-
tion of SMN, they would be predicted to drive demixing of
the complex into phase-separated membraneless organelles
(72) such as nuclear Cajal and Gemini bodies, or cytoplas-
mic stress granules and U bodies. Such a finding would also
suggest that SMN might carry out different functions in dif-
ferent cellular locales, and that these functions might de-
pend on its oligomerization status. Thus, an important goal
for the future is to elucidate the nature of the interactions
that give rise to the underlying oligomeric heterogeneity of
SMN subcomplexes in vivo. The work here not only demon-
strates that formation of higher-order SMN complexes is re-
quired for metazoan viability, but it also provides key mech-
anistic insight into their assembly.
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