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In human and Saccharomyces cerevisiae
pre-mRNA splicing factor SF1
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ABSTRACT

The modular structure of splicing factor SF1 is conserved from yeast to man and SF1 acts at early stages of
spliceosome assembly in both organisms. The hnRNP K homology (KH) domain of human (h) SF1 is the major
determinant for RNA binding and is essential for the activity of hSF1 in spliceosome assembly, supporting the view

that binding of SF1 to RNA is essential for its function. Sequences N-terminal to the KH domain mediate the inter-
action between hSF1 and U2AF 55, which binds to the polypyrimidine tract upstream of the 3 " splice site. Moreover,
yeast (y) SF1 interacts with Mud2p, the presumptive U2AF  ® homologue in yeast, and the interaction domain is
conserved in ySF1. The C-terminal degenerate RRMs in U2AF 5 and Mud2p mediate the association with hSF1 and
ySF1, respectively. Analysis of chimeric constructs of hSF1 and ySF indicates that the KH domain may serve a similar
function in both systems, whereas sequences C-terminal to the KH domain are not exchangeable. Thus, these results

argue for hSF1 and ySF1, as well as U2AF %5 and Mud2p, being functional homologues.
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INTRODUCTION pre-mRNA to the splicing pathway. The initial stage in

spliceosome assembly has first been defined in the
The removal of introns from nuclear pre-mRNA is cat- yeast system, where two commitment Comp|exes (CC)
alyzed by a multicomponent complex, the spliceosome,  can be distinguished (Legrain et al., 1988; Ruby & Abel-
which consists of small nuclear ribonucleoprotein par- son, 1988; Séraphin & Rosbash, 1989, 1991). The for-
ticles (snRNPs) and numerous proteins (reviewed in mation of CC1 requires the 5’ splice site, whereas the
Moore et al., 1993; Madhani & Guthrie, 1994; Kramer,  conversion to CC2 requires, in addition, the presence
1996). These components interact with the pre-mRNA  of the branch site sequence UACUAAC. This sequence
and with one another in a highly dynamic fashion. The s highly conserved in yeast and usually is located 15-50
assembly of the active Spliceosome progresses through nt upstream of the 3’ Sp|ice site (Rymond & Rosbash,

several well-defined intermediate complexes and fi-  1992; J.-C. Rain, unpubl. obs.). Sequences downstream
nally results in intron excision by two transesterification  of the branch site appear to be dispensable for this
reactions. step (Rymond & Rosbash, 1985). Commitment of the

Spliceosome assembly and catalys.is are well con- pre-mRNA to the splicing pathway has also been an-
served from yeast to mammals and in both systems  alyzed in vivo in an indirect assay for pre-mRNA export
the earliest stages of the reaction are important for the  from the nucleus (Legrain & Rosbash, 1989), where
selection of the splice sites and the commitment of the  export reflects the failure of intron recognition by the
splicing machinery. With this assay, it has been dem-

Reprint requests to: Angela Kramer, Département de Biologie Cel- onstrated that a U residue at the position preceding the
lulaire Sciences llI, Unive_rsité de Genévge, 30 quai Ernest-Anseert, UACUAAC sequence is preferred over other nucleo-
CH-1211 Geneve 4, Switzerland; e-mail: angela.kraemer@cellbio. tides for intron recognition (Rain & Legrain, 1997)' This

unige.ch. ] - ; k
*The first three authors contributed equally to the work. U residue is conserved in natural yeast introns.
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In the mammalian system, a comparable complex,
pre-splicing complex E, has been identified (Michaud &
Reed, 1991, 1993; Jamison et al., 1992). Although the
5’ splice site is of less importance than in the yeast
system, formation of complex E is more efficient in the
presence of both 5" and 3’ splice sites. In addition,
mammalian introns usually contain a polypyrimidine tract
upstream of the 3’ splice site that is necessary for the
formation of complex E. The mammalian branch site
sequence YNCURAY is less well conserved than that
in yeast introns (Keller & Noon, 1984; Green, 1986)
and is apparently required only after the assembly of
complex E (Champion-Arnaud et al., 1995).

During the formation of the mammalian complex E, U1
snRNP associates with the 5’ splice site and the large
subunit of splicing factor U2AF (U2AF®°) binds to the
polypyrimidine tract (Michaud & Reed, 1991, 1993; Ben-
nett et al., 1992; Zamore et al., 1992). U2AF®° also con-
tacts the branch site directly (Gaur et al., 1995; Valcéarcel
et al., 1996). Members of the SR family of splicing pro-
teins (Fu, 1995) facilitate these interactions by binding
to the pre-mRNA and engaging in protein—protein inter-
actions between the U1 snRNP-specific 70K protein and
U2AF35 (Wu & Maniatis, 1993; Kohtz et al., 1994; Stak-
nis & Reed, 1994). In yeast, U1 snRNP binds to the 5’
splice site during the formation of CC1 (Séraphin & Ros-
bash, 1989). CC2 contains, in addition to U1 snRNP,
Mud2p, a protein identified in a screen for synthetic le-
thality with a mutation in U1 snRNA (Abovich et al., 1994).
Mud2p is not tightly associated with U1 snRNP and con-
tacts the pre-mRNA directly in the presence of a func-
tional branch site sequence. In addition, Mud2p is directly
or indirectly involved in the recognition of the U residue
immediately upstream of the branch site (Rain & Le-
grain, 1997).

Amino acid sequence comparisons suggested that
Mud2p is distantly related to U2AF®®, which contains
an N-terminal arginine—serine-rich (RS) domain and
three RNA recognition motifs (RRMs, see Fig. 1; Zamore
et al, 1992; Abovich et al., 1994). The first two
RRMs are consensus RRMs, whereas the third one is
degenerate (Birney et al., 1993). These features are
conserved in U2AF® homologues in Drosophila, Cae-
norhabditis elegans, and Schizosaccharomyces pombe
(Kanaar et al., 1993; Potashkin et al., 1993; Zorio et al.,
1997). Mud2p lacks an RS domain and shows highest
homology to U2AF®® in the region of the degenerate
RRM3 (31% identity and 49% similarity, see Fig. 1;
Abovich et al., 1994).

We have previously purified human splicing factor
SF1 (hSF1) based on its activity in the formation of
pre-splicing complex A (Kramer, 1992). This complex
forms by binding of U2 snRNP and associated pro-
teins to complex E and involves base pairing of U2
snRNA with the branch site (reviewed in Hodges &
Beggs, 1994; Reed, 1996). Inspection of the amino
acid sequence of hSF1 (Arning et al., 1996) revealed
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FIGURE 1. Schematic representation of hSF1, ySF1, U2AF®, and
Mud2p proteins. Key structural conserved features are indicated by
shading and the amino acid positions are given in numbers below the
diagrams. Structural domains are Maxi-KH, maxi-KH domain (the
two shaded boxes represent the N- and C-terminal conserved por-
tions); RRM, RNA recognition motif; RS, arginine—serine-rich do-
main; Pro-rich, proline-rich region; Zn, zinc knuckle. RRM1 and RRM2
of U2AF®® are not conserved in Mud2p and thus are shaded differently.

the presence of a maxi-KH domain, a motif found in
a variety of proteins associated with RNA (Fig. 1; Si-
omi et al., 1993a; Musco et al., 1996), and a zinc
knuckle (of the consensus sequence Cys-X,-Cys-X,-
His-X,-Cys), which is a characteristic motif in retro-
viral nucleocapsid proteins (Darlix et al., 1995).
Consistent with the presence of these motifs, hSF1
was shown to bind RNA in a sequence-independent
fashion, although a preference for binding to guano-
sine or uridine-rich RNA was observed (Arning et al.,
1996). The C-terminal half of SF1 is rich in proline
residues and recently has been shown to be the tar-
get for binding of formin-binding proteins and the on-
cogene product abl (Bedford et al., 1997). Different
isoforms of hSF1 that are derived from alternatively
spliced mRNAs are expressed in various mammalian
cell types (Toda et al., 1994; Arning et al., 1996; Caslini
et al., 1997; Wrehlke et al., 1997). These isoforms
differ in the length of the proline-rich region and dis-
tinct C termini, the function of which is unknown. In
the putative yeast homologue of hSF1 (ySF1) that
was found in database searches (Fig. 1; 37% overall
identity and 55% similarity; Arning et al., 1996), the
maxi-KH domain is conserved and the yeast protein
contains two zinc knuckles instead of one in the hu-
man protein. ySF1 also contains a shorter proline-
rich C terminus, and the amino acid sequences of
hSF1 and ySF1 immediately N-terminal to the maxi-KH
domain are 47% identical over a stretch of 113 amino
acids.

Recently, this putative homologue was independently
found to interact with Mud2p in a synthetic lethal screen,
and termed BBP for “branch point bridging protein” (Abo-
vich & Rosbash, 1997), and in an exhaustive yeast
two-hybrid screen with Mud2p (Fromont-Racine et al.,
1997). In agreement with these findings, a direct phys-
ical interaction of ySF1 with Mud2p has been demon-
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strated by biochemical means (Abovich & Rosbash,
1997). Moreover, ySF1 functions in the formation, and
is part of the yeast CC2 complex and binds specifically
to the yeast branch site (Abovich & Rosbash, 1997;
Berglund et al., 1997). Similarly, h\SF1 contacts U2AF55,
it also binds to the branch site, albeit with a lower af-
finity than its yeast counterpart, and has been detected
in human complex E (Abovich & Rosbash, 1997; Berg-
lund et al., 1997).

Given the modular structure of SF1, the role of ySF1/
hSF1 in RNA binding, activity in spliceosome assembly,
and interaction with Mud2p/U2AF%°, we have performed
a mutational analysis of human and Saccharomyces ce-
revisiae SF1 to test whether functional domains are con-
served. We have also analyzed the regions in U2AF®°
and Mud2p that are responsible for direct contacts with
hSF1 and ySF1, respectively. Based on amino acid se-
quence similarities and functional characteristics, these
results confirm that ySF1 and hSF1, as well as Mud2p
and U2AF®°, are functional homologues.

RESULTS

The maxi-KH domain is required for binding
of hSF1 to RNA

To dissect functional domains in hSF1, N- or C-
terminally truncated proteins and proteins carrying in-
ternal deletions or point mutations were expressed in
Escherichia coli (Fig. 2A). Recombinant proteins con-
taining N-terminal Hisg-tags were purified by metal-
chelate chromatography and incubated with a synthetic,
uniformly labeled AdML pre-mRNA. The RNA-binding
activity of mutant proteins was tested in a UV cross-
linking assay. hSF1 lacking part or all of the proline-rich
C-terminal sequences (C5 and C4) efficiently bound to
RNA (Fig. 2B). In addition, C-terminal or internal dele-
tions of the zinc knuckle (C3 and AZn) or a point mu-
tation in the conserved histidine residue (data not
shown) were fully active in this assay. In contrast, a
C-terminal deletion of the maxi-KH domain (C2) abol-
ished RNA-binding activity. N-terminal deletions of up
to 93 amino acids (N1a and N1) were without effect on
RNA binding, but removal of the N-terminal 134 amino
acids (N2) resulted in a severe reduction in RNA bind-
ing. Further deletion of the maxi-KH domain (N4) ab-
rogated the binding of hSF1 to RNA.

Analysis of the solution structure of KH domains of
vigilin and FMR1 demonstrated that the domain con-
sists of a stable BaaBB« fold in which the three a-helices
are packed along the three-stranded antiparallel 3-sheet
(Musco et al., 1996, 1997). The two N-terminal a-helices
are connected by a flexible loop of five amino acids that
contains the highly conserved sequence GXXG. It has
been suggested that this loop represents the RNA-
binding surface of the domain with possible contribu-
tions of sequences in the neighboring a-helices. A
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second loop of variable length and sequence in differ-
ent KH domains separates B-sheets 2 and 3. The
C-terminal a-helix folds back onto the three-stranded
antiparallel B-sheet and is believed to contribute to the
stability of the KH fold by shielding the hydrophobic
core of the domain. To test whether the regions of the
KH domain that are separated by the variable loop are
required for RNA binding, they were individually de-
leted from hSF1. The RNA-binding activity of the mu-
tant proteins (AKH-N and AKH-C) was highly reduced,
indicating that both conserved regions of the maxi-KH
domain contribute to the binding to RNA. A function of
the KH domain in RNA binding was further analyzed
with point mutations in two highly conserved residues
(Musco et al., 1996). Changing a residue located in the
first flexible loop (G161D) reduced RNA binding to al-
most background levels (Fig. 2B), whereas the second
point mutation (L164N) located in a-helix 2 only had a
marginal effect. Taken together, these results indicate
that the maxi-KH domain is essential for the RNA-
binding function of hSF1.

Sequences of about 40 amino acids N-terminal to the
KH domain appear to contribute to RNA binding. How-
ever, we cannot rule out the possibility that the KH
domain in hSF1-N2 is not folded properly, because
vector-derived sequences immediately border the KH
domain. A role for the zinc knuckle in the interaction
with RNA could not be established. In summary, these
results locate the RNA-binding domain of hSF1 to amino
acids 94-278.

The maxi-KH domain and the N terminus
of hSF1 are essential for pre-splicing
complex assembly

We next asked which portions of hSF1 are essential for
the formation of pre-splicing complex A. In these ex-
periments, an SF1-depleted DS500 fraction obtained
from HeLa cell nuclear extracts (see Materials and Meth-
ods) was incubated in the presence of mutant SF1
proteins and spliceosome assembly was analyzed by
nondenaturing PAGE. The depleted DS500 fraction
shows residual activity in complex formation. For tech-
nical reasons, it was not possible to completely deplete
hSF1 without compromising complex assembly in the
reconstitution experiments. hSF1 with partial or com-
plete deletions of the proline-rich region (C5 and C4)
supported complex formation in a way similar to SF1
purified from HelLa cells, whereas an additional dele-
tion of the zinc knuckle (C3) showed slightly reduced
activity (Fig. 3A). Scanning of the autoradiographs and
comparison between the reaction performed in the pres-
ence of HelLa cell SF1 and those with mutant proteins
indicated a relative activity of 90-95% for C4 and C5,
whereas the activity of C3 was about 60% of the con-
trol. Further deletion of the maxi-KH domain (C2) re-
duced complex assembly to background levels. In
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FIGURE 2. Maxi-KH domain of hSF1 is essential for RNA binding. A: Full-length hSF1 and mutant derivatives are repre-
sented schematically as in Figure 1. Mutant hSF1 proteins carry an N-terminal Hisg-tag and contain the amino acids
indicated. B: Recombinant Hisg-tagged hSF1 proteins (0.2 ug each) were crosslinked to an in vitro-synthesized [3?P]
UTP-labeled RNA and separated in a 15% SDS polyacrylamide gel. The gel was dried and exposed to X-ray film.

addition, pre-splicing complex formation with hSF1
proteins carrying internal deletions of the maxi-KH do-
main was 10-20% of the control (AKH-N and AKH-C;
Fig. 3B). The point mutation G161D in the KH domain
is highly reduced in complex formation (10%) and the
mutation L164N shows decreased activity (50%). Con-
sistent with the activity of hSF1-C3, which lacks the
zinc knuckle in addition to the proline-rich region, an
internal deletion of this region (AZn) or a point mutation
of the conserved histidine (data not shown) are without
effect on the activity of hSF1 in spliceosome assembly.
These results are in agreement with the observations
made when the same mutant proteins were tested for
RNA-binding activity (see above). We conclude that
the maxi-KH domain is essential for both RNA binding

and activity in pre-splicing complex assembly. There-
fore, the RNA-binding activity of hSF1 is an important
feature for its function in spliceosome formation. Nei-
ther the zinc knuckle nor the proline-rich region of hSF1
appear to play a role during pre-spliceosome assem-
bly. Furthermore, the divergent C termini of different
hSF1 isoforms are dispensable for spliceosome assem-
bly, which is consistent with the observation that differ-
ent SF1 isoforms expressed in insect cells showed
similar activity in complex A formation (Arning et al.,
1996).

The activity of N-terminal deletion mutants hSF1-
Nla and N1 was low and only apparent at the highest
protein concentration tested (15-35% of the control;
Fig. 3C). hSF1-N2 and N4 were inactive in complex



Functional domains in human and yeast SF1

AN-HL| cs | c4 | c3 c2
S S D Ay Y e S -
B_

ATE e

N HL Nta | N1 | N2 N4
— | . —— .
B_
A—8
o EEL TR T .
H

formation. Thus, although N-terminal sequences up to
amino acid 93 are dispensable for binding to RNA, this
region of hSF1 is essential for spliceosome assembly,
suggesting an additional function of the N terminus of
hSF1.

The N termini of hSF1 and ySF1 are involved
in protein—protein interactions with U2AF 55
and Mud2p, respectively

The yeast orthologue of hSF1 was identified previously
in an exhaustive genomic two-hybrid screen performed
with yeast Mud2p as bait (Fromont-Racine et al., 1997).

555

B ~.

HL| akH-N | akH-C | azn | G161D| L18aN
- -

e e - —— —
B-§
- . .
e e L ]
H

FIGURE 3. Maxi-KH domain and the N terminus of hSF1 are nec-
essary for the assembly of pre-splicing complex A. Spliceosome
formation was tested in the presence of HelLa cell nuclear extract (N)
or a DS500 fraction supplemented with buffer (=), SF1 purified from
HelLa cells (HL), or increasing concentrations of recombinant hSF1
proteins (0.2-0.5 «g) as indicated above panels A, B, and C. Splicing
complexes were separated in nondenaturing 4% polyacrylamide gels.
The heterogeneous complex H, pre-splicing complex A, and splicing
complex B are indicated on the left. Results shown were reproduced
in several experiments.

Several ySF1 fragments were obtained as in-frame and
out-of-frame fusions to the GAL4 activation domain,
suggesting that the synthesis of low amounts of a por-
tion of ySF1 is sufficient for an interaction with Mud2p
and activation of reporter genes (Fig. 4). It has been
shown previously that out-of-frame fusions can indeed
be selected in two-hybrid screens via frameshifting
events (Fromont-Racine et al., 1997; Sourdive et al.,
1997). Analysis of the genomic ySF1 fragments ob-
tained in the two-hybrid screen showed that the short-
est region covered by all interacting fusion proteins
extended from amino acids 41 to 141 of ySF1 (Fig. 4;
corresponding to amino acids 28-128 of hSF1) and is
located N-terminal to the maxi-KH domain. As shown
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FIGURE 4. Characterization of the Mud2p-interaction domain of ySF1.
ySF1 genomic fragments selected in a two-hybrid screen performed
with Mud2p are indicated above a schematic view of the ySF1 se-
guence. Numbers of the first and last amino acids are indicated
relative to the initiation codon. The 3’ ends of the inserts starting at
amino acids 41 and 23 have not been determined to the nucleotide.
Out-of-frame fusions with the GAL4 domain are marked with —1 and
+1 for the two alternative reading frames. The thoroughness of the
screen can be evaluated from the number of independent clones
(indicated on the left) found in the screen.

above, this region is essential for spliceosome assem-
bly in the human system.

In a yeast genomic two-hybrid screen performed with
ySF1 as a bait, no clones encoding Mud2p were se-
lected (Fromont-Racine et al., 1997). Yeast Mud2p and
human U2AF55 are structurally related and have been
considered to be potential homologues (Abovich et al.,
1994). Thus, we performed a series of experiments to
test for direct contacts between U2AF®> and hSF1.
When the U2AF® cDNA was cloned into the two-
hybrid vector pACTII and analyzed for an interaction
with hSF1, no yeast transformants were obtained, sug-
gesting that U2AF%5 exhibits strong toxicity in yeast.
Therefore, hSF1, cloned into the two-hybrid vector
PAS2AA, was used in a two-hybrid screen of a human
liver cDNA library. Full-length hSF1 could not be used
as a bait due to a strong transcriptional activation in the
two-hybrid assay (data not shown). An hSF1 fragment
encoding amino acids 1-441 was used instead, and
about 15,000,000 interactions were tested using a mat-
ing strategy (Fromont-Racine et al., 1997). Of 117 col-
onies that grew on selective medium for the HIS3
reporter gene, 47 scored positive for the LacZ reporter.
Thirty-three of 45 sequenced clones corresponded to
fragments encoding U2AF®S. Interestingly, all frag-
ments were fused out of frame (both frames) to the
GAL4 activation domain, confirming the finding that an
in-frame construct encoding U2AF®® is toxic for yeast
cells.

The domain of hSF1 required for the interaction with
U2AF®® was analyzed in a far western assay. A crude
fraction derived from HeLa cell nuclear extracts con-
taining hSF1 (DS100; Kramer, 1992) and truncated
recombinant hSF1 proteins were separated by SDS-
PAGE, transferred to nitrocellulose, and incubated with
in vitro-translated [3®*S] methionine-labeled U2AF®°
(Fig. 5). Whereas no interaction is apparent with an
unrelated protein (SF3a60), in the DS100 fraction,

J.-C. Rain et al.
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FIGURE 5. N terminus of hSF1 is required for an interaction with
U2AF%5, SF1 partially purified from HelLa cells (DS100) or recombi-
nant hSF1 and hSF3a60 (as indicated above the figure) were sep-
arated in a 10% SDS polyacrylamide gel and blotted to nitrocellulose.
The membrane was incubated with [*®S] methionine-labeled GST-
U2AFS5, Top: Far western analysis. Bottom: Silver-stained SDS poly-
acrylamide gel of SF1 and SF3a60 proteins.

U2AF55 specifically binds to two proteins of ~67 and
75 kDa, which correspond to SF1 isoforms as con-
firmed by western blotting of the same filter with an
antibody directed against the N-terminal half of hSF1
(data not shown). Thus, the interaction demonstrated
in the two-hybrid screen can be reproduced in vitro.
The region in hSF1 required for the interaction with
U2AF*®5 was determined with truncated hSF1 proteins.
Both C-terminal hSF1 deletion mutants tested (C2 and
C4) bind U2AF®° efficiently, indicating that the N-terminal
137 amino acids of hSF1 are sufficient for an inter-
action between the two proteins. Deletion of 28 amino
acids or more from the N terminus of hSF1 (N1a, N1,
and N2) abolishes the hSF1/U2AF5® interaction, sug-
gesting that this region of hSF1 contributes to the bind-
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ing between the proteins. In a sequence alignment,
amino acid 28 of hSF1 corresponds to amino acid 41 in
ySF1, which has been defined as the N-terminal border
of the ySF1 Mud2p-interaction domain (see Fig. 4;
Fromont-Racine et al., 1997). The results presented in
Figure 5 suggest that either all or part of the N-terminal
28 amino acids of hSF1 are required for binding to
U2AF®5, It is, however, possible that the N terminus of
the mutant hSF1-N1la protein in the context of the re-
combinant protein is folded in a way that differs from
the wild-type protein, thus interfering with the proper
interaction between hSF1 and U2AF®°,

In summary, the data presented for the Mud2p and
U2AF55-interaction domains of ySF1 and hSF1, respec-
tively, are in good agreement. We conclude that se-
quences of the SF1 orthologues N-terminal of the
maxi-KH domain are necessary and sufficient for the
interaction with Mud2p and U2AF®°,

The C-terminal RRMs of U2AF %% and Mud2p
are essential for the interaction with
the SF1 orthologues

In the yeast two-hybrid screen with hSF1 as bait, the
smallest fragment of U2AF® identified encoded the
C-terminal region (residues 240—-475), which includes
part of RRM2 and the complete RRM3. Thus, this re-
gion of U2AF®* is sufficient for an interaction with hSF1
in vivo. To determine the domain in U2AF®® that is in-
volved in the binding to hSF1 more precisely, full-length
and truncated versions of U2AF®® were expressed as
GST-fusion proteins in E. coli(Fig. 6A). The proteins were
bound to glutathione agarose and incubated with in vitro-
translated [*°S] methionine-labeled hSF1. After wash-
ing, bound proteins were eluted with SDS sample
solution and separated by SDS-PAGE. Full-length
U2AF®° and N-terminal deletion mutants lacking 55 or
94 amino acids bound hSF1 to similar extents, whereas
proteins from which 45 or more C-terminal amino acids
had been removed or GST alone did not interact with
hSF1 (Fig. 6B). RNase-treated in vitro-translated hSF1
bound to the GST-U2AF®® proteins, suggesting that the
interaction is not mediated by RNA (data not shown). To
test whether RRM3 of U2AF%° was sufficient for binding
of hSF1, U2AF5° mutant proteins containing either part
of RRM2 and RRM3 (A1-287) or only RRM3 (A1-366)
were used. hSF1 bound to both proteins (Fig. 6B) and
the binding was affected in an identical way by increas-
ing the salt concentration in the wash buffer (data not
shown). The interaction was reduced in the presence of
200 mM NacCl and virtually abolished at 300 mM NaCl.
These results demonstrate that RRM3 is sufficient for the
in vitro interaction and RRM2 does not appear to con-
tribute to the association between U2AF®® and hSF1.
The ySF1-interaction domain of Mud2p was defined
in two-hybrid assays with truncated versions of Mud2p
(cloned into pAS2AA) and the ySF1 fragment encoding
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FIGURE 6. C terminus of U2AF® is required for the interaction with
hSF1. A: Full-length U2AF% and mutant derivatives are represented
schematically as in Figure 1. The proteins carry an N-terminal GST-
tag and contain the amino acids indicated. B: GST and GST-tagged
full-length (FL) or mutant U2AF® proteins were bound to glutathione
agarose and incubated with [3°S] methionine-labeled hSF1. Bound
proteins were eluted with SDS sample solution and separated in a
10% SDS polyacrylamide gel. The gel was stained with Coomassie
blue (bottom), dried, and autoradiographed (top). The GST-U2AF%
proteins used are indicated on top of the figure. The lane marked
IV-TL represents 100% of the input of in vitro-translated SF1 used in
the experiment.

amino acids 14—-209 that was selected in the initial two-
hybrid screen (Fig. 7). None of the C-terminal deletion
mutants of Mud2p exhibited binding to this portion of
ySF1. On the contrary, the N-terminal deletion mutant
of Mud2p that contained amino acids 343-527 (i.e.,
part of RRM2 and the complete RRM3) interacted with
ySF1. The binding to ySF1 was weaker than that of
full-length Mud2p, but the quantitative value of two-
hybrid assays cannot be directly related to the strength
of the interaction. The stability of the fusion protein
might also interfere with the final outcome of the quan-
titative assay. For example, similar variations were re-
ported previously and discussed for interactions of Prp9p
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FIGURE 7. Mud2p interacts with ySF1 through its C terminus. Two-
hybrid assays were performed in the Y546 yeast strain and the
B-galactosidase activity of the LacZ reporter was assayed. Numbers
of the first and last amino acids of full-length and mutant Mud2 pro-
teins are indicated. Mean values for two independent transformants
are given. Experimental variations were less than 5%. Values for
C-terminal deletion mutants are at background level (less than
0.15 unit).
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and Prpllp with Prp21p (Rain et al., 1996). In sum-
mary, our results demonstrate that U2AF®® and Mud2p
share a functionally conserved domain encompassing
RRM3, which is responsible for the interaction with the
SF1 orthologues.

Functional complementation between human
and yeast SF1 orthologous domains

We have shown above that full activity of hSF1 in
spliceosome assembly requires the N-terminal U2AF5°-
interaction domain and the maxi-KH domain involved
in RNA binding. For comparison, we have also tested
the minimal domain(s) of ySF1 required for viability in
yeast (Fig. 8). First, we have shown that a clone se-
lected in the initial two-hybrid screen with Mud2p,
which encodes amino acids 10-362 of ySF1 fused to
the GAL4 activation domain, complements the ySF1
disruption (Fromont-Racine et al., 1997). More exten-
sive C-terminal truncations (that delete the zinc knuck-
les and part of the maxi-KH domain up to amino acid
183) of ySF1 do not complement the disruption. Sec-
ond, to further analyze the functional complementa-
tion of the ySF1 disruption, sequences encoding
chimeric constructs between the SF1 orthologues or

Complementation of
ySF1 disruption

Maxi-KH Zn Pro-rich
hSF1-HL2 “ary ni . -
136-228 279-292 324-590
10
GAL4-ySF1 "
clone101 l{ | LIl [][Ejm +
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clone 36 {.........‘—___D 183 -

truncated hSF1

hSF1/ySF1-1 +
(a)
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hSF1/ySF1-2 sg
229/243
ySF12 11| — -
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FIGURE 8. ySF1/hSF1 chimeric proteins partially complement the ySF1 disruption. A schematic view of the proteins
assayed by functional complementation is shown with the phenotype of complementation indicated. The GAL4 domain of
chimeric proteins selected in the screen appears as a hatched box. The complementation was assayed by tetrad analysis
of a diploid heterozygous strain disrupted for one allele of the ySF1 gene (Fromont-Racine et al., 1997). The growth assay
was performed at 25 °C for five days. +, normal growth of [Trp*] spores; sg, slow growth of [Trp*] spores; —, no growth of
[Trp*] spores; (a), very small [Trp*] colonies were observed after four weeks. No temperature-sensitive phenotype was

observed at 15 or 37°C.
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truncated versions of hSF1 were cloned into the vec-
tor pVT103U that provides an ADH gene promoter
and terminator. Results of the complementation are
shown in Figure 8. A complete restoration of viability
is obtained with a chimeric protein containing the
U2AF®%-interaction domain of hSF1 and the maxi-KH
domain of ySF1 (hSF1/ySF1-1). Further replacement
of the ySF1 maxi-KH domain by the human counter-
part results in a slow-growth phenotype (hSF1/ySF1-2).
The restoration of viability was due to the chimeric
nature of these constructs because the fragments con-
taining only the yeast parts did not restore growth
when assayed under the same conditions (Fig. 8;
ySF1-1 and ySF1-2). The replacement of ySF1 by a
clone expressing amino acids 1-358 of hSF1 (which
includes the single zinc knuckle of hSF1) or by the
complete human SF1-HL2 cDNA (Arning et al., 1996)
does not allow any complementation.

In conclusion, these results indicate that the maxi-KH
domain of ySF1 can be partially replaced by the cor-
responding domain of hSF1, suggesting a similar func-
tion. The significance of the functional replacement of
the Mud2p-interaction domain of ySF1 with the U2AF55-
interaction domain of hSF1 remains to be addressed
with additional methods, because the MUD2 gene is
not essential (Abovich et al., 1994). In this respect, we
have not been able to detect significant heterologous
interactions between ySF1 and U2AF® or hSF1 and
Mud2p using the two-hybrid assay (data not shown).

DISCUSSION

We have investigated functional domains in yeast and
human SF1 with in vivo and in vitro approaches. In
both proteins, the N-terminal halves, which show the
highest degree of sequence conservation, are either
essential for viability of yeast cells (ySF1; Fig. 8) or for
activity in pre-spliceosome assembly (hSF1; Fig. 3),
whereas the less-conserved C-terminal portions are
not required in either assay. The N-terminal halves com-
prise an RNA-binding domain (Fig. 2) and a protein—
protein interaction domain that mediates contacts
between ySF1 and Mud2p or hSF1 and U2AF®°
(Figs. 4, 5). Analysis of the regions in Mud2p and U2AF5°
that are required for these interactions indicates an
involvement of the C-terminal portions, which consist
of a degenerate RNA recognition motif (Figs. 6, 7). This
region shows the highest sequence conservation be-
tween Mud2p and U2AF®5. Based on the conservation
of structural features and functional domains, we con-
clude that ySF1 and hSF1, as well as Mud2p and
U2AF65, are true functional homologues.

The RNA-binding domain of hSF1 is located be-
tween amino acids 94 and 278. This region includes
the maxi-KH domain, which was first described in the
hnRNP K protein (Siomi et al., 1993a) and has been
found since in a large number of proteins that function
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in association with RNA (for references, see Musco
et al., 1996). A well-studied example is the product of
the FMR1 gene, which is responsible for the fragile X
syndrome, a common form of heritable mental retarda-
tion in human males (Oostra & Verkerk, 1992; Ashley
et al.,, 1993; Siomi et al., 1993b). Among the splicing
factors, mammalian KSRP (Min et al., 1997), Drosoph-
ila PSI (Siebel et al., 1995; Adams et al., 1997) and S.
cerevisiae Merlp (Nandabalan et al., 1993; Nanda-
balan & Roeder, 1995) contain one or more KH do-
mains. These proteins act to promote or repress specific
alternative splicing events by interaction with their tar-
get pre-mRNA sequences. It has not been reported
whether the KH domain(s) in these proteins are re-
quired for activity.

The solution structure of two KH domains in human
FMR1 and vigilin consists of a stable BaaBB«a fold in
which the three a-helices are packed along the three-
stranded antiparallel 8-sheet (Musco et al., 1996, 1997).
Assuming that the hSF1 KH domain structure does not
differ significantly from that reported for FMR1 and vi-
gilin, the failure to support RNA binding of hSF1 pro-
teins that carry mutations in the KH domain can be
explained by the removal of sequences implicated in
RNA binding or the stability of the KH domain. For
example, in hSF1-AKH-N, which is inactive in RNA bind-
ing, the N-terminal BaaB portion of the maxi-KH do-
main is deleted. This deletion removes a flexible loop
(containing the highly conserved GXXG motif), which
is located between the two N-terminal a-helices and
has been suggested to provide the RNA binding sur-
face of the domain (Musco et al., 1996, 1997). The
mutation G161D in the GXXG sequence results in dras-
tically reduced RNA-binding activity, which underscores
the importance of the GXXG motif for the interaction
with RNA. Similar deletion or point mutations in human
hnRNP K, Sam68, and Xenopus Xqua reduce the bind-
ing to RNA homopolymers in vitro (Siomi et al., 1994;
Chen et al., 1997; Zorn & Krieg, 1997), and missense
mutations in this motif in the C. elegans Gld-1 and
Mex-3 proteins lead to severe developmental defects
(Jones & Schedl, 1995; Draper et al., 1996). a-Helix 2
may contribute to the RNA-binding function of the KH
domain (Musco et al., 1996). The point mutation of
L164N, which is located in this region, only marginally
affected the RNA-binding activity of hSF1. The corre-
sponding mutation in FMR1 (I304N) results in a severe
case of the fragile X syndrome (DeBoulle et al., 1993).
The binding of the mutated FMR1 protein to homopoly-
meric RNAwas compromised in vitro (Siomi et al., 1994)
and a similar mutation in Sam68 abolished RNA-binding
activity (Chen et al., 1997). Less severe effects have
been observed with analogous mutations in individual
KH domains of hnRNP K (Siomi et al., 1994). Thus, the
RNA-binding efficiency of different proteins carrying this
mutation appears to vary. Deletion of the C-terminal
conserved portion of the maxi-KH domain in hSF1-
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AKH-C removes a-helix 3, which is essential for the
stability of the KH fold (Musco et al., 1996, 1997). The
inability of this mutant protein to bind RNA most likely
results from a perturbation in the structure of the trun-
cated KH domain. Notably, the original mutation in ySF1
(the msl-5 allele; Gly 230 to Ser) that was isolated in a
genetic synthetic-lethal screen with MUD2 is a point
mutation within a-helix 3, and the mutant protein is
inactive in commitment complex formation (Abovich &
Rosbash, 1997).

Although these results suggest that the KH domain is
a major determinant of the RNA-binding activity of hSF1,
it may not be sufficient for this function; 40 amino acids
N-terminal to the KH domain appear to contribute to
the interaction with RNA. In agreement with this find-
ing, Berglund et al. (1998) have reported that an hSF1
protein containing amino acids 135-308 binds to a 34-nt
RNA containing the AdML 3’ splice site about 10-fold
less efficiently than hSF1 containing amino acids 1-361.
Moreover, we have not yet tested whether sequences
C-terminal to the KH domain (up to amino acid 278)
contribute to the RNA-binding activity of hSF1. Thus,
all mutations in the KH domain that interfered with bind-
ing of hSF1 to RNA negatively affected pre-spliceosome
assembly, demonstrating that the RNA-binding func-
tion of hSF1 is essential for splicing.

Our results did not reveal a function for the zinc knuckle
of hSF1 in RNA binding or splicing complex formation;
its role, if any, remains to be established. In the UV cross-
linking assay, we monitored the sequence-independent
binding of hSF1 to RNA (see Arning et al., 1996). Thus,
we did not address the possibility that the zinc knuckle
is necessary for the sequence-specific interaction of
hSF1 with the branch site sequence (Berglund et al.,
1997). Assuming that this specific interaction is essen-
tial for spliceosome formation, we consider an involve-
ment of the zinc knuckle less likely, because deletions
of this motif were without effect on pre-spliceosome
assembly. Two other splicing proteins containing zinc
knuckles have been isolated. A role for this motif in the
human SR protein 9G8 has not been reported (Cavaloc
et al., 1994), and genetic experiments suggested that a
zinc knuckle in the yeast splicing factor Slu7p is not es-
sential for function (Frank & Guthrie, 1992; Zhang &
Schwer, 1997).

The binding of ySF1 to RNA has not been investi-
gated in this study. However, given the evolutionary
conservation of the SF1 maxi-KH domain (including
residues not conserved in other KH domains; see Arn-
ing et al., 1996; Musco et al., 1996) and the result that
ySF1 specifically binds to the branch site (Berglund
et al., 1997), we expect that the maxi-KH domain also
mediates the binding of ySF1 to RNA. The complemen-
tation of the ySF1 null allele with chimeric hSF1/ySF1
proteins suggests that the maxi-KH domain of hSF1
functions at least partially in yeast, reinforcing the struc-
tural and functional homology between the two pro-
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teins. The inability of full-length or truncated hSF1 to
complement the yeast null allele probably reflects the
divergence between the yeast and human systems,
which may be related to differences in the splicing sub-
strates and/or differences in the regulation of the ac-
tivities of these splicing factors (see below).

Sequences N-terminal to the KH domains of hSF1
and ySF1 mediate the interaction with U2AF® and
Mud2p, respectively. Amino acids 2-137 of hSF1 are
sufficient for its association with U2AF®®, whereas the
minimal Mud2p interaction domain of ySF1 is located
between amino acids 41 and 141 (this report; Fromont-
Racine et al., 1997). An alignment of SF1 sequences
from S. cerevisiae, S. pombe (l. Witt & J. Potashkin,
pers. comm.), Caenorhabditis, Drosophila (R. Mazroui
& A. Kramer, unpubl. data), and human demonstrates a
high evolutionary conservation in this region; for ex-
ample, ySF1 and hSF1 are 50% identical and 60%
similar in the interaction domain compared to 45% iden-
tity and 62% similarity in the maxi-KH domain. It re-
mains to be shown whether the entire region N-terminal
to the KH domain constitutes the interaction domain.
Computer analysis of the N-terminal sequences of the
SF1 orthologues with the programs Pepcoil (Lupas
et al., 1991) and Proteinpredict (Rost & Sander, 1994)
suggests the presence of two coiled coil or a-helical
regions (Cohen & Parry, 1990; O'Shea et al., 1991).
Inspection of the amino acid sequences in these re-
gions of SF1 revealed a potential direct tandem repeat
(Fig. 9). Future experiments are aimed at testing whether
these sequences are necessary for contacts between
hSF1 and U2AF® or ySF1 and Mud2p.

The C-terminal portion of U2AF® and Mud2p medi-
ates the interaction with hSF1 and ySF1. In Mud2p,
amino acids 342-527, i.e., half of RRM2 and the com-
plete RRM3, are sufficient for the association with ySF1
in vivo. A two-hybrid screen with hSF1 identified amino
acids 240—475 (i.e., RRM2 and RRM3) of U2AF®® as
the smallest interacting fragment. In vitro binding stud-
ies showed that the minimal interaction domain of
U2AF55 comprises amino acids 367—475, i.e., the en-
tire RRM3. In addition, Berglund et al. (1998) have
shown that amino acids 334—475 of U2AF®® supported
the association with hSF1 in vivo and in vitro, whereas
an N-terminal truncation to amino acid 391 abolished
the interaction. Moreover, removal of the C-terminal 43
amino acids of U2AF®® is detrimental to the interaction
with hSF1 (this report). Hence, it appears that the en-
tire RRM3 mediates the binding to hSF1, and RRM2 is
most likely not important. Interestingly, the highest and
most convincing homology between U2AF%® and Mud2p
is present in RRM3, and this particular RRM deviates
from a consensus RRM (Birney et al., 1993; Abovich
et al., 1994).

All three RRMs of U2AF®° contribute to the specific,
high-affinity binding of the protein to the polypyrimidine
tract, although the contribution of RRM3 to the effi-
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FIGURE 9. Comparison of SF1 homologues reveals a novel conserved feature. Amino acid sequence alignment of the
N-terminal portions of SF1 from C. elegans (CE), Drosophila (DM), human (HS), S. cerevisiae (SC), and S. pombe (SP) was
performed with the CLUSTALW program of the GCG package. Shading was done with the WWW Boxshade server of the
ISREC Bioinformatics Group. Identical amino acids are shaded in black, conserved residues in gray. The two putative helical

regions are indicated by a bar on top of the alignments.

ciency of RNA binding is lower than that of RRM1
(Zamore et al., 1992). Thus, RRM3 may play a dual
role in contacting RNA and engaging in protein—protein
interactions. If this is the case, it will be interesting to
see whether the sequences that mediate the RNA—
protein and protein—protein interactions within RRM3
are separate from one another or overlapping. Other
examples of RRMs that mediate protein—protein con-
tacts are the U2 snRNP B” protein (Scherly et al., 1990)
and S. cerevisiae Hsh49p, the homologue of the small-
est subunit of mammalian SF3b (Igel et al., 1998). The
binding of Cuslp is at least partially mediated through
RRMZ1 of Hsh49p. Although it has not been shown that
RRM1 of Hsh49p is required for the RNA-binding ac-
tivity of the protein, mutations in putative RNA-binding
residues of this domain are lethal, but do not prevent
the interaction between the two proteins, which may
indicate that protein interaction does not involve the
RNA-binding surface of the RRM.

In addition to binding hSF1, U2AF® has been iso-
lated in a tight complex with U2AF3 (Zamore & Green,
1989) and also interacts with UAP56, which is re-
quired prior to binding of U2 snRNP to the branch
site (Fleckner et al., 1997). It is unknown at present
whether all three proteins interact with U2AF®° at the
same time; however, because the interaction do-
mains of U2AF3 and UAP56 are located in the N-
terminal half of U2AF®®, the simultaneous binding of
hSF1 to the C-terminal RRM3 is possible.

Our experiments did not yield any information regard-
ing a role for the proline-rich region of SF1. First, the
activity in spliceosome assembly of hSF1-C4 that lacks
this region is comparable to that of the full-length pro-
tein purified from HelLa cells. Bedford et al. (1997) have
recently shown that formin-binding proteins and ab/bind
specific sequences in the proline-rich region of hSF1.
These interactions may be relevant to the regulation of
hSF1 activity at a level that is not addressed with the
rather simple assays used here. Second, a ySF1 mu-
tant that is devoid of most of the proline-rich region can
fully complement the null allele of the ySF1 gene. Ex-

cept for the proline richness, the amino acid sequence
in this region is not highly conserved between yeast
and human (or other species; unpubl. results). Given
this divergence, it is possible that a function of the
proline-rich regions was adapted to the needs of the
particular organisms or may have been lost in certain
species.

Despite the progress in unravelling interactions within
the spliceosome during the commitment of the pre-
MRNA to the splicing pathway, one of the remaining
key issues is to understand the dynamics of early splice-
osome assembly, as well as apparent differences be-
tween the yeast and mammalian splicing systems. In
yeast, ySF1 and Mud2p are involved in the conversion
of CC1 to CC2 (Abovich et al., 1994; Abovich & Ros-
bash, 1997), which requires the presence of a func-
tional branch site sequence (Séraphin & Rosbash,
1991). Mud2p binding to the pre-mRNA depends on
the branch site (Abovich et al., 1994) and ySF1 inter-
acts directly with this sequence (Berglund et al., 1997).
Furthermore, a conserved residue at the position pre-
ceding the UACUAAC box is important during the com-
mitment step in yeast, and Mud2p is involved directly
or indirectly in the recognition of this nucleotide (Rain &
Legrain, 1997). In the human system, U2AF® binds
the polypyrimidine tract via its RRMs (Zamore et al.,
1992), and it contacts the branch site through its RS
domain in the absence of other components (Gaur
et al., 1995; Valcarcel et al., 1996). hSF1 is present in
complex E and can specifically recognize the branch
site sequence (Berglund et al., 1997; Z. Rafi & A. Kramer,
unpubl. data).

Given the protein—protein interaction between ySF1/
hSF1 and Mud2p/U2AF®°, these proteins may be con-
sidered as part of a common functional entity, a view that
is supported by synergistic interactions of hSF1 and
U2AF® with the splicing substrate (Berglund et al.,
1998). However, many questions remain to be solved.
For example, both hSF1 and U2AF®® have been shown
to bind to the branch site (Gaur et al., 1995; Valcarcel
et al., 1996; Berglund et al., 1997, 1998). Do these in-
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teractions occur at the same time, or sequentially? If both
proteins bind at the same time, do the interactions in-
volve the same nucleotides? Furthermore, if hSF1 and
U2AF*®® bind sequentially, in which order do the inter-
actions occur? Because U2 snRNA base pairs with the
branch site sequence during the assembly of pre-splicing
complex A, this process most likely requires the disso-
ciation of some splicing components. The association of
U2AF®5 with the assembling spliceosome is apparently
weakened prior to complex A formation (Champion-
Arnaud et al., 1995). Evidence for a possible dissocia-
tion of hSF1 from the spliceosome is indirect. First, a
protein of 80 kDa that crosslinks to the branch site in an
ATP-independent and Ul snRNP-dependent fashion
does not crosslink at later stages of the splicing reac-
tion (MacMillan et al., 1994). Second, a protein of 72 kDa
has been found crosslinked to the branch site in com-
plex E, but not in complex A (Chiara et al., 1996). Both
of these proteins have the approximate size and func-
tional characteristics of hNSF1. Moreover, it remains to be
shown whether hSF1 and/or U2AFS® (or their yeast ho-
mologues) interact with any of the proteins associated
with the active U2 snRNP (Brosi et al., 1993) before base
pairing of U2 snRNA with the pre-mRNA branch site.
Clearly, further experiments are needed to clarify the dy-
namics of protein—protein and protein—RNA interactions
during the early stages of spliceosome assembly.

MATERIALS AND METHODS

Plasmids and yeast strains

The following yeast strains were used: CG1945 from Clon-
tech, Y526 (GAL4A GAL80A URA3::UASGAL1-LacZ his3 leu2
trpl), Y187 (GAL4A GAL80A ade2-101 his3 leu2-3,112 trp1-
901 ura3-52 URA3::UASGAL1-LacZ), LMAL, a diploid strain
containing a completely disrupted allele of the ySF1 gene
(Fromont-Racine et al., 1997). Yeast manipulation, transfor-
mation, and selection on drop-out media were according to
standard protocols. The lacZ assay was performed according
to Transy and Legrain (1995). Yeast MUD2 and SF1 two-hybrid
baits were cloned into the pAS2AA vector (Fromont-Racine
etal., 1997). Human SF1-Bo DNAwas digested with Ncol and
cloned into pAS2AA (Arning et al., 1996). Mud2p C-terminal
deletion constructs were derived from the pAS2AA-MUD2 plas-
mid by digestion with Apa | and Pst | (positions 1-115), Sma |
and Pst | (1-187), Bglll and Pst | (1-269), or Kpn | and Pst |
(1-343), blunt-end formation, and religation. The N-terminal de-
letion was obtained after digestion with Nco | and Kpn | and
religation with appropriate adapters (5'-CATGGAGGCCCCG
GGTAC-3' and 5'-CCGGGGCCTC-3').

Two-hybrid yeast genomic and cDNA
library screening

The yeast genomic library FRYL was screened according to
Fromont-Racine et al. (1997). A human liver cDNA library
from Clontech (HL4024AH) was introduced into the yeast
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strain Y187 by transformation. Eight million colonies were
recovered, pooled, and frozen in aliquots. Two-hybrid screens
were then performed as for the FRYL yeast genomic library
(Fromont-Racine et al., 1997).

hSF1 and chimeric constructs
for functional complementation

Full-length SF1-HL2 cDNA (Arning et al., 1996) was digested
with BamH | and cloned into pVT103U (Vernet et al., 1987).
Chimeric constructs were made from PCR products gener-
ated with cloned PFU polymerase (Stratagene) on hSF1-Bo
and pAS2AA-MUD2 plasmids. PCR products were digested
and cloned into the pVT103U vector by three-way ligation.
BamH |, Kpn |, and Hind Il cloning sites were used for up-
stream, middle, and downstream junctions, respectively. The
amino acids contributed by human and yeast SF1 sequences
are shown schematically in Figure 8. The amino acids at the
junctions are human P13,—G—yeast T146 and human Gayg—
G—yeast T,43, for hSF1/ySF1-1 and hSF1/ySF1-2, respec-
tively. The yeast constructs ySF1-1 and ySF1-2 were derived
after digestion with BamH | and Kpn | and religation with a
double-strand adapter (5'-GATCATGGCGACCGGTAC-3') of
the hSF1/ySF1-1 and hSF1/ySF1-2 constructs, respectively.
The yeast diploid strain LMA1 containing one disrupted
allele of the ySF1 gene (TRP1 cassette) was transformed by
the different constructs on URA3 plasmids, sporulated, and
tetrads were dissected. Twelve tetrads were analyzed in each
case and the 2:2 segregation of the sexual markers was
controlled. All [Trp*] spores were also [Ura™]. For all tetrad
analyses, most [Trp~] spores were [Ura™], demonstrating
that all constructs could pass meiosis. For each construct,
two independent transformants from E. coli were used for
complementation and gave the same results.

Construction of hSF1 and U2AF ©°
mutant plasmids

cDNAs encoding truncated versions of hSF1 were amplified
from pGEM-SF1-Bo (Arning et al., 1996) by PCR with Pwo
polymerase. Plasmids were constructed by standard cloning
procedures (Sambrook et al., 1989) and amplified DNAs were
sequenced with the T7 DNA sequencing kit (Pharmacia). PCR
fragments containing 5° BamH | and 3’ EcoR | restriction
sites were cloned into the corresponding sites of the vector
pTRCHisA (Invitrogen) for the expression in E. coli of recom-
binant proteins carrying N-terminal Hise-tags.

Internal deletions of the KH domain and the zinc knuckle
were generated by PCR of DNA sequences upstream and
downstream of the desired deletion and the amplified frag-
ments were cloned into the BamH | and EcoR | sites of
pTRCHisA by three-way ligation. The recombinant proteins
contain a Kpn | restriction site in place of the deleted DNA
sequences; thus, in the corresponding proteins, the deleted
amino acids are replaced by glycine and threonine.

For the generation of point mutations, 31- or 33-nt primers
spanning the site of the desired mutation on both DNA strands
were used. In these primers, the following codons were
changed: G161D, GGG to GAC; L164N, CTG to AAC; H287L,
CAC to CTC. Plasmid DNA was amplified by PCR, followed
by digestion of the methylated, nonmutated, parental DNA in
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the presence of 10 units of Dpn | for 1 h at 37 °C. Amplified
DNA was transformed into XL1-Blue cells. Mutations were
confirmed by sequencing. The mutant SF1 proteins are shown
schematically in Figure 2A.

Plasmids encoding GST-tagged full-length U2AF®® (GST-
U2AF®5; Zamore et al., 1992) and deletion mutants GST-
U2AF%5A(1-55) and GST-U2AF55A(1-94) (Valcarcel et al.,
1996) were kindly provided by M. Green and J. Valcarcel.
Plasmids encoding the N-terminal 323, 365, and 430 amino
acids of U2AF® [GST-U2AF®5(1-323), GST-U2AF55(1-365),
and GST-U2AF®5(1-430)] were generated by double diges-
tion of GST-U2AF®%5 (in pGEX-3X) with Sph I, Sac |, and
Bglll, respectively, and EcoR |. Restriction sites were filled in,
the fragments were gel-purified, religated, and transformed
into E. coli XL1-Blue cells. N-terminal deletion mutants GST-
U2AF®%5A(1-287) and GST-U2AF%5A(1-366) were generated
by digestion with Stu | and EcoR | or Sac | and EcoR |,
respectively. Restrictions sites were filled in, the Stul-EcoR |
and Sac |-EcoR | fragments were gel-purified, ligated into
the pGEX-1T vector (Pharmacia), and transformed into XL1-
Blue cells. A plasmid for the in vitro translation of U2AF® was
constructed by cloning the BamH |-EcoR | insert of GST-
U2AF*®° into the corresponding restriction sites of pGEM4
(Promega). The U2AF® mutants are shown schematically in
Figure 6A.

Expression and purification
of recombinant proteins

hSF1 plasmids were transformed into E. coli strain TOP10
(Invitrogen) by electroporation. Typically, proteins were ex-
pressed in 100-mL cultures for 4 h at 37 °C after addition of
IPTG to a final concentration of 1 mM. Cells were harvested
by centrifugation at 6,000 X g for 15 min and lysed in lysis
buffer (50 mM NaH,PO,, pH 8.0, 10 mM Tris-HCI, pH 8.0, 8 M
urea, and 100 mM NacCl). Proteins were purified on a 1-mL
column of Talon Metal Affinity Resin (Clontech) equilibrated in
lysis buffer. Unbound proteins were removed with lysis buffer.
Hisg-tagged proteins were eluted with 0.1 M EDTA, pH 8.0,
dialyzed against buffer D (Dignam et al., 1983) containing
3 mM MgCl,, and stored at —80 °C. All purified proteins were
soluble and of comparable purity (for an example, see Fig. 5).

GST-U2AF55 derivatives were expressed in E. coli XL1-
Blue cells for 3 h after induction with 0.1 mM IPTG. GST-tagged
SF3a60 expressed in insect cells was a kind gift from Dobrila
Nesic. Recombinant proteins were purified on glutathione-
agarose as described (Smith & Johnson, 1988).

UV crosslinking and splicing
complex formation

Proteins were covalently crosslinked to an in vitro-transcribed
uniformly labeled pre-mRNA derived from the Adenovirus ma-
jor late (AdML) transcription unit (RNA1) as described by
Arning et al. (1996), but omitting ATP and creatine-phosphate.
Proteins were separated in 15% SDS polyacrylamide gels
and visualized by autoradiography.

Nuclear extracts were fractionated on DEAE-Sepharose
Fast Flow (Pharmacia) according to Kramer and Utans (1991).
The DS500 fraction, which contains residual SF1 activity, was
depleted by incubation with an affinity-purified rabbit antibody
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raised against hSF1-C4 and sheep anti-rabbit 1gG-coated
Dynabeads (Dynal). For splicing complex formation, the de-
pleted DS500 fraction was incubated with partially purified
SF1 (MonoS fraction; Kramer, 1992) or recombinant hSF1
proteins for 30 min at 30 °C. Analysis of the reaction products
was as described previously (Krdmer & Utans, 1991).

In vitro translation

Coupled in vitro transcription and translation reactions were
performed in a total volume of 100 uL with the reticulocyte
lysate TNT-T7 kit (Promega). Reactions were performed for
90 min at 30 °C according to the supplier’s instructions in the
presence of 0.01 ug/uL leupeptin and 0.25 mM phenylmeth-
ylsulfonyl fluoride. hSF1 was produced from plasmid pGEM-
SF1-Bo linearized with Kpn | (Arning et al., 1996), U2AF®°
was produced from plasmid pGEM-U2AFS5 linearized with
EcoR |. Reactions were diluted with 100 uL of buffer D (Dig-
nam et al., 1983) containing 3 mM MgCl, and stored at —20 °C.

Far western analysis and GST binding assays

Proteins were separated in 10% SDS polyacrylamide gels
and transferred to nitrocellulose (Kyhse-Anderson, 1984). The
membranes were blocked, incubated with [*°S]-methionine-
labeled in vitro-translated U2AF®%%, and washed as described
by Khotz et al. (1994). The denaturation/renaturation steps
after the transfer were omitted.

The binding of hSF1 to GST or GST-U2AF®° fusion pro-
teins was performed essentially as described (Xiao & Man-
ley, 1997). In brief, 1 ug of protein was bound to 40 uL of
glutathione-agarose beads in 300 L of NETN (20 mM Tris-
HCI, pH 8.0, 100 mM NaCl, 0.5% NP-40, 0.5 mM EDTA)
for 30 min at 4°C. The beads were washed twice with
500 pL NETN. In vitro-translated [3°S]-methionine-labeled
hSF1 (2 plL) was incubated with the beads in a total vol-
ume of 200 uL NETN for 30 min at 4°C followed by six
washes with 200 uL NETN. Bound proteins were eluted
from the beads by addition of 20 uL SDS gel loading buffer
and incubation for 15 min at 65°C. Proteins were sepa-
rated in 10% SDS polyacrylamide gels. Gels were stained
with Coomassie blue, dried, and exposed to X-ray film.
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