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The active 17S U2 small nuclear ribonucleoprotein particle (snRNP), which binds to the intron branch site
during the formation of the prespliceosome, is assembled in vitro by sequential interactions of the essential
splicing factors SF3b and SF3a with the 12S U2 snRNP. We have analyzed the function of individual subunits
of human SF3a (SF3a60, SF3a66, and SF3a120) by testing recombinant proteins, expressed in insect cells, in
various in vitro assays. The recombinant subunits readily form the SF3a heterotrimer, where SF3a60 and
SF3a66 interact with SF3a120, but not with each other. All SF3a subunits are essential for the formation of the
mature 17S U2 snRNP and the prespliceosome. Single subunits engage in interactions with the 15S U2 snRNP
(consisting of the 12S U2 snRNP and SF3b), and SF3a60 appears to play a major role in recruiting SF3a120
into the U2 particle. Analysis of functional domains in SF3a60 and SF3a66 identified interaction sites for
SF3a120 in their N-terminal portions. C2H2-type zinc finger domains mediate the integration of SF3a60 and
SF3a66 into the U2 snRNP, and we propose a model in which protein-protein interactions between the zinc
finger domains and the Sm proteins, common to all spliceosomal snRNPs, contribute to the assembly of the 17S
U2 snRNP. Finally, we demonstrate that all domains required for interactions within the SF3a heterotrimer
and the formation of the 17S U2 snRNP are also necessary to assemble the prespliceosome.

The small nuclear ribonucleoprotein particles (snRNPs) U1,
U2, U4/U6, and U5 are essential for pre-mRNA splicing. They
play major roles in the accuracy and specificity of intron re-
moval by recognizing conserved sequence elements in the pre-
mRNA substrate (for review, see references 9, 32, 43, and 53).
In concert with a large number of non-snRNP protein factors,
they assemble on the pre-mRNA in a highly ordered and dy-
namic fashion. A multitude of interactions between the pre-
mRNA, snRNPs, and protein factors promotes the formation
of a large catalytically active complex, the spliceosome, which
is the site of two transesterification reactions that result in
intron removal.

The formation of the early splicing complex (complex E)
involves base pairing between the RNA moiety of the U1
snRNP with the 5� splice site and the recognition of elements
at the 3� splice site by protein factors (for review, see refer-
ences 43 and 54). These elements include the intron branch
site, a polypyrimidine tract, and the 3� splice site AG dinucle-
otide. Recent data suggest that the U2 snRNP also represents
a component of complex E and is required for the formation of
this complex (16). During the ATP-dependent transition of
complex E to presplicing complex A, a short helix is formed
between U2 snRNA and the branch site, defining the adeno-
sine that functions as the nucleophile in the first catalytic step.
The U4/U6 and U5 snRNPs, in the form of a tri-snRNP,

associate with complex A to generate complex B, and the
active splicing complex C is formed by a conformational rear-
rangement.

The snRNPs consist of one or two small nuclear RNAs and
a number of common and particle-specific proteins (53). Seven
common proteins (the Sm or core proteins B/B�, D1, D2, D3,
E, F, and G) bind to the Sm binding site present in U1, U2, U4,
and U5 snRNAs. A set of related proteins (the Lsm proteins)
bind to U6 snRNA (24). All snRNPs also contain particle-
specific proteins, which are more or less tightly associated with
the core snRNPs.

The U2 snRNP was initially isolated as a 12S particle con-
taining the Sm proteins and two U2-specific proteins, A� and
B� (53). Milder purification conditions led to the identification
of the 17S U2 snRNP containing nine additional polypeptides
(4), seven of which correspond to the subunits of splicing
factors SF3a and SF3b (7, 33). Consistent with an essential role
of SF3a and SF3b in spliceosome assembly (8), the 12S U2
snRNP is inactive in splicing, whereas the 17S particle repre-
sents the active U2 snRNP (3). In HeLa cell nuclear extracts,
and probably also in vivo, most of the U2 snRNP is present in
the 17S form (4, 7). The dissociation into the 12S particle,
SF3a, and SF3b during chromatographic fractionation is most
likely a consequence of the salt-sensitive association of SF3a
and SF3b with the U2 snRNP (4, 7, 33). In vitro, the 17S U2
snRNP is formed in two distinct steps. SF3b binds to the 12S
U2 snRNP, generating an intermediate particle of 15S. SF3a
cannot bind to either SF3b or the 12S U2 snRNP alone and
interacts only with the 15S U2 snRNP to form the 17S particle
(7, 33). Biochemical and electron microscopic studies initially
suggested that most of the 17S U2-specific proteins associated
with the 5� portion of the U2 snRNP (4). Additional experi-
ments indicated that SF3b interacts with the 5� half of U2
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snRNA, whereas SF3a associates with the 3� portion of the U2
snRNP and possibly also interacts with SF3b (33).

SF3a purified from HeLa cells contains three polypeptides
of 60, 66, and 120 kDa (SF3a60, SF3a66, and SF3a120) in a
1:1:1 ratio (8, 16). SF3b consists of four subunits (SF3b49,
SF3b130, SF3b145, and SF3b155) (33). All polypeptides have
also been identified as spliceosome-associated proteins, which
are detected in complexes E and A and remain associated with
the spliceosome through both catalytic steps (5, 16, 21, 48).
cDNAs for all subunits have been isolated, and homologues in
Saccharomyces cerevisiae are essential splicing factors that
function in the formation of the prespliceosome (10, 15, 22, 26,
27, 32, 40, 46, 49, 51).

In addition to a phylogenetic conservation of structural fea-
tures of the SF3a and SF3b subunits (see below), interactions
between individual polypeptides are conserved. For example,
SF3a60 and SF3a66 interact with SF3a120, but not with one
another, thus generating the SF3a heterotrimer (6, 13, 31).
Similarly, Prp9p, Prp11p, and Prp21p (the yeast homologues of
SF3a60, SF3a66, and SF3a120, respectively) form a hetero-
meric complex in which Prp9p and Prp11p physically interact
with Prp21p (36, 37, 52). Contacts between SF3b subunits have
also been established and are conserved in yeast (11, 15, 19,
27). To date, only one direct interaction between subunits of
SF3a and SF3b, namely that of Prp9p and Rse1p (the yeast
homologue of SF3b130) (10, 16, 40), has been detected (19).
Direct contacts of SF3a or SF3b with Sm proteins or the
U2-specific proteins A� and B� have not been reported. How-
ever, Prp11p and Hsh49p (yeast SF3b49) bind to the U6-
associated proteins Lsm4p and Lsm8p, respectively (19, 20).

SF3a and SF3b are essential for prespliceosome assembly
(8) and are thought to recruit the U2 snRNP to the branch site
(22, 23). Except for SF3b130, all subunits UV cross-link to a
20-nucleotide region in the intron located upstream of the
branch site (termed “anchor site”), and SF3b155 also cross-
links to sequences immediately downstream of the branch site
(22, 23). In agreement with the variability of the anchor site in
different pre-mRNAs, RNA binding of the proteins is se-
quence independent (22). Moreover, the SF3a and SF3b sub-
units only cross-link to RNA in the context of the prespliceo-
some; direct interactions of individual subunits with RNA in
the absence of other spliceosomal components have not been
observed (11).

Given the multisubunit nature of SF3a and SF3b, we have
begun to analyze the roles that individual SF3a subunits play in
the formation of the active 17S U2 snRNP and the prespliceo-
some. In addition, we have studied domains in SF3a60 and
SF3a66 that are essential for function. Metazoan, plant, and
yeast homologues of SF3a60 share the highest similarity in the
C-terminal �120 amino acids, which contain a zinc finger do-
main of the C2H2 type (13, 30, 35, 39; data not shown) (see Fig.
1). With the exception of S. cerevisiae Prp9p, several blocks of
homology are apparent in the N-terminal half of all homo-
logues. Within this region, Prp9p shares highest homology with
other SF3a60 counterparts in the N-terminal �25 amino acids.
A central portion of 50 amino acids is almost identical in the
human and Drosophila proteins (39) and highly conserved in
Caenorhabditis elegans (accession no. Q22469) and Arabidopsis
thaliana (accession no. AP002544). In contrast, Prp9p and
SF3a60 proteins from Schizosaccharomyces pombe (accession

no. AI023589) and Neurospora crassa (accession no. AL353819)
contain a second C2H2 zinc finger domain in the central region.

SF3a66 proteins from human (6), mouse (18), Drosophila
(1), C. elegans (accession no. Q19335), A. thaliana (accession
no. AP002544), and S. pombe (accession no. AL157918) ex-
hibit high sequence identity in the entire N-terminal half (data
not shown). S. cerevisiae Prp11p (12) is clearly related in se-
quence, but more divergent. A C2H2 zinc finger domain with
sequence homology to the zinc finger domain of SF3a60 is
located near the N terminus (35). In addition, sequences im-
mediately N terminal to the zinc finger domains of SF3a60 and
SF3a66 are related in all species (30; data not shown). The
C-terminal halves of human and mouse SF3a66 comprise 22
and 25 heptad repeats, respectively (6, 18). Two related repeats
are found in A. thaliana and Drosophila melanogaster SF3a66.
Conserved repeats are absent from the C-terminal portion of
the C. elegans counterpart, and SF3a66 proteins from S. cere-
visiae and S. pombe lack an equivalent of the C-terminal do-
main.

We show here that all subunits of SF3a are essential for the
formation of the active 17S U2 snRNP and the prespliceo-
some. Domains in SF3a60 and SF3a66 that are required for the
interaction with SF3a120 are confined to the N-terminal por-
tions of both subunits, whereas the zinc finger domains are
necessary for the association with the 15S U2 snRNP. Both
regions have to be intact for prespliceosome assembly to occur.

MATERIALS AND METHODS

Cloning procedures. For the expression of proteins with N-terminal His6 tags,
cDNAs encoding full-length and truncated versions of SF3a60 and SF3a66 were
cloned into the pFastBac HT series of baculovirus expression vectors (Gibco
BRL). Sequences encoding 3a60-FL, -N1, -N2, -C1, and -C2 (Fig. 1A) were
amplified with the Expand High Fidelity PCR System (Roche Molecular Bio-
chemicals) and appropriate primers from SF3a60 cDNA (30). PCR products
were cloned into pFastBac HTb. Internal deletions (�1 to �4) were generated by
PCR of sequences upstream and downstream of the desired deletion, and am-
plified fragments were cloned into the BamHI site of pFastBac HTb by three-
molecular ligation. Deleted amino acids in the recombinant proteins were re-
placed by glycine and threonine encoded by a KpnI site joining the two amplified
fragments. 3a60-C3 and -C4 were generated by subcloning appropriate restric-
tion fragments into the BamHI-XbaI and BamHI-HindIII sites, respectively, of
pFastBac HTb. Sequences encoding 3a60-N3 were subcloned into the XbaI site
of pFastBac HTa.

A cDNA encoding SF3a66 was isolated from a 5� stretch HeLa cDNA library
in �gt11 (Clontech). The correct sequence (6) was verified by sequencing both
strands. Restriction fragments containing sequences of 3a66-FL and -C2 (Fig.
1B) were subcloned into the BamHI and BamHI-StuI sites, respectively, of
pFastBac HTb. A restriction fragment encoding sequences of 3a66-N1 was
cloned into the StuI-PstI sites of pFastBac HTa. Sequences of 3a66-C1 and -C3
were amplified by PCR and ligated into the BamHI-KpnI sites of pFastBac HTb.
3a66�Zn was generated by PCR as described above for internal deletions in
SF3a60. A glutathione S-transferase (GST)-tagged version of SF3a66 was ob-
tained by cloning the entire coding sequence into the BamHI site of the bacu-
lovirus expression vector pACG2T (Pharmingen).

The full-length SF3a120 coding sequence (31) was cloned into the EcoRI site
of pFastBac HTa, generating plasmid 3a120-FL.

Expression of recombinant SF3a proteins in insect cells. Recombinant bacu-
loviruses were generated in Spodoptera frugiperda (Sf21) cells with the Bac-to-
Bac Baculovirus Expression System (Gibco BRL) following the supplier’s in-
structions. After verification of protein expression by Western blotting with
antipolyhistidine antibodies (Sigma), virus isolates were amplified and Tricho-
plusia ni (Tn5) cells were infected at a multiplicity of infection of �3. Cells were
harvested 48 h postinfection, and recombinant His6-tagged proteins were puri-
fied with Ni-nitrilotriacetic acid-agarose (Qiagen) in the Tris buffer system es-
sentially as described by the supplier, except that the concentration of Nonidet
P-40 in the lysis buffer was decreased to 0.1%. For the purification of insoluble
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proteins (3a120-FL and 3a66-C2), the KCl concentration in the lysis buffer was
increased to 300 mM. All proteins were dialyzed against buffer D (17) and stored
in aliquots at �80°C.

Far-Western blotting. Recombinant proteins (1.5 	g) were separated in a
sodium dodecyl sulfate (SDS)–12% polyacrylamide gel and transferred to nitro-
cellulose (34). The membrane was probed with [35S]methionine-labeled in vitro-
translated SF3a120 as described previously (44). Input proteins separated in a
parallel gel were visualized by Western blotting with monoclonal antipolyhisti-
dine antibodies (Sigma) and the ECL (enhanced chemiluminescence) detection
system (Amersham).

Immunoprecipitation. Mouse anti-SF3a66 (mAb66) (8) was coupled to 20 	l
of packed protein A-Sepharose in 0.4 ml of NET-2 (50 mM Tris-HCl [pH 7.9],
150 mM NaCl, 0.05% Nonidet P-40, 0.5 mM dithiothreitol) overnight at 4°C. The
beads were washed three times with NET-2 to remove unbound material. Re-
combinant proteins (1.0 	g) were incubated with protein A-Sepharose-coupled
immunoglobulin G (IgG) in 0.4 ml of NET-2 for 90 min at 4°C with slow rotation.
Beads were collected by centrifugation and washed three times with NET-2.
Bound proteins were eluted with SDS sample solution, separated by 12% SDS–
polyacrylamide gel electrophoresis (PAGE), and visualized by silver staining.

For immunoprecipitation with affinity-purified guinea pig anti-SF3b155 anti-
bodies (46), recombinant proteins (1.2 	g) were incubated for 30 min at 30°C
with Mono Q-purified 15S U2 snRNP (33), added to protein G-Sepharose-
coupled IgG in buffer D (17) containing 3 mM MgCl2, and further processed as
described above.

GST pull-down assay. Interactions with GST-tagged SF3a66 were analyzed as
described by Rain et al. (44). In some reactions (see Fig. 3B), the glutathione

agarose was washed with buffer containing 400 mM NaCl before elution of
bound proteins.

Mobility shift assays. Recombinant proteins (0.5 	g each) were incubated
with Mono Q-purified 15S U2 snRNP (33). The reaction conditions used were
those described by Brosi et al. (7). Mono S-purified SF3a (8) was used as a
control. Reaction products were resolved in native 4% polyacrylamide gels and
visualized by autoradiography (28). The interaction of SF3a60 with the 15S U2
snRNP was more easily detected when gel electrophoresis was performed in the
cold room. Mobility shifts in the presence of SF3a66 were more pronounced
upon gel electrophoresis at room temperature, and binding of SF3a120 was
unaffected by temperature (data not shown). Therefore, gel electrophoresis of
complexes formed with SF3a60 mutant proteins was performed in the cold room.

Presplicing complex assembly. Presplicing complexes were assembled as de-
scribed (29). Recombinant proteins (0.25 	g each) were preincubated for 30 min
at 30°C before addition of SF1, U2AF, SR proteins, U1 snRNP, the 12S U2
snRNP, and SF3b partially purified from HeLa cells (8). Reactions performed
with HeLa cell nuclear extract (17) or with partially purified SF3a (8) served as
controls.

RNA-binding assays. Recombinant proteins (0.8 	g) were UV cross-linked to
[
-32P]UTP-labeled synthetic pre-mRNA derived from the adenovirus major
late (AdML) transcription unit in a total volume of 10 	l under standard splicing
conditions (2). After UV light irradiation, unprotected RNA was digested with
RNase A (0.3 mg/ml) and RNase T1 (200 U/ml) for 30 min at 37°C. Proteins were
separated in a 10% SDS–polyacrylamide gel and visualized by autoradiography.

RESULTS

To study the function of individual subunits of splicing factor
SF3a, His6-tagged, full-length proteins and derivatives with
N-terminal, C-terminal, or internal deletions (Fig. 1) were pro-
duced in insect cells via baculovirus expression plasmids and
purified by Ni2� chelate chromatography. As a prerequisite for
the present study, the recombinant full-length subunits were
active in prespliceosome assembly when combined with other
splicing components in an in vitro reconstitution assay (see
Fig. 6).

The SF3a120 binding site of SF3a60 is located between ami-
no acids 35 and 107. In the SF3a heterotrimer, SF3a60 phys-
ically interacts with SF3a120 (13, 30). Sequences in SF3a60
required for this interaction were initially studied by far-West-
ern blotting. Recombinant proteins were separated by SDS-
PAGE and transferred to nitrocellulose, which was incubated
with in vitro-translated [35S]methionine-labeled SF3a120 (Fig.
2). SF3a120 bound efficiently to full-length SF3a60, but dele-
tion of as few as 10 amino acids from the N terminus (mutants
N1 to N3) abolished the interaction. SF3a120 bound to SF3a60
proteins with C-terminal truncations (C1 to C4); however, the
interaction became weaker with decreasing size of the recom-
binant proteins. Deletion of the highly conserved internal do-
main of SF3a60 (�1), the zinc finger domain (�2), 30 amino
acids N terminal to the zinc finger (�3), or the entire zinc
finger region (�4) did not interfere with the interaction be-
tween SF3a60 and SF3a120. These results identify the N ter-
minus of SF3a60 as essential for the interaction with SF3a120.

Taking advantage of the interaction between SF3a66 and
SF3a120, the SF3a120 interaction domain of SF3a60 was fur-
ther delineated by coimmunoprecipitation (6, 31). In control
reactions, the SF3a subunits (either alone or in combina-
tion) were incubated with a monoclonal anti-SF3a66 antibody
(mAb66) coupled to protein A-Sepharose. SF3a66 was precip-
itated efficiently, but, as expected, neither SF3a60 nor SF3a120
bound to mAb66 (Fig. 3A). Precipitation of SF3a120 occurred
in the presence of SF3a66, whereas SF3a60 was only precipi-
tated in the presence of both SF3a66 and SF3a120. In agree-

FIG. 1. Schematic representation of the structure of recombinant
SF3a60 and SF3a66 proteins. Recombinant SF3a60 (A) and SF3a66
(B) proteins carried N-terminal His6 tags derived from the expression
vector. Amino acids present in or deleted from the recombinant pro-
teins are given in parentheses behind the names of the proteins. Con-
served regions are indicated above the diagrams and numbered ac-
cording to the amino acids in full-length SF3a60 and SF3a66.
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ment with previous data, these results demonstrate that SF3a60
and SF3a66 do not directly interact with each other, but form
the SF3a heterotrimer by association with SF3a120 (6, 13, 30,
31).

Next, mutant SF3a60 proteins were precipitated in the pres-
ence of SF3a66 and SF3a120. In contrast to the results ob-
tained by far-Western blotting, 3a60-N1 was found in the pre-
cipitate (Fig. 3A). In addition, small amounts of 3a60-N2 and
a faint band of 3a60-N3 were detected. SF3a60 proteins with
C-terminal (C2 to C4) or internal deletions (�1 to �4) were
efficiently precipitated. 3a60-C4 comigrated with the IgG heavy
chain and could not be detected in this experiment. However,
it formed a complex with SF3a120 and GST-tagged SF3a66
(Fig. 3B). 3a60-C1, which was barely recognized by 35S-labeled
SF3a120 in the far-Western assay (Fig. 2), was clearly copre-
cipitated with SF3a120 (Fig. 3A), although, compared to the
other C-terminal deletions, the efficiency of binding appeared
slightly reduced. The discrepancy between the results obtained
by the different methods used could be explained by a failure
to detect weak protein-protein interactions by far-Western
blotting or a stabilization of weak interactions due to the pres-
ence of SF3a66 in the coimmunoprecipitation assay. Several
observations argue in favor of the former possibility. First,
3a60-N1 was efficiently coimmunoprecipitated with SF3a120
by anti-SF3a120 in the absence of SF3a66 (data not shown),
indicating that SF3a66 does not stabilize this interaction. Sec-
ond, both 3a60-N1 and -N2, but not -N3, bound to SF3a120 in
the presence of GST-SF3a66 in a GST pull-down experiment
(Fig. 3B). Notably, when the glutathione agarose was washed
with 400 mM instead of 100 mM NaCl before elution, binding
of 3a60-N1 and -N2, but not of full-length SF3a60 and 3a60-C3
and -C4, was reduced. Comparable results were obtained by
coimmunoprecipitation with mAb66 (data not shown). Third,
although it is possible that proteins with N-terminal deletions

do not refold properly during the blotting procedure, we be-
lieve this is unlikely, because the corresponding in vitro-trans-
lated proteins failed to bind to SF3a120, when HeLa nuclear
proteins were immobilized on nitrocellulose (data not shown).
Therefore, the most likely explanation for our results is that
the conditions for far-Western blotting are too stringent to
detect weaker interactions between SF3a120 and SF3a60 pro-
teins lacking the N-terminal 34 amino acids.

Together, these results demonstrate that the major site for
contact with SF3a120 is confined to amino acids 35 to 107 of
SF3a60. The N-terminal 34 amino acids stabilize this interac-
tion, and sequences located between amino acids 108 and 240
may also contribute to a tight association. Sequences further
C terminal, including the internal conserved region or the zinc
finger domain, are not involved in binding of SF3a60 to SF3a120.
Moreover, we have found no evidence that SF3a66 affects the
SF3a60-SF3a120 interaction.

The N-terminal half of SF3a66, excluding the zinc finger
domain, mediates binding to SF3a120. Domains in SF3a66
required for binding to SF3a120 were examined by the same
strategy as above. SF3a120 bound to full-length SF3a66 in a
far-Western blot (Fig. 4). No interaction was observed with the
C-terminal portion of SF3a66 (N1), consisting almost entirely
of 22 heptad repeats (6). The N-terminal 216 amino acids were
sufficient for binding to SF3a120 (C1). Moreover, the zinc fin-
ger domain is not involved in these interactions, since SF3a120
efficiently bound to 3a66�Zn. Identical results were obtained
by coimmunoprecipitation with anti-SF3a60 (data not shown).
We therefore conclude that the N-terminal 216 amino acids of
SF3a66, excluding the zinc finger domain, are necessary and
sufficient for binding to SF3a120.

Individual SF3a subunits interact with the 15S U2 snRNP.
The 17S U2 snRNP forms in vitro by binding of SF3b to the
12S U2 snRNP, followed by interaction of SF3a with the in-
termediate 15S particle (7). Due to the salt-sensitive nature of
the 17S U2 snRNP, the particle dissociates into SF3a, SF3b,
and the 12S and 15S U2 snRNPs during chromatographic
fractionation (8, 33). To determine the role of individual SF3a
subunits in the formation of the mature 17S U2 snRNP, full-
length proteins were incubated with Mono Q-purified 15S U2
snRNP. An end-labeled oligoribonucleotide complementary to
the 5� end of U2 snRNA was added to the reactions to detect
snRNP complexes after electrophoresis in native polyacryl-
amide gels (Fig. 5A). A control experiment showed that the
15S U2 snRNP (lane 2) was quantitatively converted into the
lower-mobility 17S particle in the presence of SF3a purified
from HeLa cells (lane 1) or the three recombinant SF3a sub-
units (lane 9), demonstrating that the recombinant proteins
substitute for HeLa SF3a.

When individual SF3a subunits were incubated with the 15S
U2 snRNP, subunit-specific mobility shifts were observed.
SF3a60 increased the intensity of the band migrating at the
position of the 15S U2 snRNP, in addition to reducing the
abundance of faster-migrating complexes of unknown compo-
sition (Fig. 5A, lane 3). In the presence of SF3a66, one or two
bands appeared that migrated more slowly than the 15S U2
snRNP (lane 4). Addition of SF3a120 generated a weak band
migrating at the position of the 17S U2 snRNP (lane 5). In the
experiment shown, this band is barely visible; however, it was
readily detected in other experiments. Combining SF3a60 and

FIG. 2. The N terminus of SF3a60 is required for binding to
SF3a120. Recombinant SF3a60 proteins, as indicated above the figure,
were separated by SDS-PAGE and transferred to nitrocellulose. The
membrane was incubated with in vitro-translated [35S]methionine-la-
beled SF3a120 (TNT 3a120), and bound SF3a120 was visualized by
autoradiography (top). Input proteins separated in a parallel gel were
visualized by Western blotting with antipolyhistidine antibodies (bot-
tom). The migration of molecular mass standards (in kilodaltons) is
indicated to the left of each panel.
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SF3a66 with the 15S U2 snRNP had additive effects, suggesting
that these proteins associate with the 15S particle indepen-
dently (lane 6). Incubation of SF3a60 and SF3a120 with the
15S U2 snRNP resulted in a complex migrating at the position
of the 17S U2 snRNP in addition to a band migrating slightly
slower than the 15S particle (lane 7). Formation of these com-
plexes was highly efficient, suggesting that SF3a60 and SF3a120
stabilize each other’s binding to the 15S U2 snRNP. A combi-
nation of SF3a66 and SF3a120 appeared mostly additive in
nature, except for a more efficient formation of a complex
comigrating with the 17S U2 snRNP (lane 8).

In summary, each SF3a subunit appears to bind indepen-
dently to the 15S U2 snRNP, resulting in subunit-specific mo-
bility shifts in native polyacrylamide gels. Addition of SF3a66

in combination with either SF3a60 or SF3a120 had mostly
additive effects on the mobility of the 15S U2 snRNP, whereas
SF3a60 and SF3a120 may interact with the 15S U2 snRNP in
a cooperative fashion.

Because the mobility shifts with certain combinations of
SF3a subunits were rather weak, the incorporation of the pro-
teins into the 15S U2 snRNP was tested by coimmunoprecipi-
tation with anti-SF3b155 (Fig. 5B). The antibody precipitated
four high-molecular-mass proteins from the 15S U2 snRNP
fraction, the three largest of which represent SF3b155, SF3b145,
and SF3b130 (lane 7). The fourth protein (of �120 kDa) has
previously been shown to cosediment with the 15S U2 snRNP
in glycerol gradients, but its identity is unknown (33). The
small SF3b subunit of 49 kDa was obscured by the IgG heavy

FIG. 3. Amino acids 35 to 107 of SF3a60 are sufficient for its incorporation into SF3a. (A) Coimmunoprecipitation assay. Recombinant SF3a60
proteins were separated by SDS-PAGE and stained with silver (left panel). Identical amounts of the proteins were precipitated with mAb66 bound
to protein A-Sepharose in the presence or absence of SF3a66 and/or SF3a120 as indicated above the figure. Bound proteins were separated by
SDS-PAGE and visualized by silver staining (right panel). The positions of SF3a120, SF3a66, and the IgG heavy and light chains are indicated.
Arrows point to 3a60-N2 and -N3, which bound inefficiently to SF3a120, and to 3a60�1 migrating just above the IgG heavy chain. The migration
of molecular mass standards (in kilodaltons) is indicated to the left of each panel. (B) GST pull-down. Recombinant SF3a proteins (as indicated
above the figure) were either loaded directly onto a SDS-polyacrylamide gel or incubated with GST-SF3a66 and SF3a120. Before elution of bound
proteins, the gluthathione agarose was washed with buffer containing 100 or 400 mM NaCl as indicated. Arrows indicate full-length SF3a60,
3a60-N1, and 3a60-N2. The positions of SF3a120 and GST-SF3a66 are shown on the right, and the migration of molecular mass standards (in
kilodaltons) is indicated on the left.
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chain. When recombinant SF3a subunits were preincubated
with the 15S U2 snRNP, SF3a60 was efficiently bound in all
combinations tested (lanes 8, 11, 12, and 14). Binding of
SF3a66 was barely detectable; however, it was clearly precipi-
tated in the presence of SF3a60 and SF3a120 (lane 14). Al-
though SF3a120 comigrated with the 120-kDa protein present
in the 15S U2 snRNP fraction, the intensity of the 120-kDa
band was increased in immunoprecipitations performed in the
presence of SF3a60 and/or SF3a66 (as confirmed by quantifi-
cation of the bands; data not shown), suggesting that SF3a120
is incorporated into the 15S U2 snRNP in the presence of the
other subunits (lanes 12 to 14). These results are in agreement
with the data presented in Fig. 5A, in that a low degree of
coprecipitation of SF3a66 and SF3a120 by anti-SF3b155 cor-
relates with weak changes in the mobility of the 15S U2
snRNP. Only SF3a60 is efficiently bound to the 15S U2 snRNP
in the absence of the other subunits, suggesting that it plays a
major role in the recruitment of at least SF3a120 into the U2
snRNP.

The C terminus of SF3a60 including the zinc finger domain
is essential for the formation of the 17S U2 snRNP. To deter-
mine sequences in SF3a60 required for integration into the 17S
U2 snRNP, SF3a60 deletion mutants were incubated with the
15S U2 snRNP, either alone or in combination with SF3a66
and/or SF3a120, and tested in mobility shift assays. SF3a60
proteins with N-terminal deletions caused mobility shifts sim-
ilar to full-length SF3a60 when incubated with the 15S U2
snRNP alone (Fig. 5C, lanes 1, 5, and 9) or in the presence of
SF3a66 (lanes 2, 6, and 10), indicating that amino acids 1 to
322 of SF3a60 are dispensable for binding to the 15S particle.
However, deletion of more than 10 N-terminal amino acids
negatively affected the ability of the truncated proteins to shift

the 15S U2 snRNP in the presence of SF3a120 or SF3a66 and
SF3a120. Whereas 3a60-N1 behaved as full-length SF3a60
(cf. lanes 3 and 4 in Fig. 5C to lanes 7 and 9 in Fig. 5A), the
conversion of the 15S U2 snRNP into complexes of slower
mobility was reduced upon incubation with 3a60-N2 (cf. lanes
7 and 8 in Fig. 5C with lanes 7 and 9 in Fig. 5A) and highly
impaired in the presence of 3a60-N3 (cf. lanes 11 and 12 in Fig.
5C to lanes 7 and 9 in Fig. 5A). These data show that the N
terminus of SF3a60 is not necessary for interaction with the
15S U2 snRNP per se. However, because this region is re-
quired for binding of SF3a60 to SF3a120 (Fig. 3), we conclude
that the interaction between the two proteins is important for
the formation of the 17S U2 snRNP.

Incubation of the 15S U2 snRNP with SF3a60 proteins de-
leted for C-terminal sequences (C1 to C4) did not promote
mobility changes in any combination tested (Fig. 5C, lanes
13 to 28), suggesting that the C-terminal 100 amino acids of
SF3a60 are essential for its association with the 15S U2
snRNP. (Please note that in control reactions, similar to those
presented in Fig. 5A, shifts of the 15S U2 snRNP in the pres-
ence of full-length SF3a60 and SF3a66 or SF3a60 and SF3a120
were less pronounced than those seen in Fig. 5A.) To test
whether the zinc finger domain in the C-terminal region is
involved in binding of SF3a60 to the 15S U2 snRNP, proteins
with internal deletions covering the zinc finger domain and
neighboring sequences were examined. Incubation of the 15S
U2 snRNP in the presence of SF3a60 lacking only the zinc
finger domain (�2, lanes 33 to 36), the region N terminal of
this motif (�3, lanes 37 to 40), or the entire zinc finger region
(�4, lanes 41 to 44) did not significantly change the mobility of
the 15S particle regardless of whether SF3a66 or SF3a120 were
present. These data show that the zinc finger and 30 amino
acids N terminal to this domain are essential for binding of
SF3a60 to the U2 snRNP. Moreover, although all SF3a60
proteins with C-terminal truncations or internal deletions of
the zinc finger region bound SF3a120 (Fig. 3), this interaction
apparently does not suffice to stably tether SF3a60 to the U2
snRNP.

Finally, we tested whether the region of high homology in
metazoan SF3a60 (�1) was necessary for recruitment into the
U2 snRNP. Deletion of these sequences did not impair binding
of SF3a60 to the 15S particle in any combination tested (Fig.
5C, lanes 29 to 32), indicating that this region is dispensable for
the formation of the 17S U2 snRNP.

The zinc finger domain of SF3a66 is required for 17S U2
snRNP formation. Analysis of truncated derivatives of SF3a66
demonstrated that the region encompassing the C-terminal
heptad repeats (N1) did not interact with the 15S U2 snRNP
nor promote the formation of the 17S U2 snRNP in the pres-
ence of the other subunits (Fig. 5D, lanes 1 to 4), because all
mobility shifts resembled those generated in the absence of
SF3a66 in the control reactions (Fig. 5A). In contrast, SF3a66
proteins containing the N-terminal 216 or 258 amino acids (C1
and C2) bound to the 15S U2 snRNP either alone or in the
presence of SF3a60 or SF3a120 and converted it into a com-
plex of slower mobility in the presence of both subunits (lanes
5 to 12). Surprisingly, this complex migrated faster than the
17S U2 snRNP assembled in control reactions with full-length
SF3a66. Because complexes formed in the absence of SF3a66
migrated at the same position as the mature 17S particle (cf.

FIG. 4. The N-terminal half of SF3a66 is required and sufficient for
binding to SF3a120. The recombinant SF3a66 proteins indicated above
the figure were separated by SDS-PAGE and transferred to nitrocel-
lulose. The membrane was incubated with in vitro-translated [35S]me-
thionine-labeled SF3a120 (see Fig. 2) and bound SF3a120 was visual-
ized by autoradiography (top). Input proteins separated in a parallel
gel were visualized by Western blotting with antipolyhistidine antibod-
ies (bottom). The migration of molecular mass standards (in kilodal-
tons) is indicated to the left of each panel.
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FIG. 5. The zinc finger domains in SF3a60 and SF3a66 are required for their integration into the active 17S U2 snRNP. (A) SF3a purified from
HeLa cells (�), buffer (�), or recombinant SF3a subunits, as indicated above the figure, were incubated under splicing conditions with partially
purified 15S U2 snRNP in the presence of a 5�-end-labeled oligoribonucleotide complementary to the 5� end of U2 snRNA. RNP complexes were
separated in a native 4% polyacrylamide gel at room temperature and exposed to X-ray film. The positions of the 15S and 17S U2 snRNPs are
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lanes 7 and 9 in Fig. 5A), it is unlikely that the smaller sizes of
3a66-C1 and -C2 are responsible for the faster migration. Pos-
sibly, the conformation of these truncated proteins is such that
their incorporation into the U2 snRNP results in an aberrant
mobility of the particle. As shown below, both proteins were
active in prespliceosome assembly, suggesting that the U2
snRNP formed in their presence is functional. Incubation of
3a66-C3 with the 15S U2 snRNP in the absence or presence of
the other subunits resulted in barely detectable mobility shifts
(lanes 13 to 16). However, the complex formed together with
SF3a60 and SF3a120 migrated similarly to the complex assem-
bled in the corresponding reactions with 3a66-C1 and -C2 (cf.
lane 16 with lanes 8 and 12). Moreover, 3a66-C3 contains all
sequences present in 3a66-C1 and -C2 and is active in prespli-
ceosome assembly, suggesting that 3a66-C3 is incorporated
into the U2 snRNP. Similar to what we observed with SF3a60,
deletion of the zinc finger domain of SF3a66 (�Zn) abolished
the interaction with the 15S U2 snRNP regardless of the pres-
ence of the other subunits (lanes 17 to 20), since all charac-
teristic mobility shifts generated in the presence of SF3a66 in
the control reactions (Fig. 5A) were absent. Therefore, the zinc
finger domain of SF3a66 represents at least one site of inter-
action with the 15S U2 snRNP and is required for the forma-
tion of the 17S U2 snRNP.

Assembly of presplicing complex A requires all SF3a sub-
units. Presplicing complex A forms upon binding of the 17S U2
snRNP to the pre-mRNA (3). This reaction can be reproduced
in vitro by incubation of the 12S U2 snRNP, SF3b, and SF3a
with other partially purified splicing factors (U1 snRNP,
U2AF, SF1, and SR proteins) (8, 33). Complex A and a small
amount of splicing complexes B and C were assembled in a
control reaction with HeLa cell nuclear extract (Fig. 6, lane 2).
In the reconstituted system, complex A was efficiently formed
in the presence of HeLa SF3a (lane 3), but not in its absence
(lane 4). When HeLa SF3a was exchanged for recombinant
full-length subunits, complex formation occurred only in the
presence of all three proteins (lane 11). These results clearly
demonstrate that the recombinant SF3a subunits can assemble
into a functional SF3a heterotrimer and all subunits are essen-
tial for spliceosome assembly.

Sequences in SF3a60 and SF3a66 necessary for binding to
SF3a120 and assembly of the 17S U2 snRNP are essential for
prespliceosome formation. To analyze sequences in SF3a60
and SF3a66 required for A complex formation, truncated pro-
teins or proteins with internal deletions were added to the
reconstitution reaction together with the remaining two sub-
units. In the presence of 3a60-N1, two minor complexes
formed, one migrating more slowly, the other faster than com-
plex A (Fig. 6, lane 12). We have not investigated the nature of
these complexes; however, since 3a60-N1 interacted weakly

with SF3a120 and promoted the formation of the 17S U2
snRNP (Fig. 3 and 5), an inefficient assembly of complex A (or
related complexes) may be expected. Further deletion of N-
terminal sequences (N2 and N3) completely abolished the abil-
ity of the proteins to participate in A complex formation (Fig.
6, lanes 13 and 14). The same result was obtained with all
C-terminal deletions (C1 to C4, lanes 15 to 18), and proteins
carrying deletions in the zinc finger region (�2 to �4, lanes 20
to 22). Only the deletion of the conserved internal region (�1,
lane 19) was without effect on A complex assembly. Together,
these results demonstrate that the N-terminal sequences re-
quired for stable interaction of SF3a60 with SF3a120 and the
zinc finger region, which is necessary for incorporation of SF3a
into the 17S U2 snRNP, are essential for SF3a60 function in
spliceosome assembly.

Sequences in SF3a66 necessary for A complex assembly are
confined to the N-terminal 216 amino acids (N1 and C1 to C3;
Fig. 6, lanes 23 to 26), and the zinc finger domain is also
required for this reaction (�Zn, lane 27). Thus, the N-terminal
half of SF3a66 is essential and sufficient for its function at early
steps of splicing and again, no role for the C-terminal heptad
repeats could be established. In conclusion, all domains in
SF3a60 and SF3a66 that participate in the formation of the
SF3a heterotrimer and the incorporation of SF3a into the
mature U2 snRNP are essential for the assembly of the pre-
spliceosome.

Recombinant SF3a66 and SF3a120 bind nonspecifically to
RNA. The SF3a subunits contact a region upstream of the
intron branch site in isolated prespliceosomes in a sequence-
independent manner (22). When SF3a purified from HeLa
cells was used in UV cross-linking assays in the absence of
other splicing factors, none of the subunits bound to RNA (8).
This raised the question of whether the SF3a subunits bound
pre-mRNA only in the presence of other splicing components
or whether the concentration of purified SF3a was insufficient
for detection of protein-RNA interactions. To address this
issue, recombinant SF3a subunits were incubated with a radio-
labeled pre-mRNA derived from the AdML transcription unit
in the absence of other components. Proteins were UV cross-
linked to RNA and separated by SDS-PAGE after digestion of
unprotected RNA. As shown in Fig. 7A, SF3a66 and SF3a120
cross-linked to the pre-mRNA, whereas SF3a60 did not, even
when tested in the presence of SF3a66 and/or SF3a120. Thus,
SF3a60 appears to bind RNA only in the context of the
prespliceosome (22), suggesting that components other than
SF3a66 and SF3a120 are necessary for its binding to pre-
mRNA. Binding of SF3a66 and SF3a120 was not sequence
specific, since both proteins also cross-linked to a control RNA
derived from vector sequences (data not shown). This result is
consistent with the sequence variability of the anchor site (22).

indicated to the left. (B) Recombinant SF3a subunits were incubated with the 15S U2 snRNP in the combinations shown above the figure and
subjected to immunoprecipitation with anti-SF3b155 antibodies coupled to protein G-Sepharose (lanes 6 to 14). Precipitation of the 17S U2 snRNP
served as a control (lane 15). Input (lanes 1 to 5) and bound proteins were separated by SDS-PAGE and stained with silver. The positions of
SF3b155, SF3b145, and SF3b130 are indicated by a bracket labeled 3b. Recombinant SF3a proteins and SF3a subunits associated with the 17S U2
snRNP are indicated by arrows and lines, respectively. The migration of molecular mass standards (in kilodaltons) is indicated to the left. (C)
Derivatives of SF3a60 were incubated with the 15S U2 snRNP and recombinant full-length SF3a66 and SF3a120 as indicated above the figure. The
analysis of RNP complexes was performed as in panel A, except that the complexes were resolved at 4°C. (D) Derivatives of SF3a66 were incubated
with the 15S U2 snRNP and recombinant full-length SF3a60 and SF3a120 as indicated above the figure. The analysis of RNP complexes was
performed as in panel A.
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Analysis of mutant proteins by UV cross-linking showed that
deletion of the N-terminal 257 amino acids of SF3a66 (N1)
completely abolished RNA binding, whereas SF3a66 deleted
for C-terminal sequences (C1 to C3) bound to RNA (Fig. 7B).
SF3a66 lacking the zinc finger domain (�Zn) cross-linked to
RNA; however, it did so consistently less efficiently than pro-
teins containing this domain. Thus, similar to other functions
tested, sequences essential for RNA binding of SF3a66 are
restricted to the N-terminal half of the protein. The zinc finger
domain is dispensable for RNA binding, but may contribute to
binding efficiency.

DISCUSSION

As a first step toward understanding the roles of individual
SF3a subunits, recombinant SF3a60, SF3a66, and SF3a120
have been expressed in insect cells. Purified recombinant pro-
teins readily formed the SF3a heterotrimer, which behaved
identically to SF3a purified from HeLa cells. All subunits are
essential for the assembly of the 17S U2 snRNP and for the
function of SF3a in prespliceosome formation.

Interactions between SF3a subunits and with the 15S U2
snRNP. Recombinant SF3a subunits interacted with each
other as predicted from previous studies (6, 13, 31): SF3a60
and SF3a66 bound to SF3a120, but did not associate with one
another (Fig. 3 and 4). Moreover, the binding of SF3a60 or
SF3a66 to SF3a120 was not influenced by the presence of the
third subunit (data not shown), suggesting that SF3a60 and
SF3a66 probably do not contact each other within the SF3a
heterotrimer.

Earlier analyses showed that SF3a does not associate with
either SF3b or the 12S U2 snRNP alone, but only binds to the
15S U2 snRNP (7, 33). In the present study, single SF3a sub-

units were shown to interact with the 15S U2 snRNP indepen-
dently, resulting in subunit-specific mobility changes of the
particle (Fig. 5A), which suggests the existence of different
binding sites for each subunit in the 15S U2 snRNP. The
combined results of the mobility shift assay and coimmunopre-

FIG. 6. The N-terminal regions and the zinc finger domains of SF3a60 and SF3a66 are essential for prespliceosome formation. The assembly
of presplicing complex A was tested in the presence of buffer (�), HeLa cell nuclear extract (NE), or fractions containing partially purified SF1,
U1 snRNP, the 12S U2 snRNP, U2AF, and SF3b. HeLa cell SF3a or recombinant proteins were added as indicated. Splicing complexes were
separated in a native 4% polyacrylamide gel. The positions of pre-mRNA, complex H, presplicing complex A, and splicing complexes B and C are
indicated on the left.

FIG. 7. Recombinant SF3a66 and SF3a120 bind RNA. Full-length
SF3a60, SF3a66, and SF3a120 (A) or full-length and mutant SF3a66
proteins (B) were UV cross-linked to synthetic [
-32P]UTP-labeled
RNA, treated with RNases A and T1, and separated by SDS-PAGE.
The gel was dried and exposed to X-ray film. The positions of SF3a66
and SF3a120 are shown. Asterisks indicate binding of unrelated pro-
teins. Molecular mass standards (in kilodaltons) are shown on the left.
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cipitation of the SF3a subunits with the 15S U2 snRNP by
anti-SF3b155 suggest that SF3a60 binds efficiently to the 15S
U2 snRNP, but interactions of SF3a66 and SF3a120 with the
particle are weak (Fig. 5A and B). Binding was not consider-
ably strengthened when the 15S U2 snRNP was incubated with
combinations of SF3a60 and SF3a66 or SF3a66 and SF3a120,
indicating that these subunits do not, or only weakly, influence
each other’s interaction with the 15S U2 snRNP. In contrast,
the 15S U2 snRNP was quantitatively converted into more
slowly migrating complexes in the presence of SF3a60 and
SF3a120, and both subunits were precipitated with the 15S U2
snRNP by anti-SF3b155. These results suggest that the binding
of SF3a120 to the U2 particle is stabilized by its interaction
with SF3a60. In support of this, an intact SF3a120 binding site
of SF3a60 is required for efficient formation of the 17S U2
snRNP. Although a large proportion of the particles formed in
the presence of SF3a60 and SF3a120 migrated at the position
of the 17S U2 snRNP, these particles did not support prespli-
ceosome assembly (Fig. 6). SF3a66 was required to convert the
U2 snRNP into its active form, most likely through stabiliza-
tion of existing interactions and/or a conformational change
within the particle to promote the interaction of the U2 snRNP
with the intron branch site.

In summary, our results indicate that SF3a60 plays a major
role in recruiting SF3a120 into the U2 snRNP. Weak interac-
tions of SF3a66 and SF3a120 with specific binding sites in the
15S U2 snRNP appear to be stabilized through protein-protein
contacts within the SF3a heterotrimer, and all three subunits
fulfill essential functions in the assembly of the active U2 snRNP.

Functional domains in SF3a60. Analysis of SF3a60 proteins
with N- or C-terminal or internal deletions revealed a modular
structure of functional domains. The N-terminal portion inter-
acts with SF3a120, whereas the C-terminal region (including
the zinc finger and sequences immediately N terminal to this
domain) establishes direct contacts with the 15S U2 snRNP.
Both regions are required for the assembly of the prespliceo-
some.

SF3a60 binds SF3a120 through its N-terminal 107 amino
acids (Fig. 2 and 3), extending previous results that deletion of
the N-terminal 92 amino acids abolished the interaction with
SF3a120 (13). An essential binding site is located between
amino acids 35 and 107 of SF3a60, whereas the N-terminal 34
amino acids appear to stabilize the interaction with SF3a120.
At present, we cannot predict specific amino acids in SF3a60
that mediate binding to SF3a120. The N-terminal region of the
protein does not contain any protein motifs indicative of a role
in protein-protein interactions, and only a few, relatively short
stretches of high sequence conservation are apparent in mul-
tiple sequence alignments (see the introduction). The N-ter-
minal 25 amino acids of human SF3a60 are well conserved in
all homologues, making this region a good candidate for a site
that stabilizes the SF3a60-SF3a120 interaction. Mutational
analysis of S. cerevisiae Prp9p has shown that amino acids 78
and 177 are required for binding to Prp21p (37). Amino acid
78 of Prp9p is conserved in metazoan and yeast SF3a60 coun-
terparts and is present in a block of relatively high sequence
similarity corresponding to amino acids 77 to 97 of human
SF3a60, suggesting that this region may represent (at least)
one binding site. In contrast, amino acid 177 of Prp9p lies

outside of the region that is sufficient for the SF3a60-SF3a120
interaction and is not conserved.

N-terminal sequences are not essential for direct physical
contact between SF3a60 and the 15S U2 snRNP, but appear to
stabilize the incorporation of both SF3a60 and SF3a120 into
the mature U2 particle (Fig. 5C). Binding of SF3a60 to the 15S
U2 snRNP is established through sequences located at the C
terminus encompassing the C2H2 zinc finger domain. SF3a60
with an internal deletion of the zinc finger domain failed to
bind to the U2 snRNP, whether or not the remaining subunits
were present. This result is consistent with findings with S. cer-
evisiae, in which deletion of the second zinc finger domain of
Prp9p (which corresponds to the single zinc finger domain in
metazoan and plant SF3a60) resulted in a dominant lethal
phenotype (37). Based on this and other results, Legrain et al.
(37) proposed that the Prp9p zinc finger binds to a factor X.
Given our finding that the zinc finger domain of human SF3a60
is required for binding to the U2 particle, factor X most likely
represents a component of the yeast equivalent of the 15S U2
snRNP.

In addition to the zinc finger domain, 30 amino acids N
terminal to this domain appear to participate in the binding
of SF3a60 to the 15S U2 snRNP. These sequences are highly
conserved among all SF3a60 homologues. Moreover, the re-
gion encompassing the SF3a60 zinc finger domain and the N-
terminal conserved sequences is exchangeable for the corre-
sponding sequences in Prp9p (30), suggesting that this entire
region carries out an evolutionarily conserved and crucial func-
tion. How the sequences N terminal to the zinc finger domain
contribute to 15S U2 snRNP binding is not known. Since these
sequences are necessary for binding of SF3a60 to the 15S U2
snRNP in the absence of the other subunits, they could either
be directly involved in contacts with 15S U2 snRNP compo-
nents or stabilize interactions mediated by the zinc finger do-
main. As noted previously (30, 35; data not shown), �13 amino
acids N terminal to the SF3a60 zinc finger domain are well
conserved with the corresponding sequences in SF3a66. Al-
though we have not tested whether these sequences are nec-
essary for the binding of SF3a66 to the 15S U2 snRNP, we be-
lieve this is highly likely, given that the zinc finger domains of
both proteins are essential for incorporation into the mature
U2 snRNP. Whether additional sequences N or C terminal to
the SF3a60 zinc finger region contribute to U2 snRNP binding
remains to be tested.

No function could be attributed to an internal sequence that
is highly conserved in metazoans and A. thaliana SF3a60 (39;
see the introduction). Homologues from S. cerevisiae, S. pombe,
and N. crassa contain a second C2H2 zinc finger domain in the
corresponding region (35; see the introduction). When the
cysteine and histidine residues within this domain of S. cerevi-
siae Prp9p were mutated, only a substitution of the first histi-
dine destroyed the function of the protein (35), but the role of
this domain is unknown. The divergence of the internal se-
quences could indicate specialized functions specific to lower
eukaryotes and metazoans. Nevertheless, the internal region of
human SF3a60 is dispensable for prespliceosome assembly,
and whether it plays a role in later steps in the splicing reaction
or for the regulation of SF3a60 activity remains to be tested.

Functional domains in SF3a66. The N-terminal 216 amino
acids of SF3a66 are necessary and sufficient for the interaction
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with SF3a120 and the 15S U2 snRNP, prespliceosome assem-
bly, and RNA binding (Fig. 4, 5D, 6, and 7). Interestingly, in
multiple sequence alignments, the entire sequences of S. pombe
and S. cerevisiae SF3a66 extend only two and six amino acids,
respectively, beyond amino acid 216 of human SF3a66. These
data support our definition of the N-terminal region of SF3a66
as containing all domains required for function in the basic
splicing reaction, which is conserved from yeast to humans.

Furthermore, our results clearly show that the zinc finger
domain of SF3a66, similar to that of SF3a60, plays a crucial
role in direct binding to the 15S U2 snRNP. This feature
appears to be conserved in S. cerevisiae, since Prp11p with a
deletion of its zinc finger domain exhibited a dominant lethal
phenotype (36). Because deletion of the SF3a66 zinc finger
domain resulted in a reduction in general RNA binding (Fig.
7), this domain could also participate in the binding of SF3a66
to the pre-mRNA (22). The C-terminal half of human SF3a66,
comprising 22 heptad repeats (6), is dispensable for all func-
tions tested. Given the divergence of the C-terminal sequences
between mammals, other metazoans, and plants and their ab-
sence in S. cerevisiae and S. pombe, it is possible that these
regions function in regulatory events that differ from one or-
ganism to another.

Potential targets in the 15S U2 snRNP for interaction with
the SF3a60 and SF3a66 zinc finger domains. Zinc finger do-
mains were initially identified as nucleic acid-binding domains;
however, a number of zinc fingers (including those of the C2H2

type) mediate protein-protein interactions (for review, see ref-
erence 38). We favor the hypothesis that the zinc finger do-
mains of SF3a60 and SF3a66 contact protein components of
the 15S U2 snRNP for the following reason. The zinc finger
domains of the two proteins are related to the zinc finger
domain in the U1 snRNP-specific protein C (30, 35). U1 C
does not bind to naked U1 snRNA, but requires the U1 70,000-
molecular-weight (70K) protein for association with the core
U1 snRNP, which consists of the seven Sm proteins bound to
U1 snRNA (41, 42). Incorporation of U1 C into the U1 snRNP
is mediated by its zinc finger domain, and chemical cross-
linking revealed interactions between U1 C and the Sm pro-
teins B and B� (41, 42). In analogy to these results, we propose
that the incorporation of SF3a into the U2 snRNP occurs
through protein-protein interactions of the zinc finger domains
of SF3a60 and SF3a66 with one or more of the Sm proteins.
Our results suggest that SF3a60 and SF3a66 have distinct bind-
ing sites within the 15S U2 snRNP. As the Sm proteins share
a common evolutionarily conserved domain (14, 25, 47), con-
tacts of the zinc finger domains of SF3a60 and SF3a66 with
different Sm proteins can be envisioned. The fact that direct
interactions between the SF3a subunits and Sm proteins have
not been reported does not contradict our hypothesis. As pre-
viously suggested (33), binding of SF3b to the 12S U2 snRNP
may induce a conformational change in the structure of the Sm
domain of the U2 snRNP, thus generating a favorable platform
for binding of SF3a. Interactions of one or more SF3a subunits
with the Sm domain of the U2 snRNP are also compatible with
biochemical and electron microscopic studies indicating that
SF3a primarily binds to the 3� portion of the U2 snRNP (33).
The Sm-related protein Lsm4p has recently been found as a
partner of Prp11p in a two-hybrid screen (20). Although do-
mains that mediate the Prp11p-Lsm4p interaction have not been

reported, this finding may be taken as further evidence that an
interaction between SF3a66 (or SF3a60) and Sm or Sm-like
proteins would in principal be possible.

Interactions of SF3a60 and SF3a66 with Sm proteins would
not exclude contacts with other proteins, for example, the sub-
units of SF3b or the U2 snRNP-specific A� and B� proteins. To
date, a physical interaction between S. cerevisiae Prp9p and
Rse1p (the homologue of SF3b130) (10, 16, 40) has been dem-
onstrated in a two-hybrid screen (19), and Prp11p interacts
genetically with Cus1p (the homologue of SF3b145) (51).

The zinc finger domains of SF3a60 and SF3a66 could also
bind directly to U2 snRNA; however, we consider this possi-
bility less likely. Although all SF3a subunits bind to the pre-
mRNA in the context of the spliceosome (22), and recombi-
nant SF3a66 and SF3a120 cross-link to RNA in the absence of
other components (Fig. 7), our finding that the zinc finger do-
main of SF3a66 is not essential for RNA binding argues against
an interaction of the zinc finger domain with the U2 snRNA.
The yeast counterparts of the SF3a subunits interact geneti-
cally with U2 snRNA (45, 50, 55); however, these interactions
could be indirect and, for example, be mediated via SF3b sub-
units (51, 55). Also, we never observed cross-linking of any SF3a
subunit to synthetic U2 snRNA under conditions in which
cross-links with SF3b subunits were readily detected (K. Grön-
ing and A. Krämer, unpublished observation).

In the present study, we have analyzed functions and func-
tional domains of single polypeptides of a multisubunit splicing
factor by testing recombinant proteins in in vitro reconstitution
assays. With the system described, it should also be possible to
dissect functional domains in SF3a120 and address the roles of
individual subunits of SF3b. In addition, our analysis could be
extended to reveal functions of individual SF3a or SF3b sub-
units at later steps of the splicing reaction.
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