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The Sm proteins are conserved in all three domains of
life and are always associated with U-rich RNA se-
quences. Their proposed function is to mediate RNA-
RNA interactions. We present here the crystal struc-
tures of Pyrococcus abyssi Sm protein (PA-Sm1) and its
complex with a uridine heptamer. The overall structure
of the protein complex, a heptameric ring with a central
cavity, is similar to that proposed for the eukaryotic Sm
core complex and found for other archaeal Sm proteins.
RNA molecules bind to the protein at two different sites.
They interact specifically inside the ring with three
highly conserved residues, defining the uridine-binding
pocket. In addition, nucleotides also interact on the sur-
face formed by the N-terminal a-helix as well as a con-
served aromatic residue in B-strand 2 of the PA-Sml
protein. The mutation of this conserved aromatic resi-
due shows the importance of this second site for the
discrimination between RNA sequences. Given the high
structural homology between archaeal and eukaryotic
Sm proteins, the PA-Sm1-RNA complex provides a model
for how the small nuclear RNA contacts the Sm proteins
in the Sm core. In addition, it suggests how Sm proteins
might exert their function as modulators of RNA-RNA
interactions.

In addition to sharing a common ancestor with Eukarya
according to ribosomal RNA sequence comparisons (1), ar-
chaeal genomes encode many components characteristic of eu-
karyotic ribonucleoprotein particles (RNPs).! Indeed, compo-
nents of processes, specific to Eukarya like box C/D components
implicated in ribosomal RNA modifications (2, 3) or splicing
factors involved in the removal of introns from the pre-mRNAs
(4, 5), are found within those genomes. Moreover, Archaea are
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thought to be the precursor of the eukaryotic nucleus (6), which
is the final location of all those RNPs.

Sm/Lsm proteins are focusing the attention because of their
involvement in several eukaryotic processes such as mRNA
splicing (7), histone maturation (8), telomere maintenance (9),
or mRNA degradation (10, 11). The function of Sm/Lsm pro-
teins first described in the literature is their role in splicing.
Sm/Lsm proteins are involved in the biogenesis of the small
nuclear RNPs (snRNPs) U1, U2, U4/U6, and U5, which are
essential components of the spliceosome. In the absence of
RNA, canonical Sm proteins exist as three independent sub-
complexes containing the D3B, D;D,, and EFG proteins,
whereas the Lsm proteins are present as preformed heptameric
complexes (12). The Sm complexes associate with cytoplasmic
snRNAs in a step-specific order, which is regulated by the
survival of motor neurons complex (13, 14). Their association
onto the snRNA triggers hypermethylation of the N7-methyl-
guanosine cap (15), which then forms part of the nuclear local-
ization signal and allows snRNPs to return to the nucleus
where they will perform their function (16, 17). In the case of
the Lsm proteins, the target is U6, the only snRNA that is
transcribed by polymerase III. Lsm proteins act at two levels on
U6 snRNP. First, they facilitate its biogenesis as Sm proteins
do with other U snRNAs, and second, they increase the recy-
cling of the di-snRNP U4/U6 after splicing has occurred (18).

Eukaryotic Sm proteins are known to associate with snRNAs
onto a sequence called the Sm site. It consists of the consensus
sequence PuAU, ¢GPu and is usually flanked by stem-loop
structures necessary for proper functional binding (19). Never-
theless, the nonanucleotide AAUUUUUGA is sufficient for the
formation of a proper Sm core complex as judged by its bio-
chemical and structural characteristics (20). In case of the Lsm
proteins, the interacting site is composed of a stretch of uri-
dines located at the 3’ end of U6 snRNA (12, 18, 21). Other
Sm-containing complexes are known to interact with sequences
similar to the consensus Sm site as in the case of the telomere
and the U7 snRNP (22). In case of the Sm complex involved in
mRNA degradation, the site has not been defined yet (10, 11).

A conserved bipartite domain of ~70 amino acid residues
defines the Sm/Lsm protein family. Up to 30 distinct members
compose the human family, whereas in Archaea it is limited to
two subtypes called Sm1 or Sm2. Those types have been de-
fined according to the phylogenetic tree obtained from sequence
alignment with archaeal Sm protein sequences (5). Pyrococcus
and Halobacterium species are the only Archaea where a single
open reading frame is found. This gene encodes an Sm-related
protein of type 1, the more abundant subtype in Archaea.
Recently, the bacterial protein Hfq has been shown to belong to
the Sm family despite the fact that it contains only the first
part of the Sm signature sequence (23-25). Finally, the Meth-
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Structure of the P. abyssi Sm Core Complex

TABLE 1
X-ray data and refinement statistics

r.m.s.d., root mean square deviation.

PA-Sm1 PA-Sm1/U;
native 21 A 26 A
X-ray data .
Wavelength (A) 0.933 0.915 0.915
Resolution (A) 30.0-1.9 30.0-2.1 30.0-2.6
Total number of reflections 386,356 279,320 89,628
Number of unique reflections 156,396 74,641 37,042
Ry (%)° 4.9(14.7) 6.1(11.8) 5.9 (18.4)
VoD 27.7(7.5) 35.0 (15.3) 29.1(9.0)
Completeness (%)* 96.2 (95.2) 95.9 (80.1) 90.1 (57.1)
Refinement
Ry (%) 23.7 22.3 21.0
ree (%0) 28.2 26.9 28.3
Number of proteins atoms 15,824 7924 7929
Number of RNA atoms - 959 1121
Number of solvent atoms 1345 207 205
Metal ions 7 Ca?* 7 Ca?*
Average B value-all 38.1 30.7 38.7
Average B value-all protein 37.0 27.7 33.6
Average B value-all RNA 50.9 70.3
Average B value-all -solvent 51.2 39.6 40.9
r.m.s.d. bond distance (A) 0.007 0.008 0.013
r.m.s.d bond angle (°) 1.35 1.78 1.65
r.m.s.d dihedrals 25.0 254 25.1
r.m.s.d improper 0.78 1.83 1.26

“ Values in parentheses refer to statistics in the highest resolution shell (2.0-1.9, 2.21-2.10, and 2.74—2.6 for the native and 2.1 and 2.6 A data

sets, respectively).

® Roym = Spuall = (DI/Zyal, where I is the observed intensity for a reflection of index hkl and (I) is the mean intensity.

anococcus jannashii genome does not contain any open reading
frame encoding an Sm protein but does contain a protein re-
lated to the bacterial Hfq.

Crystal structures of several eukaryotic (26) and archaeal
(27-29) Sm proteins have shown that the amino acid signature
sequence defines a specific Sm-fold composed of a strongly bent
5-stranded B-sheet preceded by a short a-helix. The general
architecture observed for the archaeal and predicted for the
eukaryotic Sm complexes is a heptameric ring structure con-
taining a highly positively charged cavity where RNA mole-
cules bind. In the Archaeoglobus fulgidus Sm1l protein (AF-
Sm1), three residues, namely His-37 and Asn-39 from the first
part and Arg-63 from the second part of the Sm domain, form
a uridine-specific binding pocket (29). These residues are
highly conserved within the Sm/Lsm family, and UV cross-
linking experiments show that Phe-37 of the human SmG
protein (equivalent to His-37 in AF-Sml) contacts the first
uridine of the Sm site (30), suggesting that the RNA binding
site has been conserved between Archaea and Eukaryotes. The
bacterial Sm protein Hfq also exhibits RNA binding capacity. It
binds oligo(A) (31) as well as uridine-rich sequences (25, 32),
even though the second part of the Sm domain, which is in-
volved in RNA binding in archaeal and eukaryotic Sm proteins,
is not conserved.

Here we report the crystal structures of the Pyrococcus ab-
yssi Sm protein (PA-Sm1) and its complex with a seven-nucle-
otide long oligo(U). The free protein forms heptameric rings,
which associate to form dimer of heptamers in the crystal as
well as in solution. The binding of RNA disrupts the dimer of
heptamers but leads to only minor structural changes within
the heptameric structure, indicating that the PA-Sm1 hep-
tamer represents a rigid preformed RNA binding unit. Nucle-
otides contact the protein at two different sites: inside the
internal cavity in the uridine-specific binding pocket and on
the surface of the heptamer close to the N-terminal a-helix. The
second site is shown to be important for the association of
PA-Sm1 with non-symmetrical RNA. Our structure has al-
lowed us to construct a model of the complex composed of the
eukaryotic Sm proteins and a short sequence of the Ul snRNA.

The model suggests that the Sm core probably represents a
platform for interactions between pre-mRNA and snRNA. The
model may also help to understand the regulatory function of
the individual Sm protein subunits within the Sm core because
the binding to the U-rich sequence composing the Sm binding
site can be distinguished from the binding to surrounding
sequences.

EXPERIMENTAL PROCEDURES
Protein Purification

The P. abyssi Sm gene (PAB8160) was amplified by PCR from
genomic DNA (Génoscope, Evry, France) and cloned into the expression
vector pET24d (Novagen) or in a modified pET24 vector with an up-
stream sequence coding for a His, tag followed by a tobacco etch virus
protease site. Overexpression of the protein was carried out in the
Escherichia coli strain BL21-CodonPlus (DE3)-RIL (Stratagene). Cells
were grown at 37 °C in LB medium supplemented with 100 wg/ml
kanamycin for 3 h (A4, ~0.6), and the induction was triggered by
adding 1 mM isopropyl-1-thio-B-D-galactopyranoside for 3 h. Cells were
harvested by centrifugation. Bacteria were lysed using a French press
in buffer A (50 mm NaH,PO, (pH 7.5), 200 mM NaCl, 10 mM B-mercap-
toethanol) in the presence of protease inhibitor mixture (Promega) and
10 pg/ml ribonuclease A (Sigma). Hisg-PA-Sm1 was first separated from
thermolabile host proteins by a heat shock at a temperature between 85
and 95 °C for 10 min and centrifugation (14,000 rpm, 30 min, 4 °C). The
supernatant was loaded onto nickel-nitrilotriacetic acid beads (Qiagen),
and the elution was carried out as recommended by the manufacturer.
The pool containing PA-Sm1 was fractionated on a Superdex 75 gel-
filtration column (Amersham Biosciences) in buffer A. Fractions con-
taining the proteins were concentrated by ultrafiltration. Tobacco etch
virus protease cleavage reaction was carried out overnight at 16 °C at
an enzyme to substrate ratio of 1/50. Another gel-filtration step under
the same conditions led to a >95% pure sample as judged from Coo-
massie Blue-stained SDS-page gel (data not shown). PA-Sm1 was con-
centrated to 18 mg/ml and stored at —20 °C in 20 mm Tris/Cl (pH 7.5),
200 mM NaCl. The uridine heptamer was purchased from Xeragon. The
non-fused protein was purified in a similar way replacing the nickel
column by ion-exchange chromatography (Resource Q, AP Biotech).

Gel Shift Assays

Gel retard experiments were done as described previously (29). Ra-
dioactively labeled RNA (~50 nm) was used in all assays. Protein
concentrations varied between 11 and 55 uM. The mutation of tyrosine
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Fic. 1. PA-Sm1 forms a heptameric ring structure, free and in complex with RNA. A, heptamer-heptamer contacts observed in the
crystal structure of the free protein. Heptamers interact via the Arg-4 and His-10 residues (highlighted in orange and yellow, respectively) from
the N-terminal a-helix. B and D, PA-Sm1-U, F, — F, difference density map calculated using two PA-Sm1 heptamers and contoured at 2.6 o.
Densities corresponding to the bound RNA are located between the two rings and within the central cavity. C and E, overall PA-Sm1-U, structure.
RNA molecules bound to the external sites of the subunits connect the two rings, whereas at the internal uridine-binding pockets, only isolated
nucleotides are visible. The calcium ions stabilizing the phosphate groups of the nucleotides in between the two rings are shown in red, protein
molecules in ribbon representation are in blue, and RNA molecules are shown in green. Figs. 1-3 were prepared with the programs Setor and

Ribbons (54, 55).

34 to valine was introduced using the QuikChange Mutagenesis Kit
from Stratagene and according to the manufacturer’s instructions. The
oligonucleotides used were as follows: complementary strand, 5'-GGG-
CAGGCTCATTGGAGTAGACATTCACCTGAATGTCG-3', and reverse
strand, 5-CGACATTCAGGTGAATGTCTACTCCAATGAGCCTGCCC-
3'. The vector was subsequently sequenced to confirm the point muta-
tion. The same procedure was used to purify the mutant protein.

Crystallization and X-ray Data Collection

Crystals of PA-Sm1 alone were grown by vapor diffusion (hanging
drops) from reservoirs containing 27-29% 2-methyl-2,4-methanediol,
150 mM magnesium acetate, 50 muM sodium cacodylate (pH 6.5) at 22 °C.
Crystals were flash-frozen directly from the crystallization drops. Two
native diffraction data sets at 2.6 and 1.9 A were collected using an
in-house source and the beamline ID14-2 at the European Synchrotron
Radiation Facility (Grenoble, France), respectively. Data processing
was done with XDS (33). The two data sets correspond to two crystal
forms belonging to the space group P1 with cell parameters a = 69.3 A,
b=676Ac=679A, a=1179° B =92.7°, and y = 105.4° (crystal
form D) anda = 69.3 A, 6 = 76.2 A, c = 116.0 A, o = 90.2°, B = 97.8°,
and y = 107.5° (crystal form II).

Crystals of PA-Sm1-U, were obtained for a monomer/RNA ratio of 1:1
with a protein concentration of 9 mg/ml in 10% polyethylene glycol 1000
molecular weight, 100 mm imidazole (pH 8.0), 250 mMm calcium acetate
at 4 °C. Drops of 2 ul were prepared by mixing reservoir and protein/
RNA solutions at a 1:1 ratio. They were immediately macroseeded with
crystals from previous crystallizations. PA-Sm1-U, crystals were flash-
frozen in 15% polyethylene glycol 1000, 100 mMm imidazole (pH 8.0), 250
mM calcium acetate, and complete data sets were collected at 2.1 and

2.6 A resolution under cryogenic conditions using the beamline ID29 at
ESRF. Data were processed using the HKL package (34). The complex
was crystallized in P1 with the following identical cell parameters for
the two data sets:a = 68.0 A, b = 68.0 A, c = 84.T A, « = 100.0°, B =
105.0°, and y = 110.0°. X-ray data statistics corresponding to the crystal
form II of the native protein and the two data sets of the PA-Sm1-U,
complex are given in Table 1.

Structure Determination and Refinement

PA-Sm1 Structure—The protein structure was solved by molecular
replacement using AMoRe (35) from the CCP4 package (36) from self-
rotation and self-Patterson functions, revealing the presence of a non-
crystallographic 7-fold axis (k = 52°) and a perpendicular 2-fold axis.
Using the fact that a 7-fold-axis was found in the self-rotation function,
a heptameric model was built using the coordinates of the crystallo-
graphic hexameric AF-Sm2 model (37).2 The low resolution data set
(corresponding to crystal form I) was first used to solve and understand
the crystal packing of the structure and later was refined with CNS
(38). The resulting heptameric model was used to analyze the high
resolution data set (crystal form II). Two peaks in the rotation function
clearly corresponded to the orientation of the two sets of head-to-head
heptamers, and subsequently, the four heptamers could be successively
positioned in the translation function. A final “fitting” step led to a
correlation coefficient of 70% and an R-factor of 38%. After rigid body
refinement, the structure was refined with CNS to an R-factor of 23.7%

2 L. Moulinier, personal communication.
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Fic. 2. The RNA binding sites in the
PA-Sm1-U, structure. A, stereoview of a
PA-Sm1 monomer with the two RNA
binding sites occupied by uridines. The
monomer-fold is very similar to that of
previously reported Sm structures despite
the bound nucleotides. The protein is col-
ored according to secondary structure el-
ements, light blue for a-helix, green for
B-strands, and red for loops. Nucleotides
are yellow with oxygen atoms depicted in
red and nitrogen atoms in blue. B, overall
view of two external binding sites con-
nected by a RNA molecule. Uridines Ul
and U2 are bound to the same site as U4
and U5 in facing monomers from the two
heptamers. The sites are related by non-
crystallographic 2-fold symmetry. Four
oxygens from phosphate groups coordi-
nate the calcium ion. Important residues
and RNA are highlighted in yellow and
green, respectively. C, internal uridine-
binding pocket. The nucleotide is stacked
between His-37 and Arg-63. A network of
hydrogen bonds provides the specificity
for uridine. Important residues and uri-
dines are depicted in ball and stick repre-
sentation and colored in yellow and green,
respectively. The protein is shown in light
blue with secondary structure elements
indicated. Difference density map calcu-
lated using only the protein model is in
red and contoured at 2.6 o for B and 3 o
for C.

and Ry, of 28.2% containing 28 copies of the monomer including
residues 3-73 and 1345 water molecules.

PA-Sm1-U, Complex—The structure of a refined heptamer of PA-
Sm1 was used as the search model for molecular replacement using
AMoRe. Similarly, to the free protein, a 7-fold and a perpendicular
2-fold axis were observed in the self-rotation function of the PA-Sm1-U,
complex. A solution consisting of 2 heptamers/unit cell was found with
a correlation and an R-factor of 67 and 37%, respectively, and was
refined using CNS. The electron density map calculated at this stage
showed strong density in the solvent region between the two rings. The
program COMA (39) was used to compute a correlation map taking into
account the non-crystallographic symmetry operators. This clearly re-
vealed the presence of RNA molecules that connected monomers from
the two rings. It also facilitated the definition of an improved mask for

Structure of the P. abyssi Sm Core Complex

non-crystallographic symmetry averaging and bulk solvent correction.
The model was adjusted by several cycles of model building using
program O (40) followed by coordinate minimization and B-factor re-
finement. RNA molecules were introduced when the protein model was
almost satisfying. Connections between nucleotides were built when
they were clear in the density and stereochemically possible. The two
independent data sets (Table I) revealed the same organization for the
RNA strands connecting the protein rings. Nevertheless, the 2.6-A data
set was used in the last positional and B-factor refinement steps be-
cause it provided a much better definition for the bases interacting
inside the central cavity of the rings. The final model at 2.6-A resolution
consists of 14 PA-Sm1 monomers, 205 water molecules, 7 calcium ions,
and a total of 55 nucleotides, leading to an R-factor of 21.0% and an Ry, .,
of 28.3%.
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Fic. 3. The RNA nucleotides com-

posing the external binding site. A,
binding site for U4 (identical for U1). The
nucleotide position and conformation are
well defined. Hydrogen bonds are indi-
cated by red dotted lines. Stacking inter-
actions with Tyr-34 stabilizes the uracil
base. B, binding site for U5 (and U2).
His-10 is kept in a stacking orientation by
a hydrogen bond with Tyr-34. 2'-OH C
group of the ribose of U5 is hydrogen-
bonded to Asp-7. C, binding site for U6.
Asp-35 and Arg-4 from the neighboring
PA-Sm1 subunit are interacting with the
base. RNA and protein are depicted in
ball and stick representation and colored
in green and yellow, respectively.

Structures of PA-Sm1 free or in complex with the RNA show good
stereochemistry as judged by the program Procheck (41). All amino acid
residues have ¢ and ¢ angles within the most favored and allowed
regions of the Ramachandran plot. Refinement statistics are given in
Table I. The coordinates have been deposited in the Protein Data Bank
under accession codes 1H64 for the free protein and 1M8V for the
protein/RNA complex).

Modeling of the Three-dimensional Structure of Eukaryotic Sm
Proteins and RNA Binding

Sequences of human Sm proteins were obtained from the data base.
A sequence alignment of human Sm proteins has been done based on
the PA-Sm1 structure. The modeling of the three-dimensional struc-
tures of eukaryotic SmE, SmF, and SmG proteins was done with the
program Whatif (42) based on sequence homology. In this respect, SmE
and SmF were modeled according to the PA-Sm1 structure, and SmG
was modeled according to the SmB structure. Construction of the eu-
karyotic heptamer was achieved by superimposing the eukaryotic Sm
proteins onto the PA-Sm1 subunits using the LSQ command in program
O and according to the organization of the Sm core (26, 43). The same
procedure was followed to add the RNA molecule corresponding to the
sequence 5’ to the Ul snRNA Sm site, *AUAAU'?’. The first three
nucleotides were superimposed to U4, U5, and U6. U'?? was positioned
as the uridine binding in the uridine-binding pocket. The nucleotide
A'?5 is connecting the two binding sites. The backbone position of the
nucleotides has been slightly adjusted to follow the surface of the
eukaryotic Sm proteins. The electrostatic surface potentials of the PA-
Sm1 and the eukaryotic heptamers were calculated using GRASP (44).

RESULTS AND DISCUSSION

Structure of the Free PA-Sm1—The protein forms a ring-like
structure composed of seven monomers (Fig. 1A). The triclinic
unit cell contains four heptamers, and the crystal packing is
dominated by heptamer-heptamer interactions in a head-to-
head orientation (whereby the head corresponds to the face
containing the N-terminal a-helix). Interactions between the
heptamers are essentially because of stacking between the
Arg-4 and His-10 residues (from each of the 14 subunits) (Fig.
14). The presence of Asp-7 in close proximity (around 3 A) is
essential in reducing the overall charge of the Arg-4 residues.
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Several water molecules are also found within hydrogen-bond-
ing distance from His-10, coordinating the NE2 position of the
imidazole ring. Dimers of heptamers are also present in nega-
tively stained electron microscopy micrographs (data not
shown) and in solution as seen in gel filtration experiments,
suggesting that the dimer of heptamer may be present in the
cell. The dimerization of the heptamer of PA-Sm1 might reflect
a functional need for the presence in close proximity of two
binding sites.

Each monomer consists of an N-terminal a-helix followed by
five strongly bent B-strands. The contacts between monomers
are mainly hydrophobic with intersubunit g-sheet formation
between B-strands 4 and 5 from adjacent subunits, resulting in
a very stable structure even under denaturing conditions. The
PA-Sm1 monomer structure can be closely superimposed with
the other known archaeal or eukaryotic Sm structures, empha-
sizing the strong conservation of the Sm-fold. The root mean
square deviation values for Ca-trace superposition among PA-
Sm1l and AF-Sm1 (Protein Data Bank code 114K), AF-Sm2
(Protein Data Bank code 1LJO), Methanobacterium thermoau-
totrophicum Sm1 (Protein Data Bank code 1181), Pyrobaculum
aerophilum Sm1 (Protein Data Bank code 1I8F), and the eu-
karyotic Sm structures (Protein Data Bank codes 1D3B and
1B34 for SmB/SmD3 and SmD1/SmD2, respectively) are all
between 0.8 and 1.3 A. It is interesting to note that despite the
low sequence similarity between the human and the Pyrococcus
Sm protein varying from only 18 to 35% (alignment done with
the program DNAMAN and using the matrix Blosum250, Lyn-
non corporation, 2000), the fold is almost completely conserved
including the N-terminal region. The closest homologue of PA-
Sm1 is SmE (35% sequence homology), a protein known to be
essential for viability in yeast (45). The similarity between
SmE and PA-Sm1 is especially high in the N-terminal region
and may indicate conserved structural features involved in
RNA binding (see below).

P. abyssi is the first fully sequenced organism containing
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Fic. 4. PA-Sm1 interacts with RNA in vitro. A, RNA-binding
properties of PA-Sm1. Wild type (WT) protein is binding specifically to
U, but not to C; (compare lane 2 with 6). The Y34V mutant binds almost
equally well to U, than WT protein (compare lanes 4-6 with 7-9). B,
binding of the Sm consensus site is strongly decreased for the Y34V
mutant (compare lanes 12 and 13 with 14 and 15). Protein concentra-
tions are indicated in micromolars (um).

only one open reading frame encoding an Sm protein. There-
fore, this heptameric organization is probably the biological
unit in agreement with the seven-membered eukaryotic Sm
protein ring model proposed by K. Nagai and co-workers (26).
Nevertheless and in the absence of any in vivo data regarding
the Sm complex(es) found in Pyrococcus species, we cannot rule
out the possibility that the biological unit is not the heptamer
but the dimer of heptamers.

Overall Structure of the RNA-bound Form—The PA-Sm1l
protein was co-crystallized with a uridine heptamer (U,). Crys-
tals diffracted up to a 2.1-A resolution, and two data sets were
collected from two different crystals at 2.1- and 2.6-A resolu-
tions, respectively. The unit cell of the complex contains two
heptamers instead of the four present in the RNA-free PA-Sm1
structure. The two heptamers are in a head-to-head orienta-
tion, but there are no direct contacts between the two rings
(Fig. 1B). Instead, seven poly(U) strands are associated with
two non-interacting heptamers (Fig. 1C). The affinity of the
RNA molecules for its binding site on the individual monomers
is strong enough to disrupt the association of the two protein
rings. Interestingly, the stable conformation observed in the
crystal structure of the PA-Sm1-U,; complex consists of one
RNA molecule associated with two monomers (Fig. 2B). This
specific organization is probably because of the length and the
sequence of the oligonucleotide, which allows binding to several
sites at the same time (see below). Nevertheless, neither the
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overall shape of the monomer nor the architecture of the hep-
tamer changes significantly upon binding of the RNA. Changes
mainly concern the side chains of residues involved either in
RNA binding or crystal contacts. Residues, which were in-
volved in the formation of dimer of PA-Sm1 heptamers, are now
interacting with the RNA molecules (Fig. 2B) (see below). Ac-
cordingly, the Ca-traces of the heptamers in the two structures
can be superimposed with an root mean square deviation of
0.56 A. The very small changes in the protein structure upon
RNA binding is probably because of the high specificity of the
binding. Conservation of the protein structure is likely to re-
duce the entropic cost of coordinating the uridine base in the
binding pocket (46).

Electron density corresponding to the bound RNA is present
at two sites that are not connected to each other (Fig. 1, B and
D). Because the difference map calculated with the 2.6-A res-
olution data set was much more informative at one of these
sites (the internal uridine-binding pocket, Fig. 1D), we subse-
quently used this data set to build the final model. Nucleotides
were built into the difference density map contoured at 2.6 o
(Fig. 1, B and D). They were connected when the difference
density indicated the presence of phosphate groups and when
this was stereochemically possible. The final model contains 55
nucleotides (6 hexanucleotides, 1 pentanucleotide, and 14
mononucleotides) (Fig. 1, C and E). Fig. 2A shows the overall
binding of the RNA to the monomer.

The Internal Site: a Specific Uridine-binding Pocket—The
first or internal binding site is very similar to the previously
reported uridine-binding pocket of the AF-Sm1 protein (29) and
consists of residues His-37, Asn-39, and Arg-63 from the same
monomer. Fig. 2C shows a typical difference electron density
for this binding site. The uracil base forms stacking contacts
with His-37 and Arg-63. The binding pocket is stabilized by a
salt bridge between Arg-63 and Asp-65, which in turn forms an
ionic interaction with Lys-22 (Fig. 2C). Similarly, in the AF-
Sm1-Ug complex, a highly specific hydrogen-bonding network
involving the OD1 position of Asp-35, the OD1 and ND2 atoms
of Asn-39, and N3 and O4 of the uridine base (Fig. 2C) renders
this binding site specific for uridine. However, in contrast to
the AF-Sm1-U; complex, we do not observe clear density con-
necting the uridines bound to neighboring binding pockets (see
below).

The External RNA Binding Site—RNA molecules are located
at the interface between the two heptamers. We are referring to
this site as the external binding site. Seven oligo(U) strands
connect the external sites of two monomers facing each other in
the two heptamers (Fig. 2B). The binding sites on the two
opposing monomers are identical and related by 2-fold non-
crystallographic symmetry. Nucleotides belonging to the same
chain are numbered U1-U6 with the exception of one case
where only five uridines could be modeled and nucleotides were
numbered U1-U5. Nucleotides bound to the external site dis-
play the usual C3’-endo conformation.

Residues Arg-4 from the N-terminal a-helix and Tyr-34 from
B-strand 2 form the binding site of U1l (or U4) (Fig. 3A). The
nucleotide is stacked between Tyr-34 and either the guani-
dinium group or the hydrophobic part of the Arg-4 side chain.
In the latter case, a water molecule is bridging the NH1 atoms
of Arg-4 and the O4’' atom of Ul (Fig. 3A). Hydrogen bonds
involving the N3 and O4 atoms of Ul and both the main chain
carbonyl oxygen and amide nitrogen atoms of Tyr-34 discrim-
inate against the binding of a cytidine at this position.

The following nucleotide U2 (or U5) is stacked on His-10,
which is kept in a fixed orientation by a hydrogen bond with
Tyr-34 (Fig. 3B). The binding of U2 (or U5) is further enhanced
by a hydrogen bond between the side chain of Asp-7 and the
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Fic. 5. Model for the binding of RNA in the eukaryotic Sm core based on the PA-Sm1-U, complex. A, structure-based sequence
alignment of PA-Sm1 and the eukaryotic Sm core proteins. Secondary structure elements defined by the PA-Sm1 structure are shown on top.
Modeling of the unknown eukaryotic structures was done according to this alignment. Arrowheads indicate amino acids involved in the external
binding site. Accession numbers (GenBank™) are: PA-Sm1, Q9V0Y8; hSmE, P08578; hSmF, Q15356; hSmG, Q15357; hSmD1, P13641; hSmD3,
P43331; hSmB_1, P14678; and hSmD2, P43330. B, Overall view of the PA-Sm1 heptamer with the RNA bound. The cavity where the RNA binds
is positively charged. The external surface is less charged but also accommodates specifically the RNA. C, the modeled eukaryotic Sm core complex
(see “Experimental Procedures”). Subunit organization is as defined by Stark et al. (2001). The RNA pentamer, AUAAU, corresponds to nucleotides
123-127 of the human U1l snRNA. D, close-up view of the RNA binding sites observed in PA-Sm1. E, close-up view of the eukaryotic Sm core
complexed to RNA. A'?? is positioned as U4 and is specifically recognized by the backbone of Phe-39 as well as stacking with its benzyl ring
(numbering according to the PA-Sm1 sequence). U2 is positioned as U5 and is stacking onto Phe-10. A'?® is positioned as U6 and is interacting
with Asp-35 of SmG and Gln-4, Pro-5, and Ile-6 of SmE. U'?" is stacked between Tyr-37 and Lys-63 as well as hydrogen-bonded to Asn-39. A'?¢
is solvent-accessible and connects the nucleotides bound at the external and internal sites. The protein surfaces are color-coded according to their
electrostatic potentials (red = —20 kT; blue = +20 kT). The RNA is colored in green in panels B and C and according to the atom type (red = oxygen;
yellow = phosphate; white = carbon; blue = nitrogen) in panels D and E. Panels B-E have been produced with the program GRASP (44).

ribose 2'-OH group (Fig. 3B). Well defined densities are present
for phosphate groups connecting nucleotides U1l and U2 or U4
and U5.

The nucleotide U3 connects two dinucleotides bound onto
two external binding sites (Fig. 2B). Because these sites are
identical, the poly(U) strand has two possible orientations,
which only differ by the position of the connecting nucleotide.
U3 actually breaks the 2-fold non-crystallographic symmetry
relating the two external binding sites, and therefore, this

position shows a weaker electron density. Nevertheless, in
most of the sites, it was clearly possible to build this nucleotide.
In these cases, it is stacked between the uracil rings of U2 and
Us.

Likewise, the nucleotide U6 displays significant density only
in some monomers. This nucleotide has its phosphate stabi-
lized by the amidino group of Arg-4 and its base by several
hydrogen bonds (Fig. 30).

Nucleotides U2, U3, U5, and U6 have one of their phosphate
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oxygens at hydrogen bonding distance from a strong central
density peak (>4 o in the 2F, — F_, map). The coordination
indicates that this peak represents a divalent cation, presum-
ably Ca2", which is the only divalent cation present in the
crystallization buffer at a concentration of 250 mm. Moreover,
this ion was essential for the crystallization process, presum-
ably because it stabilizes the backbone conformation (Fig. 2B)
and allows the RNA molecules to be associated to two heptam-
ers at the same time.

We do not believe that the specific packing observed in the
PA-Sm1-RNA complex composed of two heptamers interacting
with seven oligonucleotides is reflecting the stoichiometry of
the PA-Sm1-RNA complex found in vivo. However, we believe
that the specific RNA sequence used in the crystallization
procedure is able to bind to two different heptamers. Indeed,
the external site is composed of three individual nucleotide
binding sites, two of which display specificity for a uridine base,
independent from its orientation. Therefore, the external site
can interact with the 5’ or the 3’ end of the oligonucleotide,
leading to the binding of two heptamers to the same RNA
molecules. In this case, the biological unit is not likely to be a
dimer of heptamers bound to one RNA molecule but rather a
heptamer bound to one RNA.

Interrelation between the Two RNA Binding Sites—To better
understand the function and relevance of the external RNA
binding site and its relation to the internal site, we focused on
Tyr-34, which is conserved in all the archaeal Sm1-type pro-
teins and is involved in RNA binding in the PA-Sm1-U, com-
plex. We mutated it to valine to maintain the hydrophobic
character of the residue, to prevent the stabilization of His-10
in a stacking orientation with U2 or U5, and to remove the
possibility of stacking with U1l or U4. The ability of PA-Sm1
wild type protein or the Y34V mutant to bind RNA has been
analyzed by gel shift assays. The point mutation within the
external binding site does not affect the binding to oligo(U) as
seen in Fig. 4A, compare lanes 4-6 and 7-9. Indeed, the pref-
erential binding site for oligo(U) is the internal binding site,
indicating that the external binding site does not act as a
recognition site for the oligonucleotide. On the other hand,
complex formation between the eukaryotic Sm consensus RNA,
AAUUUUUGG, and the wild type protein is strongly reduced
with the mutant protein (Fig. 4B, lanes 12-13 and 14-15). This
shows that a mutation in the external site almost abolishes the
RNA-binding properties of PA-Sm1 for a non-symmetrical RNA
without reducing the affinity of the PA-Sm1 heptamer for U-
rich sequences. It suggests that the second binding site of the
PA-Sm1 protein stabilizes additional nucleotides after specific
recognition of the U-rich sequence by the uridine-binding
pocket. Because the internal and the external sites are neces-
sary for a proper binding to non-symmetrical RNA, the lack of
density observed in the crystal between U6 and the uridine
bound in the internal site is probably the result of a disorder of
the nucleotide(s) connecting the two sites. Indeed, the phos-
phate group of the internal uridine is located almost at the
height of the His-37 ring and is directed toward the external
site (Fig. 2C). In line with this interpretation is the fact that
single uridine nucleotides do not bind to AF-Sm2 (47). In case
of the AF-Sm1-U; complex, the amino acids composing the
external binding sites are blocked by crystal contacts leaving
only the internal site, i.e. the uridine-binding pocket, available
for binding of the RNA molecules. In this case, the increased
length of the oligonucleotide and its simultaneous binding to
two heptamers result in the observation of the external binding
site and of an isolated base in the uridine-binding pocket.

The external binding site seen in our structure and shown by
mutagenesis and gel shift experiments supports the idea that
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interactions of Sm proteins with their RNA targets in Archaea
as well as in Eukarya are not limited to the uridine-binding
pocket. It suggests that the two sites observed in the crystal are
probably necessary for the binding of PA-Sm1 to its in vivo
target. Indeed, the mutation of tyrosine 34 hinders the associ-
ation with the Sm site RNA. In addition, the heptameric orga-
nization might also determine the length of the U-rich se-
quence to which the oligomer binds. The in vivo RNA target of
the PA-Sm1 protein has not yet been identified but it is likely
that it will contain a uridine-rich stretch, which will bind to the
internal site, whereas the upstream sequence would interact
with the external site.

Homology with the Eukaryotic snRNP—The association of
Sm proteins with the snRNAs plays a key role in the biogenesis
as well as in the function of U snRNPs. The model proposed for
human snRNPs by K. Nagai and co-workers (26) provided the
first model for an Sm core. However, the association with the
snRNA was not modeled.

Therefore, we decided to use the PA-Sm1-U; complex to
model the association of eukaryotic Sm proteins with a short
sequence of the Ul snRNA as described under “Experimental
Procedures” (Fig. 5, B and C). A structure-based sequence
alignment between PA-Sm1 and the Sm core proteins, namely
SmD1, D2, D3, B, E, F, and G, shows that the external binding
site of PA-Sm1 is conserved in the case of SmE and probably
SmG. In SmE, Tyr-34 and His-10 become phenylalanines, and
Pro-5 is conserved. Moreover, the organization of eukaryotic
Sm proteins within the Sm core complex shows that the SmE
protein directly contacts SmG, which can be cross-linked to the
first uridine of the Ul snRNA Sm site (30). This putative
binding site on SmE, which precedes SmG in a counter-clock-
wise orientation within the ring (43), suggests that the se-
quence directly upstream of the Sm site would bind to the SmE
external site. The Ul snRNA sequence 22AUAAU'?7 was po-
sitioned as follows (Fig. 5, D and E): (i) the first three nucleo-
tides bind to SmE, thereby protecting them from hydroxyl
radical attack (48); (i) U'?7, the first uridine of the uridine
stretch, interacts with the uridine-binding pocket of SmG in
agreement with cross-linking studies (30, 49); and (iii) the
nucleotide in between A2® connects these two sites, because
the distance between the O3’ of A12® and the phosphate of U%7
is ~7.3A. We do not see any connecting density in our structure
between the external and the internal binding sites, most prob-
ably because of some disorder in the crystal. Nevertheless, the
position of the connecting adenosine agrees with most of the
biochemical studies done on the Ul and U5 snRNA Sm sites.
Indeed, the orientation of A'?® upon binding of the snRNA to
the Sm proteins would make its base solvent-accessible, trig-
gering its reactivity to chemicals like dimethyl sulfate and/or
diethylpyrocarbonate (N7-A > N7-G) (48, 50). It was also
shown that this adenine was important for the stability of the
snRNP but not for the binding of the Sm protein to U-rich RNA.
This nucleotide has finally been mutated in the case of U5
snRNA without revealing an essential function (51).

The proposed model for the binding of the sequence 5’ of the
U1 snRNA Sm site and the model for the eukaryotic Sm core
allows us to better understand the role of Sm proteins in
facilitating RNA-RNA interactions. The electrostatic surface
potential of the Sm core shows two distinct regions on the
N-terminal side surface (Fig. 5C) (44). The area formed by
SmE, SmG, SmD3, and most of SmB is globally neutral but
contains specific RNA binding sites (on SmE and SmG) and
would correspond to the snRNA binding site in agreement with
the 10-A model of the U1 snRNP (43) as well as with footprint-
ing experiments (49). The surface composed of subunits D1, D2,
and F is significantly more positively charged, allowing RNA



Structure of the P. abyssi Sm Core Complex

interactions based on unspecific electrostatic contacts. Because
the U1l snRNP recognizes non-conserved sequences around the
5'-splice site (45) and the C-terminal tails of SmB, SmD1, and
SmD3 have been shown to interact with the pre-mRNA (52),
the Sm ring is probably the site for interaction between the
pre-mRNA and the snRNA.

The different Sm complexes, which are associated with dif-
ferent RNA binding sites, are generally composed of different
sets of Sm proteins (11, 12, 53). The present model gives a more
precise view of the association between the SmE and SmG core
proteins and the RNA for a specific case, the Sm core complex
involved in splicing. But because these two proteins are also
present in the other complexes, it is probable that those com-
plexes will interact in a similar way with their respective RNA
targets.

CONCLUSION

Because P. abyssi contains only one type of Sm protein, the
free and RNA-complexed structures are providing the first
model of a complete Sm core. It demonstrates that the uridine-
binding pocket is the primary binding site of U-rich RNA in
Archaea and most probably as well in Eukarya. The PA-
Sm1-RNA complex also reveals a secondary RNA binding site
located on the surface of the ring, which is involved in the
binding of non-symmetrical RNA and may play a role in defin-
ing the length of the RNA sequence target. Thereby, it is of
prime interest to identify the in vivo target for PA-Sm1 in order
to understand the need of a heptamer or possibly of a dimer
of heptamers in the function of modulating RNA-RNA
interactions.

Based on this structure as well as on the available biochem-
ical data, we propose a model of the eukaryotic Sm core pro-
teins bound to a 5-mer RNA representing the sequence directly
upstream of the Ul snRNA Sm site. According to this model,
the SmE protein would serve as the binding site for the Ul
snRNA leaving SmF, SmD2, and SmD1 free for unspecific
interactions with the pre-mRNA. Therefore, this model sug-
gests how the Sm proteins would achieve their function of
modulating RNA-RNA interactions. The other Sm protein com-
plexes with the exception of the complexes formed by the Lsm
proteins are all containing the SmE and SmG proteins, which
are the Sm proteins shown to have additional RNA interactions
besides the uridine-binding pocket. We can now start to eluci-
date the regulatory function of the remaining Sm protein sub-
units forming Sm complexes with similar shape and fold but
quite different localizations and targets.
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