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Supplemental Experimental Procedures

Expression and Purification of recombinant proteins

pICIn variants: Expression clones encoding His-tagged Drosophila melanogaster pICin
fragments were constructed as described in table S3. The respective vectors were transformed
into E. coli Rosetta 2(DE3)pLysS cells (Novagen, Merck KGaA, Darmstadt, Germany).
Transformed cells were grown at 37°C in Terrific Broth (TB) medium containing 25ug/ml
Kanamycin and 30pug/ml Chloramphenicol to an ODgg of 0.8. Prior to induction with 1mM
isopropyl B-D-thiogalactopyranoside (IPTG), the culture was cooled down to 20°C and grown
overnight at 15°C. Cells were resuspended in phosphate buffered saline (PBS) pH 7.5
supplemented with 2mM B-mercaptoethanol (B-ME) and lysed by sonication. A cleared lysate
was prepared by ultracentrifugation for 45 minutes, 45000 rpm (rotor 45Ti, Beckman Coulter,
Krefeld, Germany). The cleared lysate was afterwards incubated with Ni-NTA matrix
(Qiagen, Hilden, Germany) for 30 minutes. The matrix was washed twice with 15 bead
volumes of a buffer containing 0.3M NaCl, 50mM HEPES pH 7.5 and 2mM B-ME followed
by a wash with 15 bead volumes of a buffer containing 150mM NaCl, 50mM HEPES pH 7.5
and 2mM B-ME. The proteins were eluted from the Ni-NTA matrix with a buffer containing
150mM NaCl, 50mM HEPES pH 7.5 and 2mM B-ME and 200mM imidazole. Fractions
containing the proteins were concentrated and subsequently further purified by size exclusion
gel filtration on a Superdex75 column (GE Healthcare, Munich, Germany). Purified proteins
were concentrated to 20mg/ml and stored at -80°C.

SMN/ Gemin2: For bacterial over-expression of D. melanogaster SMNAC and Gemin2, E.
coli Rosetta 2(DE3)pLysS (Novagen) cells were transformed separately with either plasmid
dSMN(1-122):pETM30 or plasmid dGemin2:pETM30, encoding for an N-terminal His6-
GST-tag. Cells were grown to an OD of 0.8 and induced overnight at 15°C in TB containing
25pg/ml Kanamycin and 30pg/ml Chloramphenicol. Both cultures were then combined and
processed as described above for pICln. The cleared lysate was subjected to sequential
affinity purifications on Ni-NTA and glutathione affinity chromatography, respectively. The
affinity-tag was cleaved by addition of 1% (w/w) TEV protease. The protease and the cleaved
affinity tag were depleted by a second incubation with Ni-NTA. Purification was completed
by gel filtration on a Superdex200 (GE Healthcare) column. The protein complex was
concentrated to 20mg/ml and stored at -80°C.

Sm protein expression and purification: The SmDI1/D2 heterodimer and the SmE/F/G
heterotrimer were expressed and purified as described previously (Chari et al., 2008;
Kambach et al., 1999).



Reconstitution of the 6S and 8S complexes

Reconstitution of 6S and 8S complexes was performed by mixing the respective subunits in
presence of 1 M NaCl and subsequent dialysis to 150 mM NaCl. All buffers contained 5 mM
tris(2-carboxyethyl)phosphine (TCEP) and 20mM HEPES-NaOH at pH 7.5. The reconstituted
complexes were separated by gel filtration chromatography on a Superdex200 column (GE
Healthcare) and fractions were analyzed by SDS-PAGE. Only those fractions containing all
subunits of the respective complexes in stoichiometric amounts were pooled and concentrated
to 11 mg/ mL (6S complex) or 15 mg/ mL (8S complex).

Crystallogenesis, Data Collection and Structur e Deter mination of 6S

Initially, we obtained two 6S crystal forms diffracting to less than 4 A. To improve crystal
quality, we mutated several amino acids on those parts of the pICln surface that were involved
in contact formation within the 8S crystals as soon as this information was available. Several
different mutations of surface residues combined with C-terminal truncations as well as
different truncations of the loop region in the range of residues 90-125 were screened for
crystallization and five more crystal forms were obtained. A 6S complex preparation with
dpICIn(A90-125, A160-215, H144A) yielded crystals after two weeks of growth at 20°C
(reservoir composition: 15% Jeffamine ED-2003 titrated to pH 7, 10% ethanol; 1ul mixed
with 1ul protein preparation within the hanging drop) that diffracted to 1.9 A on beamline
ID14-4 of the ESRF Grenoble. The obtained dataset was processed with XDS and solved by
molecular replacement with PHASER / CPP4, using the SmD1/D2/E/F/G/pICln ring from the
previously obtained 8S model as search model. The resulting solution, which contained two
molecules in the asymmetric unit was subjected to refinement in PHENIX. After an initial
manual inspection and correction of the model, three more cycles of automated refinement
and manual model building were performed. This included TLS refinement, placement of 372
water molecules and modeling of 20 residues in alternative conformations.

Crystallization, Data Collection and Structure Deter mination of 8S

Diffraction quality 8S (human Sm proteins, Drosophila SMN(1-122), Drosophila pICln
(A181-215) and Drosophila full-length Gemin2) crystals were obtained by hanging drop
vapor diffusion after 3 weeks of growth at 16°C. Each sample was composed of 6puL protein
solution mixed with 2ul of reservoir solution (24% PEG 4000, 10% Ethanol and 150mM
NaCl). Crystals diffracted highly anisotropically, up to 3.8 A resolution in the preferred
direction on beamline ID14-4 of the European Synchrotron Radiation Facility, Grenoble,
France (ESRF). After screening of approx. 500 crystals, a single crystal was discovered that
diffracted up to 3.1 A. The collected dataset was processed with XDS (Kabsch, 2010). The
dataset was subjected to ellipsoidal truncation with resolution limits along a*, b* and c* of
3.1 A, 3.8 A and 4.0 A, respectively, followed by anisotropic scaling (Strong et al., 2006).
Useful signal (Karplus and Diederichs, 2012) was detected up to 3.1 A resolution within the
data. The structure was solved by molecular replacement with PHASER (McCoy et al., 2007)
using the coordinates of PDB entry 3S6N (Zhang et al., 2011) as a search model. The initial
model containing 20 molecules in the asymmetric unit was then refined with PHENIX (Felder
et al., 2007) using strong NCS restraints and the resulting electron density was inspected. The
missing pICIn unit was inserted manually in all 20 molecules using the coordinates from PDB
entry 1ZYI (Furst et al., 2005b). Within 8 cycles of manual rebuilding in coot (Huber et al.,
1998) including the exchange of the Gemin2, SMN and pICIln sequences to those from D.
melanogaster and the placement of 10 sulphate ions as well as automated refinement in
PHENIX the R/ Rfree factors converged. For the final rounds of refinement, the 1.9 A 6S
model was available and used as a reference model for refinement with BUSTER (Gruber and
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Pleiss, 2011) However, the NCS and reference model restraints for divergent parts of the
structure(s) were released by omitting the previously set “-autoncs noprune option. The
final model has a R / Rfree-factor of 0.232 / 0.256 and contains residues 2-83 of SmD1, 7-117
of SmD2, 14-90 of SmE, 6-76 of SmF, 5-74 of SmG, 1-89 and 131-168 of pICln, 8-24 of
SMN and 30-245 of Gemin2. Unless otherwise noted, the complex molecule comprising
chains A, B, C, D, E, F, G and H was used for evaluation and figure generation, as it featured
the clearest electron density.

Molecular Graphicsand Electrostatic Calculations

All figures were produced using PYMOL (Schrodinger, LLC.). Poisson-Boltzmann
calculations were performed with APBS (Baker et al., 2001) using the corresponding PYMOL
interface and standard settings (150mM monovalent ions, protein dielectric 2.0, solvent
dielectric 78.0, linearized Poisson-Boltzmann equation). The electrostatic potential was then
mapped to a PYMOL-generated Connolly surface. The protein dipole moment was
determined with the Protein Dipole Moments Server (Felder et al, 2007). Sequence
Conservation scores were calculated with the program Consurf (Landau et al., 2005) and
mapped on the molecular surface within Pymol.

Normal Mode Analysis

To create the ‘open’ conformation, all subunits of chain B from the 8S crystal structure were
superposed separately on their respective counterparts from structure 3S6N. However,
pICIn/SmD1 was treated as a single unit. The such generated ‘open’ model was then
submitted to the ElNemo server (Suhre and Sanejouand, 2004) and modes 7-11 with an
amplitude of -250 to 250 were calculated.

Molecular Dynamics simulations

Simulations were performed within GROMACS (Van Der Spoel et al.,, 2005) using the
Gromos 43al force field and the explicit SPC water model with dodecahedral boundary
conditions. The 6S or 8S monomeric complex from the respective crystal structure was placed
in a water box and the total charge was brought to zero by replacing an appropriate number of
water molecules by sodium or chloride ions, respectively. For a third simulation run, the
pICIn cover loop was modeled according to the NMR structure by Furst et al. (Furst et al.,
2005b) and the pICln C-terminus was manually modeled in an extended conformation until
residue 175. Likewise, the SmD2 L2 loop was reconstructed manually in an open
conformation. The respective systems were then submitted to an isobaric-isothermal
simulation at 1bar and 310 K through a Berendsen thermostat-barostat. Under equilibrium
conditions, Debye-Waller factors were calculated from the coordinate differences of 1500
states (corresponding to 3ns simulation time) at the end of the trajectory and mapped to the
color of the models depicted in Figure 5C.

Native Gel Electrophoresis of RNA-Protein Complexes

Band shift assays were performed essentially as described (Chari et al., 2008). In brief, 3pmol
proteins were added to 0.3pmol radio-labeled RNA in a 10ul reaction, containing 10%
glycerol, 0.1U/ul RNAsin (Promega) and 0.1pug/ul tRNA. For the preincubation experiment
with pICln, 3 pmol 7S complex were mixed with 3 pmol pICln in the presence of 10%
glycerol, 0.1U/ul RNAsin (Promega), 0.1pg/ul tRNA and incubated at 4°C for 20 minutes
prior to the addition of 0.3 pmol of radio-labeled RNA. The mixtures were incubated for
15min at 30°C and 45min at 37°C. After incubation the mixtures were briefly centrifuged,
supplemented with heparin to 1ug/ul and separated on 6% native polyacrylamide gels
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(acrylamide/bisacrylamide ratio 80:1) containing 4% glycerol and 0.5xTBE buffer. Gels were
pre-run for 1h at 4°C at a constant current of 15 mA in 1xTBE, and run with samples for 2h at
4°C at a constant current of 35mA. Gels were exposed wet at -80°C.

Electron Microscopy and Single-Particle Image Processing

For EM sample preparation, the 8S complex (Chari et al., 2008) was subjected to the GraFix
approach using a 5-20% sucrose gradient (Kastner et al., 2008) and centrifuged in a TH-660
rotor at 40000 rpm for 20 hours at 4°C. Specimens were negatively stained with uranyl
formate as previously described (Chari et al., 2008). Images were taken on a Philips CM200
electron microscope (Philips/FEI, Eindhoven, The Netherlands) operated at 160kV using a
twofold binned 4kx4k CCD camera (TemCam-F415, TVIPS, Gauting, Germany) at a
magnification of 119000 fold (Sander et al., 2005) resulting in a pixel size of 2.5 A. 10000
single-particle images were selected for the dataset using Boxer from the EMAN package
(Ludtke et al., 1999). The particle images were further subjected to CTF correction (Sander et
al., 2003a). Using iteratively refined class averages, CTF- corrected single-particle images
were aligned via an exhaustive alignment (Sander et al., 2003b) and subsequent multivariate
statistical analysis (MSA)-based hierarchical ascendant classification (HAC) in the context of
IMAGIC-5 into classes of =20 class members in average (van Heel and Frank, 1981). We
used a low-pass filtered X-ray structure of the 8S complex to assign initial angles to the class
averages by angular reconstitution (Van Heel, 1987). The structure was iteratively refined by
several rounds of projection matching using an increasingly finer angular sampling of
reprojections used as references during the alignments. The resulting structure had a
resolution of 20 A as determined by the Fourier Shell Correlation 0.5 ¢ criterion (Harauz et
al., 1988).

Supplemental Description to Figure 4A: Molecular Details of the pl CIn-SmD1 Interface
The canonical, Sm-Sm type interaction of the assembly chaperone with SmD1 is centered on
the antiparallel B-strand pair between 4 of SmD1 and B5 of pICln. It involves the formation
of five backbone-backbone H-bonds comprising residues SmD1 56-61 and pICln 61-65. In
the direct neighborhood of the B-pair, a sixth H-bond is formed between the sidechain
hydroxyl group of pICIn-Ser66 and the backbone carbonyl of SmD1-GIn54 (Fig 4A). Further
interactions involve a hydrophobic cluster located beneath the tapered ring face comprised of
Leu62, Tyr74, Met76 and Val133 of pICln and Leul9, Met45, Leu55, I1e58, and I1e60 of
SmD1. Located on the flat ring face, pICln’s extended C-terminal a-helix is positioned in a
related manner as the N-terminal a-helix present in the Sm proteins and therefore also
contributes to the interactions of the chaperone with SmD1. However, it remains at a greater
distance to the neighboring Sm protein as observed for a canonical Sm-Sm contact (compare
Figs 1A and 2A). As a consequence, direct interactions between the C-terminal helix of pICln
and SmD1 are relatively sparse and are restricted to H bonds between pICln Tyr150-OH and
SmD1 Ser159-OH. In addition, two water-mediated hydrogen bonds are formed between D1-
Thr30-OH and pICln Tyr150-OH as well as between D1-Asn37-N52 and the backbone
carbonyl of pICIn-Alal58. Finally, H-bonds pICln Lys71 — SmD1 Glu56, pICln Val60
(carbonyl O) — SmD1 Arg61 and pICln Ser61/Lys58 (carbonyl O atoms) to SmD1 Asn64 and
a salt bridge between pICln Glul35 and SmD1 Arg50 are noteworthy for this contact.



ISmF pICIn

Figure S1. Superposition of SmF onto SmD1 within the SmD1-pICln interface, Related
toFigurel

Subunits are color-coded as in Figure 1. Labels indicate the SmD1 residue number before and
the SmF residue number after the slash (/). Differences between SmD1 and SmF illustrate the
molecular basis for pICIn’s function as a topological organizer of the Sm core. The bulky
Leu61 of SmF in position of Ser58 of SmD1 would produce a clash with pICln and is shown
in surface representation.



Figure S2. Superposition of the SMN/Gemin2 units from the 8S structure and from the
structure of the late assembly intermediate (3S6N, (Zhang et al., 2011)), Related to
Figure2

Subunits are color-coded as in Figure 2, the late assembly intermediate is shown in grey,
views similar to Figure 2B. Note the differences between both structures in the area of the two
310-helices, the N-terminus and the connecting region between [ and a2 as well as the
different orientation of al due to the more open conformation of the late assembly
intermediate.
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Figure S3. Additional density that can be attributed to the Tudor domain and the cover
loop, Related to Figure 3

(A) Crystallographic electron density at the position of the EM extra density. The model is
shown as a Conolly surface color coded as in Figure 2. The crystallographic map is B-factor
smoothed (+50A2) and contoured on the 0.86 (2Fo-Fc, wheat) and 2.0 (Fo-Fc, turquoise)
level. (B) Three different views of the 8S EM density depicted in Figure 3 (opaque surface).
The interpretation of the additional EM density is color coded as follows, Tudor domain in
orange and the pICln cover loop in dark grey. (C) Surface view of pICln colored according to
the Fisenberg hydrophobicity scale. Residues flanking the ends of the cover loop that were
defined in the electron density were excluded from the surface representation and are depicted
in stick model style.
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Figure $4. Multiple sequence alignment of pl CIn sequences from different organisms
calculated with the program ConSurf, Related to Figure 4

Dm — Drosophila melanogaster, Dr — Danio rerio, Am — Apis mellifera, Hs — Homo sapiens,
Sk — Saccogloccus kowalevskii, Ls — Lepeotheirus salmonis, Ce —Caenorhabditis elegans, X1
— Xenopus laevis. Amino acids involved in the formation of the interfaces to SmD1 or SmG
are indicated by boxes (fat lines: interface to SmDI, duplex lines: interface to SmG).
Conserved residues are colored according to their calculated conservation score. The color
code is as in Figure 4D. The acidic region located within the cover loop is marked in red. pl is
the theoretical isoelectric point calculated from the sequence information.
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Figure S5. Structure of thereconstructed cover loop after 2nsof MD simulation, Related
to Figure5b

An 8S model with reconstructed cover and SmD2-L2 loop after 2ns simulation time in two
perpendicular views along the ring plane. The color coding corresponds to Figure 2 and the
cover loop region is encircled in pink. During the simulation, the cover loop (modeled
according to the NMR structure 1ZY1 by Furst et al) quickly approaches the conformation
depicted here, where it is stabilized in a compact conformation next to the central hole mainly
by strong electrostatic interactions with the predominantly positive charged L2 loop of SmD2
and the ring surface. Also the smaller SmD1 L2 loop (yellow, in the background) contributes
to the stabilization. Note the excellent agreement of the two loops in the observed
conformation and location with the extra EM density shown in Figure 3B.

11



Table S1. RMSD values between the 8S, 6S complexes and the structure of the late
assembly intermediate (3S6N), Related to Figure 5

85/6S 8S/3S6N 6S/3S6N
overall 0.57 1.68 1.08
Sm pentamer 0.49 1.17 1.08
SmF 0.10 0.36 0.41
SmE 0.16 0.59 0.70
SmG 0.11 0.69 0.70
SmD1 0.17 0.44 0.54
SmD2 0.17 0.50 0.52
plCln 0.25 N/A N/A
SMN N/A 0.36 N/A
Gemin2 N/A 1.63 N/A

Values given for superposition of the whole molecules (overall) as well as for individual
subunits from the respective complexes.
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Table S2. Plasmids used in this study, Related to the Experimental Procedures

Plasmid name Comments
pETM13 EMBL Heidelberg
DI1D2:pRK172 This work and Chari et al. (2008), kind gift
from Dr. Christian Kambach, PSI
Villigen (Kambach et al., 1999).
EFG:pET15b This work and Chari et al. (2008), kind gift

from Dr. Christian Kambach, PSI
Villigen (Kambach et al., 1999).

dSMN(1-122):pETM30

This work, Chari et al. (2008) and Kroiss et
al. (2008), the Drosophila melanogaster
SMN cDNA was obtained from the DGRC,
Bloomington, Indiana. The nucleotide
sequence encoding for dSMN(1-122) was
PCR amplified as an Ncol-Notl fragment and
cloned into the Ncol and Notl sites of
pETM30.

dSMN(1-40):pETM30

This work, the nucleotide sequence encoding
for dASMN(1-40) was PCR amplified as an
Ncol-Acc65l fragment and cloned into the
Ncol and Acc65l sites of pETM30. This
construct was used for EM.

dGemin2:pETM30

This work, Chari et al. (2008) and Kroiss et
al. (2008), the Drosophila melanogaster
Gemin2 cDNA was obtained from the
DGRC, Bloomington, Indiana. The dGemin2
ORF was PCR amplified as an Ncol-Notl
fragment and cloned into Ncol and NotI sites
of pETM30.

dpICln:pET28a

This work and Chari et al. (2008), the
Drosophila melanogaster pICln

cDNA was obtained from the Drosophila
Genomics Resource Center (DGRC),
Bloomington, Indiana. The dpICln ORF was
PCR amplified as an Ncol-Notl fragment and
cloned into Ncol and NotI sites of pET28a.

dpICIn(A181-215):pETM13

This work, the dpICInA181-215-Hisg
fragment was PCR amplified from
dpICln:pET28a as a Ncol-Hiss-Acc65I
fragment and cloned into the Ncol and
Acc65] sites of pETMI3. This plCln
construct was used for crystallization of the
8S complex.

dpICIn(A90-125 A160-215):pETM13

This work, the dpICInA160-215 fragment
was PCR amplified from dpICInAl181-
215:pETm13 as a Ncol-HisgAcc65I fragment
and cloned into the Ncol and Acc651 sites of
pETmI13. Subsequent deletion of residues 90-
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125 was conducted according to the Quick-
Change site-directed mutagenesis protocol.
This construct was used for EM.

dpICIn(A90-125 H144A A160-215):pETM13 | This work, mutagenesis of residue 144 was
conducted according to the Quick-Change
site-directed mutagenesis protocol. This
construct was used for crystallization of the
6S complex.
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