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SF3a is an evolutionarily conserved heterotrimeric com-
plex essential for pre-mRNA splicing. It functions in spli-
ceosome assembly within the mature U2 snRNP (small
nuclear ribonucleoprotein particle), and its displacement
from the spliceosome initiates the first step of the splicing
reaction. We have identified a core domain of the yeast
SF3a complex required for complex assembly and deter-
mined its crystal structure. The structure shows a bifur-
cated assembly of three subunits, Prp9, Prpll and Prp21,
with Prp9 interacting with Prp21 via a bidentate-binding
mode, and Prp21 wrapping around Prpll. Structure-
guided biochemical analysis also shows that Prp9 har-
bours a major binding site for stem-loop Ila of U2 snRNA.
These findings provide mechanistic insights into the
assembly of U2 snRNP.
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Introduction

Most eukaryotic genes are interrupted by non-coding se-
quences known as introns. Pre-mRNA splicing removes
introns and joins the coding sequences of a nascent transcript
into a contiguous mature mRNA molecule (Berget et al, 1977;
Chow et al, 1977). Splicing of pre-mRNA occurs in two
sequential transesterification reactions and takes place in a
large ribonucleoprotein complex known as the spliceosome, a
dynamic assembly of five U-type small nuclear ribonucleo-
protein particles (snRNPs) and additional splicing factors
(Brody and Abelson, 1985; Valadkhan and Jaladat, 2010).
The assembly and activation of the spliceosome follows an
ordered pathway, beginning with the association of the Ul
snRNP with the 5’ splice site and the interaction of the U2
snRNP with the branch point sequence. Subsequently, a
preformed U4/U5.U6 tri-snRNP joins the spliceosome and
initiates large dynamic rearrangements of RNA-RNA interac-
tions, causing the dissociation of Ul and U4 snRNPs and the
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activation of the spliceosome (Krdmer, 1996; Staley and
Guthrie, 1998; Wahl et al, 2009; Will and Luhrmann, 2011).
An in-depth mechanistic understanding of mRNA splicing
requires structural information on spliceosome/snRNP
assembly and dynamics at the atomic level; however, pre-
sently available information at this resolution is still too
limited to provide a comprehensive view.

We focus on structural characterization of the heterotri-
meric SF3a complex of the U2 snRNP in this study. A mature
U2 snRNP is a 17S particle, which is assembled in a defined
pathway revealed by in vitro characterization (Brosi et al,
1993a). First, a heptameric Sm protein complex and a U2A’-
U2B” heterodimer bind to the Sm site and stem-loop IV of the
U2 snRNA, respectively, forming a 12S particle (Scherly et al,
1990; Boelens et al, 1991) (Figure 1A). Next, a multimeric
SF3b complex joins the 12S particle to form a 15S particle.
Finally, a functional 17S particle forms with the binding of a
heterotrimeric SF3a complex (Behrens et al, 1993; Brosi et al,
1993a; Kramer et al, 1999). The composition and function of
yeast and human U2 snRNPs is highly conserved, despite
yeast U2 snRNA being six times longer than its human
counterpart. The central ~950 non-conserved nucleotides of
yeast U2 snRNA are dispensable for splicing (Igel and Ares,
1988; Shuster and Guthrie, 1988) (Figure 1A), as human U2
snRNA can substitute for the yeast gene for splicing in vivo
(Shuster and Guthrie, 1990). It should be pointed out that the
structure and composition of U2 snRNP are dynamic during
spliceosome assembly and splicing reactions (Jurica and
Moore, 2003; Bessonov et al, 2010; Will and Luhrmann,
2011). For examples, rearrangement of U2 snRNA structure
is required for pairing with U6 snRNA; and the SF3 complexes
are displaced from the spliceosome prior to the first step of
splicing reaction (Bessonov et al, 2010; Lardelli et al, 2010).

The SF3a complex is composed of three subunits, namely
SF3a60, SF3a66 and SF3al20 in the human complex, and
their corresponding subunits Prp9, Prpll and Prp2l in
Saccharomyces cerevisiae (Chang et al, 1988; Abovich et al,
1990; Arenas and Abelson, 1993; Legrain and Chapon, 1993;
Brosi et al, 1993a; Chiara et al, 1994; Kramer et al, 1994). The
three SF3a subunits appear to be assembled in a 1:1:1
stoichiometry (Brosi et al, 1993b). Despite large differences
in protein sizes between corresponding human and yeast
subunits, biochemical analyses have identified various con-
served domains (Krdmer et al, 2005) (Figure 1B): SF3a60
contains a highly conserved UlC-type Cys,His, zinc-finger
domain at the C-terminal end, while Prp9 has two such
domains (Legrain and Choulika, 1990; Chiara et al, 1994);
both SF3a66 and Prpll contain one UlC-type zinc-finger
domain (Chang et al, 1988; Bennett and Reed, 1993), and
SF3al120 and Prp21 are characterized by two suppressor-of-
white-apricot and prp21/spp91 (SURP) domains, followed by
a short segment of charged residues (Spikes et al, 1994;
Krdmer et al, 1995). It has been suggested that the zinc-finger
domains are important for protein-protein interactions with-
in U2 snRNP (Nesic and Kramer, 2001). The SURP2 domain of
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Figure 1 Structures of U2 snRNA and SF3a subunits. (A) A schematic diagram of human and yeast U2 snRNA. Roman numerals denote RNA
stem-loop nomenclature. Sm and the BPRS are highlighted with thick red lines. Human U2 snRNA-binding proteins with known 3D structures,
including p14, Sm and the U2A’-U2B” complexes, are indicated at appropriate positions with colour-filled circles (green: p14; grey and brown:
U2A’-U2B") or aring (blue: Sm). (B) Domain structure of yeast and human SF3a components. Colour-filled boxes indicate regions involved in
the formation of the core domain of the yeast SF3a complex. Known sequence motifs are indicated by a grey-shaded area: ZnF, zinc finger;
(GVHPPAP)n, repeats of the heptamer sequence; SURP1 or 2, suppressor-of-white-apricot and prp21 motifs; Pro or Pro-rich, proline-rich
regions; Ub, ubiquitin-like domain; e, charged residues. Arabic numbers indicate amino acid numbers.

SF3al120/Prp21 is important for SF3a60/Prp9 binding, while
no discernable function of the SURP1 domain has been found
(Kuwasako et al, 2006). Deletion analyses of human SF3a
proteins have implicated additional regions as important for
protein-protein interactions, but a complete picture of inter-
molecular contacts is still lacking (Nesic and Krdamer, 2001;
Huang et al, 2011). Also lacking is a clear picture of protein-
RNA interactions between SF3a and U2 snRNA. For example,
biochemical analyses have implicated the binding of SF3a to
stem-loops I and IIl in human 17 U2 snRNP (Dybkov et al,
2006), but in yeast cells, SF3a was found to collaborate with
stem-loop Ila and its neighbouring sequences (Ruby et al,
1993; Wells and Ares, 1994; Yan and Ares, 1996) (Figure 1A).

Needless to say, an atomic resolution structure of U2
snRNP or its components would greatly help in understand-
ing the molecular basis of U2 snRNP assembly and its splicing
function, as only limited structural information on U2 snRNP
components is currently available (Price et al, 1998; Golas
et al, 2003; Schellenberg et al, 2006; Ritchie et al, 2009). Here,
we report the crystal structure of the core domain of the yeast
SF3a complex, which, together with our biochemical analy-
sis, provides the structural basis for the assembly of the SF3a
complex and offers mechanistic insights into its function in
U2 snRNP maturation.

Results

Structure determination and overall structure

In order to identify a core domain of the SF3a complex
suitable for structural studies, we first reconstituted the
S. cerevisiae SF3a complex with full-length proteins coexpressed
in Escherichia coli, and carried out limited proteolytic diges-
tion followed by MALDI-TOF analysis and N-terminal sequen-
cing. By combining information from limited proteolysis and
secondary structure prediction, we obtained a crystallizable
SF3a core domain containing a large N-terminal fragment of
Prp9 (Prp9AC, a.a. 1-389), a C-terminal fragment of Prpll
lacking the 49 N-terminal residues (Prpl1AN, a.a. 50-266),
and a middle fragment of Prp21 (Prp21M) spanning residues
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87-237 (Figure 1B). The crystal belongs to the 12,2,2; space
group, with unit cell dimensions of a =100.78 A, b=127.26 A
and c=169.17 A, and one complex per asymmetric unit. For
convenience of description, we refer here to the protein
fragments of the SF3a core by their truncation variants and
full-length proteins interchangeably, unless specifically
noted.

The structure was first solved by multiwavelength anom-
alous dispersion (MAD) using three data sets collected from a
crystal of selenomethionine (SeMet)-substituted proteins
(Table I). Most of the Prp9AC and Prp21M models were
built using the 3.5 A resolution SeMet data (Supplementary
Figure S1A). However, a significant percentage of the
Prpl1AN sidechains could not be assigned. To overcome
this problem, 10 aliphatic residues of Prpl1AN were indivi-
dually mutated to methionine, and six single-wavelength
anomalous dispersion data sets of different mutant SeMet
proteins were used to aid the assignment of sidechains
(Supplementary Figure S2A). The quality of the electron
density map was further improved by phase extension to
3.1A using a data set collected from one of the Prpl1AN
mutants, L153M (Supplementary Figure S1B). The refined
3.1 A model has an Ry 0f 22.8% and Riee Of 27.8%, and
the model has good stereochemistry, with 91.3% of residues
lying in the most favourable regions of the Ramachandran
plot and none in outlier regions. The final model includes
93% of the Prp9AC molecule (the 11 most C-terminal residues
and residues 98-111 are disordered), 85% of Prp21M (the
nine most C-terminal residues and residues 207-219 are
disordered), and the C-terminal half of Prp11AN (a.a. 149-
253) and a polyalanine model of a 36-residue fragment of
Prpl1AN (Supplementary Figure S2A). The absence of resi-
dues 50-148 of Prpl1AN was not due to proteolysis during
crystallization, as the protein sample recovered from the
crystals is indistinguishable from those throughout the pur-
ification process, as judged by SDS-PAGE analysis
(Supplementary Figure S2B).

The SF3a core has a branched, Y-shaped overall structure,
with a thick trunk consisting of the elongated Prp9AC

©2012 European Molecular Biology Organization



Table I Data collection, phasing and refinement statistics
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Data collection Prp1l L153M mutant

SeMet derivative

Space group

Cell dimensions (A) 100.78 x 127.26 x 169.17

Wavelength (A) . 0.9793
Resolution range (A) 30-3.1
No. reflections (total/unique) 101982/19171
Completeness (%) 96.6 (83.0)*
I/o () 19.8 (2.4)
Ryym (%) 7.0 (46.7)
Refinement

Resolution (A) 30-3.1

Rwork/Rfree (%) 228/277

RMSD bond (A) 0.008

RMSD angle (deg) 0.625

B factor (A% 136.5
Ramachandran values

Most favoured (%) 91.3

Allowed (%) 8.7

Disallowed (%) 0

1212121
99.47 x 123.78 x 167.59
Peak Inflection Remote
0.9791 0.9794 0.9600
50-3.5 50-3.35 50-3.4
89166/12711 100230/14 390 95587/13833
97.7 (100.0) 97.4 (100.0) 97.2 (100.0)
13.9 (3.6) 14.0 (2.8) 14.5 (3.7)
14.6 (45.6) 14.5 (56.7) 14.1 (44.4)
50-3.5
26.3/29.3
0.007
0.682
117.6
83.57
14.08
2.35

“Values in parentheses are for the highest-resolution shell.

Zinc finger

Figure 2 Overall structure of the SF3a core. (A) A ribbon representation of the core domain of the Prp9-Prp21-Prp1l complex. Prp9 is shown
in green, Prp21 in magenta and Prp1l in cyan. Dashed lines denote disordered segments in the structure. A Cys,His, UlC-type zinc finger (zinc
atom shown as a sphere) of Prp9 and the SURP2 domains of Prp21 are indicated. (B) An orthogonal view of the heterotrimeric complex is
shown in a surface representation with electrostatic potential distribution (blue, positively charged; red, negatively charged; white, neutral).

The encircled area indicates the Prp9 region surrounding the zinc finger.

structure and an N-terminal SURP domain of Prp21M, and a
branch formed by oD, a long helix of Prp21M, to which
Prpl1AN is bound at the distal tip of aD (Figure 2A). Both
Prp9AC and Prp21M are predominantly a-helical, with the
exception of two short strands in Prp9 forming a Cys,His,-
type zinc-finger domain. Prpl1AN is mainly composed of
f-strands. Notably, Prp9AC and Prpl1AN do not physically
interact with each other, as they are bridged through the long
oD helix of Prp21M (Figure 2A). The complex has a maximal
extension of ~115A, measured between distal points of
Prp9AC and PrpllAN, while Prp9AC spans ~80A, and
Prp21M spans ~75 A along the direction of aD. An examina-
tion of charge distribution on the surface of the SF3a core
reveals a markedly positively charged patch near the zinc

©2012 European Molecular Biology Organization

finger of Prp9AC, suggesting a potential role in RNA binding
(Figure 2B).

Structure of Prp9

Prp9AC consists of 13 a-helices and a pair of short B-strands,
arranged in an elongated structure that can be roughly
divided into two domains (Figure 3A). The N-terminal
domain (NTD), where Prp21M binds, is composed of helices
al-06 (Figure 3B). A pair of amphipathic helices, o1 and o4,
pack against each other in an antiparallel manner and are
held together primarily by hydrophobic interactions, with
notable exceptions of an Arg24-Glu78 charge pair, and a
hydrogen bond between Glul8 and Tyr86. The stabilization
by hydrogen bonds is functionally important, as the prp9

The EMBO Journal VOL 31 | NO 612012 1581
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Figure 3 Structure of Prp9AC (a.a. 1-389). (A) A topological diagram of the Prp9AC fold. Helices are shown as cylinders and strands with
arrows. A grey sphere represents the zinc atom. Secondary structural elements shown in green belong to the NTD, and those in yellow form the
CTD. (B) A ribbon diagram showing the relative positioning of NTD and CTD. (C) A direct view of the zinc finger in CTD. The two cysteines
and two histidines coordinating the zinc ion are shown in a stick representation, and the zinc ion is shown as a sphere. Magenta dashed lines

indicate tetrahedral coordination of the zinc ion.

mutant, which is a temperature sensitive mutant lead to the
discovery of the PRP9 gene, encodes an E78K mutation
(Legrain and Choulika, 1990). Helix o2 is positioned perpen-
dicular to ol and o4, and together with the N-terminal
portion of o4, forms the major contacting area for the C-
terminal domain (CTD) of Prp9AN, principally via polar
interactions. A segment of 14 disordered residues C-terminal
to a4 tethers o5, which makes no contact with the rest of the
structure apart from covalent joining via its C-terminal loop.
a5 is involved in interactions with the SURP2 domain of
Prp21M, indicating that the conformation of o5 is stabilized
by this interaction.

The CTD of Prp9AC is centred on an unusual helix, a12,
which is sharply bent at both ends (Figure 3C). The middle
portion of this helix, «12M, is placed between helices «9 and
210, and projects out of the approximately planar arrange-
ment of helices 7, 9 and «10. The N-terminal portion,
a12N, harbours a histidine (His304), which, together with
another histidine (His298) in the preceding helix, «11, and
two cysteines located in the loop connecting Bl and (2
(Cys282 and Cys285), coordinates the binding of a zinc ion,
forming a Cys,His,-type zinc finger that resembles the RNA-
binding structural motif of UIC (Muto et al, 2004). The
C-terminal portion of 12, «12C, is almost perpendicular to
®12M and runs antiparallelly next to a8 (Figure 3C). The
C-terminal helix, 13, makes a V-shaped turn towards NTD
and engages in extensive polar interactions with the region
connecting NTD and CTD (Figure 3B). The very C-terminal
tail of CTD snakes around to make numerous polar and
charged interactions with the NTD loop connecting ol

The EMBO Journal VOL 31 | NO 6| 2012

and o2, and the long loop connecting NTD and CTD.
Additional interdomain contacts involve regions surrounding
a9-turn-o10 and the junction between «12M and «12C.

Structures of Prp21 and Prp11
Prp21M contains a SURP domain, which is a compact domain
composed of three helices (A to «C) and a 3,9 turn
(Figure 4A). Prp21 has two predicted SURP domains, the
one in the structure corresponds to the second SURP domain
(SURP2), as the extreme N-terminal SURP domain has no
known function and is not included in the crystallization
construct. SURP2 has a structure similar to that of human
SF3al120 determined by NMR (Kuwasako et al, 2006). In
brief, oA and aB are positioned in a V-shape, and aC crosses
over oA on the same side of the aA-aB plane with a 3, turn.
The SURP2 domain is followed by a long helix, aD.
Interestingly, SURP2 is not in contact with oD, suggesting
that the spatial positioning of SURP2 with respect to oD is
likely to be flexible in the absence of Prp9. Consistent with
aD’s role in binding Prp9 and Prpll at opposite ends, which
are decorated with hydrophobic residues important for pro-
tein-protein interactions, the middle region of oD has a
contiguous stretch of conserved charged amino acids,
Glul74 to Lys183, which are completely solvent exposed
(Figure 4A). The C-terminal extension of oD is composed of
a loop that wraps around Prpll, and a disconnected short
C-terminal helix interacting with one of the B-sheets of
Prpl1AN.

Prpl1AN contains a B-sandwich core, formed by back-to-
back stacking of two B-sheets (Figure 4B). The first sheet

©2012 European Molecular Biology Organization
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Figure 4 Structure of Prp21M and Prp11AN. (A) Prp21M structure shown as a ribbon diagram (magenta) is superimposed on the surface
representations of Prp9AC (green) and Prp11AN (cyan). A contiguous stretch of charged amino acids on oD is shown as sticks. (B) Structure of
Prpl1AN shown in a ribbon representation. (C) An orthogonal view of Prpl11AN, shown in an electrostatic potential surface representation,
displays a ‘baseball glove’-shaped binding pocket (thumb, o1; palm, -sheet 2) for Prp21M. A ribbon diagram of Prp11AN is superimposed onto

the semi-transparent surface.

(B-sheet 1) consists of four antiparallel strands arranged in a
B1-B2-B7-P6 configuration, and the second sheet (B-sheet 2)
is composed of three contiguous strands, f3-p4-B5. The two
sheets are connected via two long loops at opposite ends of
the B-sheets, one between B2 and B3, and another with a
short helix (22) between B5 and 6. The B-sandwich core of
Prpl1AN is stabilized by extensive hydrophobic interactions
between the two sheets, and the folding topology resembles
that of the a-crystallin domain of hsp26, which is a small heat
shock protein (sHsps) belonging to a superfamily of molecu-
lar chaperones that suppress protein aggregation (Kim et al,
1998). The connection between 1 and B2 in the first sheet
was not modelled due to weak electron densities. In fact, for
the same reason, only a polyalanine model was built for the
N-terminal 36-amino-acid segment encompassing o1 and p1.
Overall, the electron density for Prpl11AN is weaker than that
for Prp9AC and Prp21M, but the B-sandwich core was un-
ambiguously assigned with the assistance of selenium anom-
alous signals from six leucine-to-methionine mutants
(L153M, A174M, V183M, V200M, I211M and V252M).

©2012 European Molecular Biology Organization

Another four mutants (L70M, V81M, L95M, V143M) did not
give rise to detectable anomalous difference peaks in electron
density maps calculated from the diffraction data of the
SeMet-substituted mutants, indicating that the N-terminal
region is not well ordered, explaining our inability to assign
sidechains to the 36-residue N-terminal segment. Helix a1,
together with the exposed surface of B-sheet 2, forms a
pronounced binding cleft resembling the shape of a baseball
glove, with o1 being the thumb and the B-sheet surface the
palm (Figure 4C).

Prp9-Prp21 interaction

The interaction between Prp9AC and Prp21M buries a pair-
wise surface area of 3679 A2, indicating a stable association.
Two major Prp9-binding sites on Prp21M include the SURP2
domain and the N-terminal half of oD (Figures 2 and 5). The
Prp9-SURP2 interaction shares ~60% of the contact area
(2216 A?), in which helix a5 of Prp9 binds the SURP2 domain
by antiparallel packing with oA of Prp21, and this binding is
further strengthened by contacts with the angled «B of SURP2

The EMBO Journal VOL 31 | NO 6]2012 1583
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Figure 5 Prp9-Prp21 interactions. (A) Interactions mediated by the SURP2 domain of Prp21. The Prp9 and Prp21 residues involved are shown
as stick models (carbon: green for Prp9, magenta for Prp21; nitrogen: blue; oxygen: red; sulphur: gold) superimposed with the ribbon diagrams
of Prp9 (green) and Prp21 (magenta). Black dashed lines denote hydrogen bonds. (B) Interactions mediated through the N-terminal portion of
Prp21’s oD, which is shown as a Ca trace. Residues labelled in black and blue are those of Prp9 and Prp21, respectively.

(Figure 5A). The interaction between o5 and SURP2 is mostly
hydrophobic and involves Phell2, Leull6, Leull9 and
Leul23 of Prp9, and conserved residues on oA (Val9s,
Leu98 and Tyr102) and oB (Ile109 and Met113) of Prp21M
(Figure 5A). The mode of a5-SURP2 interaction is similar to
that found in the NMR structure of the SURP2 domain of
human SF3a120 in complex with an isolated helix of SF3a60
(Kuwasako et al, 2006). However, in the context of the SF3a
complex in our structure, helix o1 of Prp9 makes extensive
interactions with SURP2 via its «A and oC helices
(Figure 5A). A notable interaction between a1 and oA occurs
though a pair of oppositely charged residues, Glu5 of Prp9
and Lys97 of Prp21. The contact between a1 and «C is more
extensive than that between ol and oA and involves a
mixture of hydrophobic and hydrogen bond interactions;
hydrophobic interactions between Leu4, Leull and the ali-
phatic part of Arg8 of Prp9 and Tyr142, Val145, Tyr146 and
Phel48 of Prp21M, and hydrogen bonds between Glu5 and
Tyr142, and Arg8 and GIn141 of Prp9 and Prp21, respectively
(Figure 5A). In addition, Phe93 on o4 of Prp9 also contributes
to the hydrophobic interaction with Phe148 of Prp21 located
at the end of aA. The newly discovered intermolecular
interactions involving o1 and o4 of Prp9 provide a complete
picture of how the SURP2 domain of Prp21 binds Prp9.

The second major area of interaction involves the N-
terminal portion of oD from Prp2IM and a wedge in
Prp9AC formed principally by helices al, o2, o4, and a
hairpin loop connecting o3 and o4 (Figure 5B). A collection
of hydrophobic residues from a1, o2 and a4 cluster together
to form a cleft that houses the binding of oD via the Ile160,
Leul6l, Cysl64, Phel65, Thr168 and Trpl71 residues of
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Prp21M. The mainly hydrophobic contact is decorated with
hydrogen bond interactions, including those between Lys157
and Asn80, Aspl62 and Tyr32, Argl67 and Asnl9, Glul72
and GIn26 of Prp21 and Prp9, respectively (Figure 5B). The
Prp21-binding site in Prp9 is extended by the a3-04 hairpin
loop region, in which two aromatic residues, Tyr60 and
Phe62, each make hydrophobic interactions with Prp21 by
inserting between Glul72 and Phel73, and Lysl75 and
Aspl76 in oD, respectively. In addition, a charge pair be-
tween Lys64 of Prp9 and Glul72 of Prp21 further highlights
the importance of the a3-o4 hairpin loop of Prp9AC in
binding Prp21M.

The bidentate Prp9-Prp21 interaction sites are connected
by a narrow corridor that involves an interaction between
helix o4 of Prp9 and the linker connecting oC and oD of
Prp21, which runs antiparallelly along o4 (Figure 2A). The
linker is rigidly held by a network of intermolecular hydrogen
bond interactions between its mainchain carbonyl and amide
groups and the sidechain groups of GIn90, Asn94 and Asn97
of Prp9.

Prp21-Prp11 interaction

The interaction between Prpl1AN and Prp21M occludes a
pairwise surface area of 2603 A%, also indicating a stable
association between the two proteins. The baseball glove-
shaped binding cleft of Prpll, formed by helix a1 and the
surface of B-sheet 2, grabs helix aD of Prp21 at its C-terminal
portion and its immediate C-terminal extension (Figure 6A).
The interactions are mainly hydrophobic in nature, as most of
the Prp21 residues facing Prpll, which include Leul84,
Val185, Leul87, Cys188, 11e190, Phel92 and Alal94 on oD,

©2012 European Molecular Biology Organization
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Figure 6 Prp21-Prpll interactions. (A) The C-terminal portion of
Prp21’s oD is bound between Prpll’s al and B-sheet 2. The side
chains of Prp2l in the Prpll interaction region are shown as stick
models superimposed onto a ribbon representation (yellow).
PrpllAN is shown in a semi-transparent electrostatic potential
surface representation superimposed onto a ribbon diagram
(cyan). Selected Prpll residues involved in the interaction with
Prp21 are shown as sticks. Prp21 residues are labelled in black and
those of Prp1l are labelled in magenta. (B) Prp21-Prp1l interactions
viewed from the opposite direction to that of (A).

and Ile195 and Trp197 immediately following oD, are hydro-
phobic. The precise mode of interaction involving amino
acids on al of Prpll cannot be discerned due to weak
electron densities for the sidechain groups. However, the
interactions involving residues located on the palm area of
Prpll are clearly defined. Notably, Phel92 on oD of Prp21M
is bound in a hydrophobic pocket formed by Leu179, Val 233
and the aliphatic part of Arg181; and an adjacent hydrophobic
pocket formed by Leul79, the aliphatic part of Arg181, Val200
and Ala202, is bound by Trp197 on the C-terminal loop of aD
(Figure 6A).

Prp21 has a long loop C-terminal to oD that traverses (-
sheet 2 and curls back towards p-sheet 1 (Figure 6B). Besides
the aforementioned hydrophobic interactions involving
Ile195 and Trpl97, two aromatic residues, Phe200 and
Phe206, are engaged in apparent hydrophobic interactions
with Prpll: Phe200 is partially exposed and interacts with
Leul88 of Prpll, and Phe206 is situated in a hydrophobic
pocket formed by Prpll residues Vall51, Leul53 (Met153 in
the L153M mutant structure) and Ile218. The Prpll-Prp21
binding is further strengthened by intermolecular hydrogen
bonds involving mainchain atoms, as well as those between
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the sidechains of Thr201 and Glu207, and Lys205 and Glu212
of Prp21 and Prpll, respectively (Figure 6B). A segment of
the Prp21M loop (a.a. 207-219) cannot be reliably modelled,
leaving a short orphan helix not connected to the rest of
Prp21M. This helix is anchored on the B-sheet 1 surface
primarily through hydrophobic interactions between
Met224 and Leu221 of Prp2l and a hydrophobic surface
patch formed by Cys240, Phe242 and Tyr251 of Prpll
(Figure 6B).

RNA-binding properties of SF3a

With the structure in hand, we explored the U2 snRNA-
binding properties of yeast SF3a. We used chemically
synthesized yeast U2 snRNA fragments, including fragments
encompassing stem-loops I, Ila, IIb, IV, and the branch point
recognition sequence (BPRS), and probed the binding of the
SF3a complex by electrophoretic mobility shift assay (EMSA).
A stem-loop III fragment was not tested because it is dis-
pensable for splicing in yeast (Igel and Ares, 1988; Shuster
and Guthrie, 1988; Ares and Igel, 1990). The EMSA result
shows that the yeast SF3a complex preferentially binds stem-
loop Ila (SL2a) (Figure 7A). This binding pattern of the SF3a
core domain is indistinguishable from the complex assembled
from the full-length proteins (Supplementary Figure S3). SL2a
was shown to rearrange into an alternative conformation,
termed stem IIc (Figure 8A), before the first step of splicing
reaction, and change back to the SL2a structure prior to the
second step of splicing reaction (Hilliker et al, 2007; Perriman
and Ares, 2007). EMSA with the stem IIc (S2c) duplex or a
stem loop joining S2c with loop IIb (L2b) shows that SF3a
does not bind S2c (Figure 8B and C).

Next, we explored which components of the SF3a complex
are responsible for SL2a binding. Since the structure shows
that Prp9AC and Prpl1AN are not in direct contact and that
they are bridged by the long helix oD of Prp21M, we sepa-
rated the SF3a core complex into two halves by truncating
Prp21M in the middle of aD (between a.a. 176 and 177). One
half, termed Prp9-21N, contains Prp9AC and the N-terminal
half of Prp21M (a.a. 87-176), while the other half, termed
Prp11-21C, contains Prpl1AN and the C-terminal region of
Prp21M (a.a. 177-237). EMSA results show that the Prp9-
21N complex is responsible for the observed RNA-binding
properties of the SF3a core, as no binding was detected for
the Prp11-21C complex (Figure 7B). To reveal whether full-
length Prpll has additional U2 snRNA-binding ability, we
reconstituted the complex with the C-terminal half of
Prp21M, and found that it too has no RNA-binding activity
(data not shown). Thus, we conclude that the U2 snRNA-
binding region of SF3a is located in the Prp9-21N region.

Prp9 has an UlC-type Cys,His, zinc finger, and we rea-
soned that this region might be important for RNA binding.
We first changed the two cysteines (Cys282 and Cys285)
independently into alanines, but the recombinant mutant
complex was completely insoluble, most likely due to the
disruption of the structure introduced by the mutations. Next,
we changed three positively charged residues surrounding
the zinc finger, Lys302, Lys305 and Ly306, to negatively
charged glutamate residues (Figure 7C). The K302E/K305E/
K306E/triple mutant SF3a core complex significantly
impaired the RNA-binding ability of the SF3a core complex
(Figure 7D). In contrast, little effect on RNA binding was
observed by mutating a pair of positively charged residues,

The EMBO Journal VOL 31 | NO 6] 2012 1585



1586 The EMBO Journal

Structure of the SF3a complex
P-C Lin and R-M Xu

A SF3a core B
n o Q 0 Q
— MmN N < - M N < —
H A d d4d 3 /& H 4 =
m MmMmwn nwn MO n wn [}

SL1

BPRS
SL2a

BPRS
SL2a

Prp9 1-389 Prpll 50-266
Prp2l 87-176 Prp2l 177-237
Q n o Q 0w o Q
N = NN AN N
4H4d A A A 449 4/ 444
nwn n M®n nnn VWMLV

YR L

H -‘-.« . a

SF3a core SF3a/Prp9
K302EK305EK306E
0w © .Q 0w © q
AR EE AR KR
dmmmwmmmmmmm

M- “Uu- ,

Figure 7 Interactions between the SF3a core domain and U2 snRNA. (A) Binding of the SF3a core to synthetic yeast U2 snRNA fragments
detected using EMSA. SL1, SL2a, SL2b and SL4 indicate stem-loops I, Ila, IIb and IV, respectively, and BPRS denotes the BPRS of U2 snRNA.
(B) EMSA shows that a mini complex of Prp9AC and its interacting portion of Prp21M (a.a. 87-176) harbour the full RNA-binding capacity of
the core domain of SF3a, since the C-terminal portion of Prp21M (a.a. 177-237) in complex with Prp11AN displays no detectable binding to the
U2 snRNA fragments. (C) The three positively charged residues of Prp9, K302, K305 and K306, located on the surface next to the zinc finger are
potentially important for RNA binding. (D) RNA binding is significantly reduced by the K302E/K305E/K306E triple mutant of Prp9AC.

R114 and K115, located at the NTD of Prp9, distal from the
zinc-finger motif (Supplementary Figure S4A and B).
Therefore, we conclude that the positively charged region
surrounding the zinc-finger motif of Prp9 is important for U2
snRNA binding.

Discussion

Pre-mRNA splicing is a major form of post-transcriptional
regulation of eukaryotic gene expression, and the molecular
machine catalysing the splicing reactions is extremely com-
plex. While determination of the atomic resolution structure
of the spliceosome is met with serious difficulties, subspli-
ceosomal particles, represented by snRNPs, are the current
frontiers of structural studies of mRNA splicing (Pomeranz
Krummel et al, 2009; Leung et al, 2011). With U2 snRNP, the
two major building blocks are the SF3a and SF3b complexes,
and determination of their structures would greatly shed the
light on the assembly of U2 snRNP and clear the way for the
determination of high-resolution structures of U2 snRNP by
cryo-EM or X-ray crystallography. We focused on structural
and biochemical characterizations of the yeast SF3a complex
here, and the structural information obtained here should be
useful for understanding the assembly of the U2 snRNP.
The structure of the yeast SF3a complex provides direct
evidence that two subunits, Prp9 and Prpll, do not contact
each other, but are bridged together via Prp21. This result is
consistent with previous biochemical and genetic analyses of
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yeast and human SF3a complexes (Rain et al, 1996; Nesic and
Krdmer, 2001; Huang et al, 2011). Furthermore, the structure
reveals a bidentate mode of interactions between Prp9 and
Prp21 that involves both the SURP2 domain and the Prp21
N-terminal half of aD. This discovery reconciles the apparent
discrepancies between an NMR study and biochemical
analyses of interactions between human homologues of
Prp21 and Prp9, SF3a120 and SFa60 (Kuwasako et al, 2006;
Huang et al, 2011). The NMR structure of an isolated SURP2
domain of SF3a120 (a.a. 134-217) in complex with a short
fragment of SF3a60 (a.a. 71-107) closely resembles the inter-
action between the SURP2 domain of Prp21 and o5 of Prp9 in
our structure (Kuwasako et al, 2006). However, in the context
of the heterotrimeric complex, helix a1 of Prp9 also makes
important contacts with the SURP2 domain of Prp21. More
importantly, the structure of the SF3a core uncovered a novel
binding site in Prp9 that recognizes oD of Prp2l. This
discovery rationalizes the observation from biochemical ana-
lyses that the SURP2 domain is not sufficient for Prp9
binding, and provides a complete picture of the complexity
of Prp9-Prp21 interactions. The interaction between Prp2l
and Prpll is much less well understood. A recent study
mapped a region important for SFa66 binding to a 27-
amino-acid segment C-terminal to the SURP2 domain of
SF3al20, but this region lacked any identifiable sequence
motifs helpful for understanding the interaction between the
two SF3a subunits (Huang et al, 2011). Our structure reveals
that the core domain of Prp11 has an unexpected B-sandwich
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Figure 8 SF3a does not bind a rearranged form of SL2a. (A) A schematic diagram showing the region of yeast U2 snRNA having alternative
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(C) EMSA results of the binding of the SF3a core complex to S2c and S2c+ L2b elements of U2 snRNA, in comparison to that of SL2a.

fold of the a-crystallin domain shared by sHsps (Kim et al,
1998). One of the p-sheet surfaces, together with an
N-terminal helix, forms the major binding site of Prp2l.
Taken together, our structural information unambiguously
reveals the architecture of the evolutionarily conserved core
domain of the SF3a heterotrimeric complex, and provides a
wealth of information about protein-protein interactions
governing the assembly of the complex.

The structure of the SF3a core domain lacks the SURP1
domain at the N-terminus of Prp21, an U1C-type zinc-finger
domain at the N-terminus of Prpll, and a similar domain at
the C-terminus of Prp9. These domains are conserved
between the yeast and human SF3a proteins. The SURP1
domain of Prp21 has no known functions and is dispensable
for interaction with Prp9 and splicing in vivo. The U1C-type
zinc fingers in the human counterparts of Prp9 and Prp11 are
required for association with the 155 U2 snRNP, and it has
been suggested that these zinc fingers may be involved in
interacting with Sm proteins and/or components of the SF3b
complex, rather than interacting with U2 snRNA (Nesic and
Krdmer, 2001), leaving the interaction between SF3a and U2
snRNA poorly understood. Previous biochemical studies
have indicated that human SF3a makes direct contacts with
stem-loops I and III of U2 snRNA, whereas stem-loop Ila
and its adjacent sequences collaborate with SF3a in yeast
pre-mRNA splicing (Dybkov et al, 2006). Given that human
U2 snRNA can complement splicing in yeast, it is unlikely
that human and yeast U2 snRNPs are significantly different.
We show here that the yeast SF3a complex preferentially
binds to the SL2a element of U2 snRNA. This finding fits
nicely with results from previous genetic studies, indicating
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that SL2a collaborates with the SF3a complex in splicing in
yeast (Ruby et al, 1993; Wells and Ares, 1994; Yan and Ares,
1996). Further analyses show that the SL2a-binding ability
residues within Prp9, although the presence of the C-terminal
half of Prp21 and Prpll may be beneficial for the binding
specificity of the trimeric complex (Figure 7A and B;
Supplementary Figure S4C). Lastly, SL2a was shown to be
rearranged into an alternative structure, stem Ilc, before the
first step of splicing reaction and toggle back to the SL2a
configuration prior to the second step of splicing reaction
(Hilliker et al, 2007; Perriman and Ares, 2007). Our analysis
reveals that SF3a does not bind S2c, which may account for
the displacement of SF3a from the spliceosome before the
first step of splicing reaction (Bessonov et al, 2010; Lardelli
et al, 2010).

It is extremely interesting that the SL2a-binding zinc finger
in Prp9 is not conserved in the human protein. Previous
genetic studies showed that mutating one of the histidine
residues of this zinc finger in Prp9 interfered with its func-
tion, while changing each of the cysteines to a serine or
replacing the other histidine with a leucine was benign
(Legrain and Choulika, 1990). Our structure and in vitro
mutagenesis data indicate that the zinc finger in Prp9 is
playing a structural role, holding key residues in place for
interacting with RNA. One possible explanation of the genetic
results is that, at least in an in vivo environment, the RNA-
binding surface of Prp9 is resilient to amino-acid substitu-
tions of the zinc-finger motif. Related to the structural stabi-
lity of the zinc-finger region is the absence of a corresponding
zinc-finger motif in human SF3a60, which is expected to have
a structure similar to Prp9 based on the sequence similarity
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between the yeast and human proteins (Supplementary
Figure S5). The scenario of sharing a highly similar structure
between proteins with and without zinc-binding motif is not
unprecedented: the RING finger and U-box motifs of ubiqui-
tin E3 ligases share a highly similar structure but the former is
a zinc finger and the latter is free of zinc (Aravind and
Koonin, 2000; Ohi et al, 2003). Even though the zinc finger
is absent in human SF3a60, the corresponding region also
shows the presence of positively charged residues
(Supplementary Figure S5). It is conceivable that the overall
shape and charge distribution on the protein surface of this
region is similar between Prp9 and SF3a60, hence the
conserved U2 snRNA-binding property of yeast and human
SF3a complexes. Future structural studies of SF3a-U2 snRNA
complexes or an intact U2 snRNP should provide a definitive
answer to the mode of interaction between SF3a and U2
snRNA.

Materials and methods

Identification of the SF3a core

Recombinant, full-length S. cerevisiae SF3a was produced in the
BL21(DE3)-RIL strain of E. coli by coexpression. Prp9 was expressed
as a GST-fusion protein using the pGEX-KG vector, and a poly (His)-
tagged Prpll and an untagged Prp21 were expressed using a
single pRSF-Duet vector (Novagen). Protein production was
induced by the addition of 0.5mM IPTG at 18°C for 12h. The
trimeric complex was purified by sequential column chromatogra-
phy using HisTrap HP, glutathione sepharose, HiTrap Phenyl HP and
Sephadex-200 columns. The GST-tag of Prp9 was removed by
thrombin digestion on the glutathione sepharose column. The
purified SF3a was analysed by limited proteolysis with Glu-C at
room temperature for 1-2h. Large proteolytic fragments were
analysed by MALDI-TOF mass spectrometry and N-terminal
sequencing by Edman degradation.

SF3a core preparation

Based on the results from proteolysis, a Prp9 fragment lacking the
C-terminal 141 residues (Prp9AC, a.a. 1-389), a Prpll fragment
encompassing amino acids 50-266 (Prp11AN) and a Prp21 fragment
spanning residues 87-237 (Prp21M) were coexpressed and purified
using the same strategy described above for the full-length proteins,
except that the HiTrap Phenyl column was replaced with a HiTrap S
column. SeMet-substituted proteins were prepared by first growing
the cells in M9 medium to mid-log phase, followed by addition of
30mg/1 SeMet along with 100 mg/l Thr, Lys and Phe, and 50 mg/1
Leu, Ile and Val to the growing culture, and induction of protein
expression by IPTG at 18°C for ~12h. The SeMet-substituted SF3a
core was purified following the same procedure used for the
native SF3a core, and the protein complex was eluted from the
Sephadex-200 column in a buffer containing 10 mM HEPES pH 8.0,
0.2M NaCl and 1 mM DTT and then concentrated to ~ 15 mg/ml for
crystallization.

Crystallization and data collection

Initial crystals of the SF3a core grew in several conditions
containing ethanol, isopropanol or PEGs of varying molecular
weights (from PEG 2000MME to PEG 8000) as precipitants. The best
diffracting crystals were obtained by hanging drop vapour diffusion
at 17°C in a condition containing 8-12% ethanol, 100 mM MES pH
6.0. The rod-shaped crystals were cryo-protected for data collection
at 100K by serial transfer of crystals into solutions of mother liquor
supplemented with 10, 15, 20, 25 and 30% glycerol. Three
SeMet MAD data sets at wavelengths of Apeax=0.97914,
Ainflection = 0.9794 A and Aremote = 0.9600 A were collected at beam-
line X29 of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, and data were processed using
the HKL2000 program suite (Otwinowski and Minor, 1997). SeMet
data sets from single methionine mutants of PrpllAN were
collected at the Se peak wavelength. Statistics of data collection
are summarized in Table 1.
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Structure determination and model building

In all, 11 out of the 13 possible Se sites were determined using the
AutoSol program of the PHENIX suite, and the 3.5 A MAD phased
electron density map was readily traceable (Adams et al, 2010). The
polypeptide chains of Prp9AC and Prp21M were built into the
solvent-flattened electron density map, and building of the Prp21M
model was assisted by knowledge of the NMR structure of the
SURP2 domain of SF3al120 (Kuwasako et al, 2006). The electron
density of Prpl1AN is relatively weak, making the assignment of
side chains difficult. To overcome this problem, several residues
(Leu?70, Val81, Leu95, Vall43, Leul53, Alal74, Vall83, Val200,
Ieu211 and Val252) of Prpl1AN were individually mutated to Met,
and SeMet-substituted mutant SF3a core complex crystals were
prepared. SeMet anomalous difference peaks for L153M, A174M,
V183M, V200M, I211M and V252M were used as landmarks for the
sequence assignment of PrpI1AN. Model building and rebuilding
were carried out with the program COOT (Emsley et al, 2010), and
refinement was performed using the PHENIX Refine program.
Phasing and refinement statistics are summarized in Table I. The
PDB accession code of the atomic coordinates and diffraction data
of the SF3a core is 4DGW.

In vitro RNA-binding assay

Amino-acid substitution and truncation variants of the SF3a
subunits were generated by PCR and the protein samples were
prepared in a manner similar to the wild-type complex. U2 snRNA
oligos were commercially synthesized (Thermo Fisher Scientific),
and resuspended with RNase-free sterile water to a final concentra-
tion of 50 pM. The sequences of the five oligos used for binding are
SL1: UCUCUUUGCCUUUUGGCUUAGAUC; BPRS: AAGUGWYAG
UAUC, SL2a: UUUUCAGUGUAACAACUGAAA; SL2b: AUGACCUC
AAUGAGGCUCAU and SL4: CCCUCGCACUUGUGG. In addition, a
Stem 2c (S2c) duplex formed by the oligo pair 5-UGUAACAA-3’ and
5-UUGUUACA-3/, and a hybrid stem loop with the S2c sequence
linked by a 5nt SL2b loop sequence (S2c+ L2b), 5'- UGUAACAA
CAAUGUUGUUACA-3', were used for testing the binding of SF3a to
an alternative structure of the SL2a region. The oligos were
annealed by heating them to 80°C for 10 min, followed by slowly
cooling them down to room temperature over a period of 30 min.
Binding reactions were conducted by incubating 0.1 nmol of the
purified proteins with 0.05nmol of individual RNA oligos in 20 pl
reaction mixtures, containing 10mM Tris 7.0, 250mM NacCl
(300mM NaCl when the mixture contained the full-length SF3a
complex), 2 mM MgCl, and 1 mM DTT. After 2 h incubation at room
temperature, samples were analysed by electrophoresis at 100 V for
60 min on a 4% non-denaturing polyacrylamide gel pre-equilibrated
with 1 x Tris-borate-EDTA buffer. Gels were stained by SYBR-Gold
and detected by UV transillumination.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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