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We have carried out a systematic analysis of the proteins that interact with specific intron and exon
sequences during each stage of mammalian spliceosome assembly. This was achieved by site-specifically
labeling individual nucleotides within the 5’ and 3’ splice sites, the branchpoint sequence (BPS), or the exons
with 3P and identifying UV-cross-linked proteins in the E, A, B, or C spliceosomal complex. Significantly, two
members of the SR family of splicing factors, which are known to promote E-complex assembly, cross-link
within exon sequences to a region ~25 nucleotides upstream from the 5’ splice site. At the 5’ splice site,
cross-linking of the U5 small nuclear ribonucleoprotein particle protein, U5>°, was detected in both the B and
C complexes. As observed in yeast cells, U5**° also cross-links to intron/exon sequences at the 3’ splice site in
the C complex and may play a role in aligning the 5’ and 3’ exons for ligation. With label at the branch site,
we detected three distinct proteins, designated BPS”%, BPS’, and BPS*%, which replace one another in the E,
A, and C complexes. Another dynamic exchange was detected with pre-mRNA labeled at the AG dinucleotide
of the 3’ splice site. In this case, a protein, AG'%, cross-links in the A complex and is replaced by another
protein, AG”>, in the C complex. The observation that these proteins are specifically associated with critical
pre-mRNA sequence elements in functional complexes at different stages of spliceosome assembly implicates

roles for these factors in key recognition events during the splicing pathway.

During pre-mRNA splicing, a series of highly dynamic spli-
ceosomal complexes, consisting of multiple protein and small
nuclear RNA (snRNA) components, assemble on pre-mRNA
in the order E — A — B — C (for reviews, see references 5, 12,
20, 22, 27, and 31). The sequence elements required for as-
sembly of these complexes are located at the 5’ and 3’ splice
sites and at the branch site, and exon sequences affect the
recognition of both splice sites. In metazoans, all of the ele-
ments involved in splicing are weakly conserved. Additional
specificity is derived from strict constraints on the locations of
these elements relative to one another, which presumably al-
lows for complex networks of RNA-protein, protein-protein,
and RNA-RNA interactions between factors bound to each
element. Studies of the sequences required for splicing indi-
cate that all of the critical elements are recognized multiple
times during the splicing pathway. This proofreading, com-
bined with the vast number of specific interactions established,
is most likely the key to achieving high fidelity in the splicing
reaction. A detailed understanding of the splicing mechanism
requires identifying all of the factors that recognize each of the
elements during the different stages of spliceosome assembly
and understanding how these factors interact with both the
pre-mRNA and one another.

A great deal of progress in identifying key recognition fac-
tors has come from a combination of genetic and biochemical
analyses (for reviews, see references 5, 12, 20, 27, and 31). The
5" splice site (consensus, RG/GURRGU [R = purine]) is first
recognized by Ul small nuclear ribonucleoprotein particle
(snRNP) in the E complex, and a duplex between Ul snRNA
and the 5’ splice site is formed; the 5’ splice site is subsequently
bound by U4/U5/U6 snRNP in the B complex, and U5 and U6
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snRNAs base pair with exon and intron sequences, respectively
(20, 27). The U5 snRNP protein, U5** (designated PRPS in
Saccharomyces cerevisiae), can also be specifically cross-linked
to exon sequences at the 5’ splice site and may function to
stabilize the U5 snRNA—-pre-mRNA interaction (38, 44). Near
or at the time of the second catalytic step of splicing, US
snRNA and U5 interact with exon sequences at both the 5’
and 3’ splice sites, and this simultaneous interaction is thought
to align the exons for ligation (38, 44).

The recognition element at the 3’ splice site consists of a 10-
to 20-nucleotide (nt) pyrimidine tract followed by YAG (Y =
pyrimidine). In metazoans, the pyrimidine tract is first recog-
nized in the E complex by the splicing factor U2AF (45; re-
viewed in reference 16). During the E-to-A complex transition,
U2AF is phosphorylated and becomes less tightly bound to
pre-mRNA; U2AF remains loosely bound to the pyrimidine
tract at least through B-complex assembly (9). The AG dinu-
cleotide at the 3’ splice site is recognized at least twice during
the metazoan splicing pathway. In introns containing a short
and/or weak pyrimidine tract, the AG is required for catalytic
step I of the splicing reaction, and in introns containing a
strong pyrimidine tract, mutations of the AG affect the effi-
ciency of this step (30, 33). Recognition of the AG is essential
for catalytic step II in both types of introns. Factors that inter-
act specifically with the AG have not been identified.

The BPS (branchpoint sequence; consensus, YNRAY [N =
any nucleotide]) is essential for A-complex assembly, during
which a short duplex is formed between the BPS and U2
snRNA (reviewed in reference 20). Stabilization of this U2
snRNA-BPS interaction appears to be largely mediated by the
binding of several U2 snRNP proteins to a 20-nt region up-
stream of the BPS, designated the anchoring site (14). These
U2 snRNP proteins are subunits of two multicomponent splic-
ing factors, SF3a and SF3b, that are required for A-complex
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assembly (6, 7; see reference 16 for a review). The branch site
adenosine, which is bulged from the U2 snRNA-BPS duplex,
serves as the nucleophile for catalytic step I of the splicing
reaction (28). Mutations of the branch site adenosine alone
decrease A-complex assembly, indicating that this nucleotide is
recognized prior to catalytic step I (reference 24 and this
study). Site-specific labeling and UV cross-linking studies have
identified a 14-kDa protein that cross-links to the branch site in
the A complex and is a candidate for recognition of this site
(29). The branch site adenosine is also required for catalytic
step II of the splicing reaction, and a 28-kDa protein that
cross-links to the BPS around the time of C-complex assembly
may play a role in this recognition event (13). Several other
proteins cross-link within a 15-A (1.5-nm) radius of the BPS,
but their identities and specific sites of cross-linking are not
known (20).

Exon sequences play a central role in the use of both 5" and
3’ splice sites and most likely first function during E-complex
assembly. In many pre-mRNAs, specific purine-rich elements
are present in exons and are required for excision of the intron
immediately upstream (for reviews, see references 5, 12, and
31). Members of the SR family of splicing factors bind in a
sequence-dependent manner to these purine-rich exonic en-
hancers and are required for their function (37; see reference
12 for a review). There are also some examples of non-purine-
rich exonic enhancers that interact with SR proteins (36, 39,
40). It is not yet known whether the binding of SR protein
family members to exons is a general phenomenon and, if so,
whether these interactions account for the general effects of
exon sequences on splicing.

In this study, we have used a site-specific **P labeling/UV
cross-linking strategy to identify the proteins that interact with
specific intron or exon sequences in each of the spliceosomal
complexes (E, A, B, and C). Significantly, this analysis revealed
that SR protein family members cross-link to exon sequences,
and we mapped a major site of SR protein cross-linking to a
region ~25 nt upstream of the 5’ splice site. Consistent with
previous work, we found that the U5 snRNP protein, U5%%,
initially interacts with sequences at the 5’ splice site and sub-
sequently interacts with sequences at both the 5’ and 3’ splice
sites. Finally, using pre-mRNAs labeled at the BPS or at the
AG dinucleotide of the 3’ splice site, we detected multiple
dynamic exchanges of novel cross-linked proteins. The func-
tional significance of all of these RNA-protein interactions is
indicated by the observations that they are detected only at
specific sites in the pre-mRNA, only at specific stages of spli-
ceosome assembly, and only in functional spliceosomal com-
plexes. Previous mutational analyses of the branch site and AG
dinucleotide indicated that these sequence elements are rec-
ognized multiple times during the splicing pathway. The cross-
linked proteins that we have identified are excellent candidates
for factors involved in these recognition events.

MATERIALS AND METHODS

Plasmids. The plasmid encoding wild-type (WT) adenovirus major late
(AdML) pre-mRNA is pAdML (21), the plasmid encoding GG pre-mRNA is
pAdAMLAAG (15), and the plasmid encoding ABS pre-mRNA is pABS (8). WT
and ABS pre-mRNAs are identical except that ABS contains an A-to-C substi-
tution of the branch site adenosine. WT and GG pre-mRNAs are identical
except that GG contains an A-to-G substitution in the AG dinucleotide at the 3’
splice site and a strengthened pyrimidine tract. The 3’ splice site sequence for
WT pre-mRNA is cctgteccttttttttccacag, and that for GG is ccttteccttttttttce
tetetetetgg. DNAs were linearized with BamHI for in vitro transcription and
transcribed with T7 RNA polymerase.

Synthesis of site-specifically labeled pre-mRNA. Site-specifically 3?P-labeled
AdML pre-mRNAs were synthesized as described previously (23). DNA tem-
plates encoding the appropriate 5’ and 3’ portions of the transcript were gen-
erated by PCR, fractionated on an agarose gel, and purified by using a Qiaex II
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gel extraction kit (Qiagen). The 5’ portion of the transcript was then synthesized
in a standard T7 RNA polymerase transcription reaction mixture containing final
concentrations of 400 uM each ATP and CTP, 200 uM each GTP and UTP, and
840 wM 5’ cap nucleotide, GpppG. For synthesis of the 3’ portion of the
transcript, guanosine (at a concentration 10-fold greater than that of GTP) was
included in the transcription reaction mixture, and the 5’ cap nucleotide was
omitted. 5" and 3’ transcripts were purified by fractionation on 6.5% denaturing
polyacrylamide gels, followed by elution from the gel and ethanol precipitation.
The 3’ portion of the transcript (50 pmol) was then 5’ end labeled in a 20-pl
reaction mixture containing 2.2 ul of [y-**P]ATP (7,000 Ci/mmol), 2 pl of T4
polynucleotide kinase, and 4 pl of OPA buffer (Pharmacia). The 5’ and 3’
portions of the transcript were ligated in 50-ul reaction mixtures containing 1.7
wul of T4 DNA ligase (2 X 10° U/ml; New England Biolabs), 1 pl of RNA Guard
(Pharmacia), 5 pl of DNA ligation buffer (New England Biolabs), 75 pmol of the
5’ portion of the transcript, 50 pmol of the 3’ portion of the transcript, and 50
pmol of a 25- to 30-nt DNA-bridging oligonucleotide (23). Ligations were carried
out at 25°C for 3 to 12 h. Guanosine residues were used for site-specific labeling
because transcription initiates most efficiently with this nucleotide. For region-
specifically 3?P-labeled pre-mRNAs, the labeled portion of the RNA was syn-
thesized in 100-pl reaction mixtures containing 6.25 pl each of 3*P-labeled GTP,
UTP, CTP, and ATP (3,000 Ci/mmol). Unlabeled nucleoside triphosphates were
present in the reaction mixture at a concentration of 40 pM each. Reaction
mixtures also contained 400 pM cap (for synthesis of the 5’ portion of the
transcript) or 400 uM GMP (for synthesis of the 3’ portion of the transcript).

Isolation of spliceosomal complexes and UV cross-linking. Spliceosomal com-
plexes A, B, and C were assembled by incubating 600 ng of pre-mRNA (600 ng
of unlabeled pre-mRNA plus the site-specifically labeled pre-mRNA, which was
present in negligible amounts) in a 0.75-ml standard splicing reaction mixture for
5, 10, and 30 min, respectively. Assembly of the E complex was performed as
described previously (21). Complexes were isolated by gel filtration, and 200-p.l
aliquots were cross-linked by irradiation with 250-nm UV light for 5 min at 4°C
at a distance of 5.5 cm from the light source (Sylvania G15T8 lamp) (9, 36).
RNase A (4 to 10 pg), or where indicated RNase T; (4 to 10 ng), was added to
150-pl aliquots of the gel filtration fractions and incubated for 30 min at 37 or
45°C, respectively. Proteins were analyzed on sodium dodecyl sulfate (SDS)-
containing or two-dimensional (2D) gels. Native gel electrophoresis of splicing
complexes was carried out as described previously (18).

RESULTS

To identify proteins that interact with critical sequence ele-
ments during splicecosome assembly, we synthesized AdML
pre-mRNAs containing a single **P-labeled nucleotide. These
site-specifically labeled pre-mRNAs were assembled into spli-
ceosomal complexes, isolated by gel filtration, and UV irradi-
ated (see Materials and Methods) (14). Cross-linked com-
plexes were then treated with RNase A or RNase T, (these
enzymes cleave RNA after pyrimidine or guanosine residues,
respectively), and the proteins were fractionated on SDS-con-
taining or 2D gels. In this technique, cross-linked proteins are
not mapped to an individual nucleotide in the pre-mRNA but
are instead localized to one or more RNase fragments in the
immediate vicinity of the labeled nucleotide. In some cases, the
bound proteins partially protect the RNA from RNase diges-
tion, making it difficult to conclusively localize the cross-linked
protein to a single RNase digestion product. Thus, throughout
our study, we indicate the nucleotides that are labeled but only
are able to localize the cross-linked proteins to the vicinity of
these sites. The A, B, and C complexes used in our study were
obtained from splicing reactions incubated for 5, 10, and 30
min, respectively. On WT pre-mRNA, maximal levels of C
complex (which contains exon 1 and the lariat intermediate)
are present at the 30-min time point (data not shown).

Initially, we analyzed the cross-linked proteins detected with
pre-mRNA site-specifically labeled at a position 3 nt upstream
from the 5’ splice junction (E~2 [Fig. 1A]). Cross-linked pro-
teins detected in the H, A, B, and C complexes were compared
(Fig. 1B). Throughout our study, equal counts per minute were
loaded in the lanes shown in a given panel, and thus the levels
of the cross-linked proteins in each panel can be compared
directly. At the E™7 site, we detected a ~200-kDa protein that
cross-links in the B complex (designated U52°’; see below)
(Fig. 1B, lane 3). This protein does not cross-link in the het-
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FIG. 1. U5* cross-links to the 5’ splice site in the B and C complexes. (A) Schematic of AAML pre-mRNA showing the sequence in the vicinity of the 5’ splice
site (the 5’ splice site sequence element is in capitals) and the positions in the exon and intron that were site specifically labeled. (B) The indicated spliceosomal
complexes were assembled on site-specifically 3?P-labeled pre-mRNA, isolated by gel filtration, UV cross-linked, and then treated with RNase A. In each panel, equal
counts per minute were loaded on an SDS-9% polyacrylamide gel. U5**, the molecular mass markers (in kilodaltons), and the origin (ori) of the gels are indicated.
(C) Cross-linked C complex assembled on pre-mRNA labeled at the E2 site was fractionated next to purified C complex on an SDS-7.5% polyacrylamide gel. The
silver-stained pattern (right panel) and autoradiogram (left panel) are shown. The silver-stained pattern of the cross-linked complex (E~3 C complex) is very dark

because total proteins from the gel filtration fraction are present in the sample.

erogeneous nuclear ribonucleoprotein particle (hnRNP) com-
plex H (lane 1) and cross-links at very low levels in the A
complex (lane 2). A comparison of the B and C complexes
revealed similar levels of cross-linking of the 200-kDa protein
in these two complexes (Fig. 1B, lanes 4 and 5). We obtained
the same results when pre-mRNA was labeled 3 nt down-
stream of the 5’ splice junction (I3 [Fig. 1B, lanes 6 to 10]).
On the basis of these data, we conclude that a 200-kDa protein
cross-links in the vicinity of the 5’ splice site. As noted above,
our data do not reveal the precise cross-linking site of this
protein. If the pre-mRNA in this region was digested to com-
pletion by the RNase A treatment, our data would indicate
that there are two cross-linking sites for the 200-kDa protein.
The two cross-linked adducts would be present on the U res-
idues immediately 5’ to the labeled E~ and 1" nucleotides
(Fig. 1A; note that RNase A digestion generates 3’ phos-
phates). Alternatively, if the pre-mRNA in this region is par-
tially protected from RNase A digestion by the bound protein,
there may be only one cross-linking site that is detected by
labeling at either the E—2 or the 1" site.

Previous work showed that the U5 snRNP protein, U5%%, is
present in spliceosomal complexes B (4) and C (15) and that
this protein cross-links to pre-mRNA in both of these com-
plexes (15, 35). In addition, site-specific labeling studies
showed that U5? cross-links at the 5’ splice site in the spli-
ceosome (38, 44). To determine whether the 200-kDa protein
that we detect cross-linking at the 5’ splice site corresponds to
U5%%, we fractionated affinity-purified spliceosomal complex
C, which contains U52°° (15), side by side with our cross-linked
sample (Fig. 1C). Superimposing the autoradiogram of the
cross-linked sample and the silver-stained C complex revealed
that the cross-linked protein comigrates with U52% (the top
band of the doublet; we note that the cross-linked sample silver
stains very darkly because it contains total protein from the gel
filtration fraction). These data, together with the previous
work mentioned above, indicate that the 200-kDa protein that
we detect at the 5’ splice site is U5,

In yeast cells, U5** cross-links to exon and intron sequences
at the 3’ splice site around the time of catalytic step I of the

splicing reaction (38, 41). To determine whether these inter-
actions also occur in mammals, we analyzed the cross-linked
proteins on pre-mRNA site-specifically labeled at the E*7 po-
sition at the 3’ splice site (Fig. 2A). Consistent with the results
for S. cerevisiae, a 200-kDa cross-linked protein is detected at
this site in the C complex but not in the H, E, A, or B complex
(Fig. 2B and data not shown). This 200-kDa protein likely
corresponds to U5%°°, as these proteins comigrate on SDS-
containing and 2D gels (data not shown).

Cross-linking of U52°? can also be detected with label at the
AG dinucleotide (I"" in the C complex [Fig. 2C, lane 3; the
cross-linked band below the 87-kDa marker is described be-
low]). In yeast cells, mutation of the AG dinucleotide does not
prevent cross-linking of U52°° (38, 41). To determine whether
mutation of the AG affects cross-linking of U5%°° in mammals,
we analyzed GG pre-mRNA (15). This pre-mRNA contains an
A-to-G substitution in the AG dinucleotide and a strengthened
pyrimidine tract, which allows an efficient catalytic step I in the
absence of step II (see Materials and Methods for sequence
comparison of WT and GG pyrimidine tracts). As shown in
Fig. 2C, U52% cross-linking is detected at the I ! site with GG
pre-mRNA. Thus, in mammals as in S. cerevisiae, U5**" inter-
acts with the 3’ splice site after catalytic step I of the splicing
reaction (38, 41).

SR protein family members cross-link to exon 1 sequences.
Members of the SR family of splicing factors promote the
binding of U1 snRNP to the 5’ splice site and U2AF to the 3’
splice site during assembly of the E complex (11, 17, 36; for
reviews, see references 12 and 31). Purified SR proteins bind to
5’ splice site sequences (46) as well as to purine-rich motifs
found in exonic enhancers (37; reviewed in reference 12). Pre-
viously, we showed that two SR protein family members, SRp
20 and SRp 30, UV cross-link to ADML pre-mRNA in the E
and B spliceosomal complexes (36). In the present study, we
did not detect these SR proteins cross-linking at either the 5’
or the 3’ splice site (Fig. 1 and 2). Thus, to determine where
the SR proteins do cross-link, we analyzed the cross-linked
proteins in the E complex by using region-specifically labeled
pre-mRNAs. These pre-mRNAs contained fully labeled exon
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FIG. 2. U5* cross-links to intron/exon sequences at the 3’ splice site in the
C complex. (A) Schematic of AAML pre-mRNA showing the sequence of the 3’
splice site and 5’ end of exon 2 (the conserved CAG at the 3’ splice site is in
capitals). The positions that were site-specifically 3P labeled are shown. (B)
Spliceosomal complexes were assembled on site-specifically labeled pre-mRNAs,
UV cross-linked, treated with RNase A, and fractionated on SDS-9% polyacryl-
amide gels. Equal counts per minute were loaded in each lane. Molecular mass
markers (in kilodaltons) and U5%* are indicated. (C) Same as panel B except
that the C complex was assembled on GG or WT pre-mRNA, and proteins were
fractionated on a 7.5% gel. The band above U5°%° in all three lanes was not
detected reproducibly.

1, exon 1 plus intron 1, or exon 2 (schematic in Fig. 3A; labeled
regions are indicated in black). As shown previously (36), SRp
20, SRp 30, and U2AF® cross-link strongly in the E complex
but not in the H complex, whereas the reverse is true for

hnRNP I-
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hnRNP I (Fig. 3A; compare lanes 1 to 3 with lanes 4 to 6). All
of these proteins migrate on a 2D gel in their expected posi-
tions (36) (Fig. 3B). Analysis of the region-specifically labeled
pre-mRNAs shows that SRp 20 and SRp 30 cross-linking is
strongly detected when exon 1 plus intron 1 or exon 1 alone is
labeled, whereas SRp 30 is weakly detected when exon 2 is
labeled (Fig. 3A, lanes 4 to 6). These observations indicate that
the SR proteins largely cross-link within exon 1. We can de-
duce that little SR protein cross-linking occurs on the intron
because the total amount of SR protein cross-linking detected
on exon 1 alone is roughly the same as that detected on the
whole pre-mRNA (exon 1 plus intron 1 and exon 2, combined
[Fig. 3A, lanes 4 and 6]).

To more precisely map the cross-linking sites of the SR
proteins within exon 1, we used site-specifically labeled pre-
mRNAs (Fig. 4A). As shown above (Fig. 1B), no SR protein
cross-linking is detected at the E~ position in the A, B, or C
complex. Similarly, we do not detect SR proteins cross-linking
at this site in the E complex (data not shown). In contrast, SRp
20 and SRp 30 cross-linking is detected at the E~2° site but not
at the B~ ' site (Fig. 4B, E~'° and E~2°). On the basis of this
observation, we labeled pre-mRNAs at the E~'°, E~2°, and
E 3! sites (Fig. 4A) and compared cross-linked complexes
treated with RNase A or RNase T, (Fig. 4C). With RNase A,
SRp 20 and SRp 30 are detected only at the E~2 site. In
contrast, with RNase T, SRp 20 and SRp 30 are detected at
both the E~2° and E~?' sites (Fig. 4C). In addition, another
protein, which corresponds to U2AF® (Fig. 3B and legend), is
detected on the E~°! RNase T, fragment. This RNase T,
fragment is large (16 nt; underlined in Fig. 4A), which explains
the increase in apparent molecular weight of the cross-linked
proteins (Fig. 4C; compare sizes of SR proteins in RNase T},
E =25, and E~>! lanes). In addition, the E~3! RNase T, frag-
ment is pyrimidine rich, which presumably accounts for the
cross-linking of U2AF at this site. Together, the data indicate
that there is more than one cross-linking site for SRp 20 and
SRp 30 in this region. One cross-linking site for these proteins

B H+ CH-

FIG. 3. SR proteins cross-link to exon sequences upstream of the 5' splice site. (A) AJML pre-mRNAs were region-specifically 3°P labeled as follows. Exon 1 was
labeled from the 5" terminus of the pre-mRNA to the E~3 position, exon 1 plus intron 1 was labeled from the 5’ terminus to the ™! site, and exon 2 was labeled from
the 17! site to the 3’ terminus of the pre-mRNA (labeled portions are indicated in black in the schematics) (see Fig. 1A and 2A for sequences at labeling sites).
Site-specifically labeled pre-mRNAs were assembled into a spliceosomal complex (H or E), UV cross-linked, treated with RNase A, and fractionated on an SDS-9%
polyacrylamide gel. The SR proteins, U2AF, and hnRNP I are indicated. (B) Cross-linked E complex assembled on region-specifically labeled pre-mRNA (labeled from
the 5’ end of exon 1 to the E~2¢ site; see Fig. 4B) was fractionated on a 2D gel. The SR proteins and U2AF are indicated. The bands corresponding to SR proteins

and U2AF were identified previously (36).
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FIG. 4. SR proteins cross-link to a region 25 nt upstream from the 5’ splice
site. (A) Schematic of AAML pre-mRNA. The sequence of a portion of exon 1

is shown, and the sites that were 2P labeled are indicated. The RNase T,

fragment detected when pre-mRNA is labeled at the —31 site is underlined. (B
and C) Spliceosomal complex E was assembled on AAML pre-mRNA labeled at
the sites indicated. Complexes were UV cross-linked, treated with RNase A or T}
as indicated, and fractionated on SDS-9% polyacrylamide gels. The origin of the
gel (ori), SR proteins, U2AF and hnRNP I are indicated.

is on the E~2° RNase T, fragment, while another site for these
proteins, together with U2AF®, is on the E~3' RNase T,
fragment. However, from these data we cannot distinguish
between the possibilities that more than one SR protein is
present on every pre-mRNA molecule and that there are dif-
ferent populations of pre-mRNA containing different combi-
nations of these proteins. In any case, our data show that a
specific region in exon 1 located about 25 nt upstream from the
5’ splice site is a major site of SR protein cross-linking in
AdML pre-mRNA. Further studies are needed to determine
whether there are additional cross-linking sites for these pro-
teins upstream that were not detected in our site-specific la-
beling analysis. We note that although U2AF® cross-linking to
exon 1 is readily detected by site-specific labeling (e.g., Fig.
4C), its level of cross-linking in exon 1 (detected with region-
specifically labeled pre-mRNA) is much less than in exon 1
plus intron 1 (Fig. 3A, lanes 4 and 5 and longer exposures of
these lanes [data not shown]). Thus, these data are consistent
with previous work indicating that the major site of U2AF®
cross-linking is at the 3’ splice site (45).

Sequential interactions of two distinct proteins at the 3’
splice site. To identify candidate factors for recognition of the
essential AG dinucleotide at the 3’ splice site, we assembled
spliccosomal complexes on pre-mRNA labeled at the
guanosine residue in the AG (I™" site) and carried out UV
cross-linking. No specific cross-linked protein was detected
with label at this site in the E complex (data not shown). In
contrast, cross-linking of a 100-kDa protein, which we have
designated AG', was detected in the A complex (Fig. 5A,
lane 2). This protein is not detected in the H complex (Fig. 5A,
lane 1), even on long exposures (data not shown; see the
legend to Fig. 5A). The levels of AG'® cross-linking decrease
as spliceosome assembly proceeds, and a new protein of 75
kDa, AG™, replaces AG'" in the C complex (Fig. 5A; com-
pare lanes 2 to 4).

Assuming that the pre-mRNA in the vicinity of the AG has
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FIG. 5. Proteins of 100 and 75 kDa cross-link to the AG dinucleotide in the
A/B and C complexes, respectively. (A) AJML pre-mRNA site-specifically 3P
labeled at the guanosine residue in the AG dinucleotide at the 3’ splice site was
assembled into the indicated spliceosomal complexes, UV cross-linked, treated
with RNase A, and fractionated on an SDS-9% polyacrylamide gel. Note that
less H complex was loaded on this gel. In other experiments, hnRNP I and the
low-molecular-weight doublet seen in lanes 2 to 4 is detected in the H complex.
(B) Cross-linked A or C complex assembled on WT pre-mRNA or GG pre-
mRNA (containing an A-to-G mutation in the AG dinucleotide) and labeled at
the G residue in the AG dinucleotide was fractionated on an SDS-9% polyacryl-
amide gel. Note that the band above AG'® indicated with the asterisk is not
reproducibly detected and was present in the H complex in this experiment (data
not shown). (C) Same as panel A except that complexes (A and C) were frac-
tionated on 2D gels. Molecular mass markers (in kilodaltons), hnRNP I, and
AG-specific cross-linked proteins are indicated.

been digested to completion, our data indicate that AG” and
AG!'™ are present on the 3-nt RNase A fragment (AGC) that
contains the AG dinucleotide (see Fig. 2A for sequence of the
3’ splice site). If incomplete RNase digestion has occurred,
then these proteins may cross-link further upstream or down-
stream of the AG. However, as shown above, neither AG” nor
AG' is detected at the E*7 site in the exon (Fig. 2). In
addition, these proteins are not detected in the intron at a
position 6 nt upstream of the AG (data not shown). Thus, we
conclude that AG” and AG'® interact with pre-mRNA very
close to, if not at, the AG dinucleotide.

To determine whether the AG dinucleotide plays a role in
the binding of AG”* or AG'® to pre-mRNA, we analyzed GG
pre-mRNA site-specifically labeled at the 17! site (15) (see
Materials and Methods for sequences of WT and GG 3’ splice
sites). As shown in Fig. 5B, cross-linking of both AG” and
AG'™ was dependent on the AG. In contrast, a ~65-kDa
protein, which first cross-links to WT pre-mRNA in the A
complex and then diminishes (Fig. 5A; compare lanes 2 to 4),
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FIG. 6. Proteins of 70, 72, and 56 kDa cross-link to the branch site in the E, A/B, and C complexes, respectively. (A) Schematic of AAML pre-mRNA showing the
sequence in the vicinity of the BPS (the BPS element is shown in capitals). The site that was 3P labeled is indicated. (B) Pre-mRNA labeled at the BPS™! site was
assembled into the indicated complexes, UV cross-linked, treated with RNase A, and fractionated on an SDS-9% polyacrylamide gel. The origin of the gel is indicated
(ori). In the right panel, the gel was run longer to separate BPS” and BPS7. (C) Same as panel B except that the indicated complexes were fractionated on 2D gels.
The acidic end of the gels is on the left. hnRNP I (I) and the BPS-specific proteins are indicated. An inset showing a longer exposure of BPS>® is shown in panel C.

Sizes are indicated in kilodaltons.

still cross-links to GG pre-mRNA (Fig. 5B, lanes 1 and 3).
Similarly, as observed above (Fig. 2C), U5 cross-links nor-
mally to GG pre-mRNA (Fig. 5B; compare lanes 2 and 4; note
that U5*® cross-linking at this site is sometimes difficult to
detect [e.g., Fig. 5A, lane 4]). Thus, these data are consistent
with the possibility that the AG is required for the binding of
AG” and AG'™ but not for the binding of U5%° and the
65-kDa protein. However, in the case of AG”> and AG'", we
cannot rule out the possibility that the binding of these pro-
teins to GG pre-mRNA occurs normally, but the cross-linking
is disrupted due to the sequence change.

To determine whether AG'® and AG” correspond to pro-
teins previously identified in purified spliceosomal complexes,
we fractionated the 1! cross-linked A and C complexes on 2D
gels (Fig. 5C). Comparison of these cross-linking patterns with
those of purified A or C complexes indicates that AG'® and
AG?® do not correspond to any proteins previously detected by
cross-linking or by silver staining (data not shown) (15, 35). We
conclude that AG'® and AG” are novel spliceosomal pro-
teins.

Three distinct proteins interact sequentially with the BPS.
To identify potential branch site recognition factors, pre-
mRNA was labeled 1 nt upstream of the branch site adenosine
(BPS™! [Fig. 6A]). Several cross-linked proteins that range
from 50 to 70 kDa are detected at this site during spliceosome
assembly (Fig. 6B, left panel). To characterize these proteins
further, the cross-linked spliceosomal complexes were fraction-
ated on 2D gels (Fig. 6C). In the H complex, hnRNP I is the
main cross-linked protein (Fig. 6B, left panel; Fig. 6C, panel
H). In this experiment, the H complex contaminated the E and
A complexes, which accounts for the strong hnRNP I cross-
linking in these complexes (Fig. 6C, panels E and A, and data

not shown). In the E complex, a protein designated BPS™* is
detected (Fig. 6B, left panel; Fig. 6C, panel E). Analysis on 2D
gels reveals that BPS”* cross-linking in the E complex is re-
placed by cross-linking of another protein, BPS™, in the A
complex (Fig. 6C; compare panels E and A). In contrast to
most spliceosomal proteins, BPS™ does not enter the isofocus-
ing dimension of our 2D gels, most likely because it is very
acidic (Fig. 6C, panel A). An SDS gel in which BPS” and
BPS™ are resolved is shown in Fig. 6B (right panel). By the
time that the C complex assembles, BPS”* cross-linking has
diminished, and a protein designated BPS®® cross-links (Fig.
6B, left panel; compare lanes A, B, and C). This protein frac-
tionates as a heterogeneous band, indicating that it may be
partially proteolyzed and/or modified (e.g., Fig. 6C, panel C;
the inset shows a darker exposure of BPS*®). None of the
proteins detected with pre-mRNA labeled at the branch site
appear to correspond to cross-linked proteins previously iden-
tified on 2D gels of spliceosomal complexes (data not shown)
(15, 35). We conclude that three novel proteins, BPS”%, BPS™,
and BPS?°, replace one another at or very near the branch site
in the E, A, and C complexes. Assuming that the RNase A
digestion of the cross-linked complexes was complete, the U
residue immediately upstream of the labeled G would contain
the cross-linked adduct (Fig. 6A). If the RNase digestion was
not complete, we know that the cross-linking site must be
within 6 nt upstream and 5 nt downstream of the branch site
adenosine. This conclusion is based on the observation that
other cross-linked proteins are detected at these sites, and the
BPS proteins are not detected (14) (data not shown). In pre-
vious work, proteins of 14 kDa (29) and 28 kDa (13) were
detected in the A and C complexes, respectively. On high-
percentage gels, we were unable to detect cross-linked species



VoL. 16, 1996

PRE-mRNA-PROTEIN INTERACTIONS 3323

B & &
A é;‘z. vy é X l'o"" @ c < ‘-"J'(}
v £SE$ $o
WT ABS 3
51020 51020 PR T . et
v el % M .
B mw ™ 120- an I *
AUR e s
a7 Sy oo 120-
] - g g —
hRNP Lemmg) - BRGSO 87
v [T o
o BP§56.cs- . INNANP |
i
" 49-
i i R T
12 3 45 6 12

FIG. 7. Effect of branch site mutation on proteins cross-linking at the BPS. (A) WT and ABS pre-mRNAs were incubated under splicing conditions for the times
indicated (in minutes) and fractionated on a native gel. The bands corresponding to the E*, H, A, and B complexes are shown. (B and C) WT and ABS pre-mRNAs
site-specifically labeled at the BPS™" site were assembled into the indicated spliceosomal complexes, UV cross-linked, treated with RNase A, and fractionated on 9%
(B) or 7.5% (C) polyacrylamide gels. Molecular mass markers (in kilodaltons), hnRNP I, and BPS-specific proteins are indicated.

in these size ranges (data not shown). These discrepancies are
likely due to the differences in cross-linking methods and/or
nucleotides labeled (see Discussion).

Mutation of the BPS does not have any obvious effects on
the efficiency of E-complex assembly (8). In contrast, a pre-
mRNA which contains an A-to-C substitution of the branch
site adenosine (ABS pre-mRNA) does not assemble A and B
complexes efficiently (24) (Fig. 7A). Previous work showed that
a novel ATP-dependent complex, designated the E* complex,
accumulates on ABS and other branch site mutants; this com-
plex is detected in the position of the spliceosomal complexes
by gel filtration but cofractionates with the H complex on
native gels (8). The E* complex lacks stably bound U2 snRNP
but, unlike the E complex, does not contain tightly bound Ul
snRNP and U2AF. To determine whether BPS”?, BPS”, or
BPS>® cross-linking is affected by branch site mutations, we
site-specifically labeled ABS pre-mRNA at the BPS™" site and
analyzed the cross-linked proteins in the E complex, the A/E*
complex, or the C/E* complex, respectively (note that both the
E* and normal spliceosomal complexes assemble on ABS pre-
mRNA, apparently as a result of some use of the mutant
branch site [8] [Fig. 7A]).

As shown in Fig. 7B, BPS”? cross-linking in the E complex is
abolished in ABS pre-mRNA (compare lanes 5 and 6). In
contrast, BPS” cross-linking in the A/E* complex appears to
be increased in the BPS mutant, but further work is needed to
determine whether these proteins are one and the same (Fig.
7B; compare lanes 3 and 4). Finally, BPS>® cross-linking is
abolished in the C/E* complex (Fig. 7C; compare lanes 1 and
2); this result was confirmed on 2D gels which separate BPS>®
from the hnRNP I doublet (data not shown). We conclude that
the branch site adenosine is required for cross-linking of BPS”>
and BPS’® at the time of E- and C-complex assembly, respec-
tively.

DISCUSSION

Spliceosome assembly involves the formation of highly com-
plex and specific networks of interactions between proteins,
snRNAs, and the pre-mRNA, and these interactions are es-
tablished and disrupted during the different stages of spliceo-
some assembly. The recognition elements that nucleate assem-
bly of the networks are located at the 5’ and 3’ splice sites, at

the branch site, and in the exons. To identify key factors in-
volved in recognizing these elements, we used a site-specific
32P labeling and UV cross-linking strategy to detect proteins in
each of the spliceosomal complexes (E, A, B, and C). Our data
are summarized in the schematics shown in Fig. 8. In the E
complex, SR protein family members cross-link to AAML pre-
mRNA within exon 1, and we identified a region about 25 nt
upstream of the 5’ splice site as a major cross-linking site. The
SR proteins also cross-link to pre-mRNA in the B complex
(36) and thus may remain bound to the exon throughout spli-
ceosome assembly. The other specific interaction that we de-
tect in the E complex is cross-linking of a protein, BPS"?, to a
site near or at the BPS. No specific cross-linked proteins were
detected in the E complex with pre-mRNA labeled at either
the 5’ splice site or the AG dinucleotide of the 3’ splice site. In
the A complex, BPS”? is replaced by BPS, and AG'™ first
cross-links to a site at or near the AG dinucleotide. In the B
complex, cross-linking at the 5’ splice site is first detected, and
our data are consistent with previous work identifying the
cross-linked protein at this site as the U5 snRNP protein,
U529 (38, 44). In the C complex, U5%* remains cross-linked to
5’ splice site sequences and also becomes cross-linked to se-
quences at the 3’ splice site. In addition, BPS*° replaces BPS”,
while AG” replaces AG'® (Fig. 8).

The novel proteins detected in our study (BPS”?, BPS”,
BPS*®, AG”, and AG'") (Fig. 8) do not cross-link in the
hnRNP complex H and are specifically associated with spliceo-
somal complexes at different stages in spliceosome assembly.
In addition, each protein was detected only at a unique loca-
tion in the pre-mRNA. These results, coupled with the obser-
vation that the novel proteins cross-link near or at critical
sequence elements, indicate that the factors that we have iden-
tified are likely to have important functions in the splicing
reaction. In addition, for BPS”?, BPS®°, AG”, and AG'%,
mutation of the cross-linking site abolishes cross-linking of the
protein. Although we cannot rule out the possibility that the
sequence changes affect cross-linking of the proteins, not their
binding, the results are at least consistent with the conclusion
that these RNA-protein interactions are functionally signifi-
cant. In previous work, more than 50 proteins were identified
as components of purified E, A, B, and C spliceosomal com-
plexes (4, 15), and a similar number of proteins was shown to
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FIG. 8. Summary of proteins that cross-link to the exon, splice sites, and BPS
during spliceosome assembly. The positions that were site-specifically 3P labeled
in this study are indicated. The cross-linked proteins detected at each site in the
spliceosomal complexes (E, A, B, and C) are shown. In this study, we showed that
the SR proteins cross-link in exon 1 in the E complex. However, as indicated in
the figure, it is likely that the SR proteins remain bound to pre-mRNA through-
out spliceosome assembly, as we have detected them cross-linking in the B
complex as well (sites were not mapped) (36). Numbers indicate sizes in kilo-
daltons.

comprise U2, U4/U6, US, and U4/U5/U6 snRNPs isolated
under gentle conditions (1-3, 15, 35). Most of the snRNP
proteins are now known to, or are likely to, correspond to the
spliceosomal proteins (4, 15, 35). As the novel factors that we
have identified were not detected in the previous studies, they
must be transiently and/or loosely bound to spliceosomal com-
plexes. Such factors may be detectable only in a sensitive assay
such as that used in our study.

A conserved role for U5?%. Several strategies have recently
been used to detect proteins that cross-link to specific se-
quences in pre-mRNA. A summary of all of the proteins iden-
tified thus far, and the cross-linking reagents used, is presented
in Table 1. It is important to note that the precise cross-linking
site of a protein is known only for studies that used a photo-
activatable nucleotide with a 0-A cross-linking radius (e.g.,
4-thiouridine). When no photoactivatable agent was used (e.g.,
our study), the cross-linking sites could be mapped only to
RNase digestion products containing the **P-labeled nucleo-
tide. Finally, when benzophenone-derivatized adenosine was
used, proteins could be localized to within a 15-A radius of the
derivatized nucleotide (19).

The best-understood cross-linking interaction in the spliceo-
some, and one that is conserved from S. cerevisiae to mammals,
is the interaction of U5 first with 5’ splice site sequences in
the B complex and later with both 5" and 3’ splice site se-
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quences in the C complex (Fig. 8). With the caveats noted
above for the different cross-linking reagents, U5%° can be
detected on both exon and intron sequences at both the 5’ and
3’ splice sites (Table 1). At the 5 splice site, U5** is detected
as far upstream as E~® (S. cerevisiae) and as far downstream as
I3 (mammals). At the 3’ splice site, U5%*” is detected at the
AG dinucleotide in the intron and as far downstream in the
exon as E*12 (S. cerevisiae) (Table 1).

The pre-mRNA-protein interactions of U5 largely paral-
lel the interactions of U5 snRNA with the 5’ and 3’ splice sites;
specifically, US snRNA can be cross-linked to exon sequences
at both splice sites in mammals and interacts genetically with
these sequences in yeast cells (10, 25, 26, 34, 42, 44). On the
basis of these observations, it has been proposed that US5
snRNA functions to hold exons 1 and 2 together, and possibly
align them, for ligation. One possible function of U5%°° may be
in stabilizing the U5 snRNA-pre-mRNA interaction (38, 44).
In S. cerevisiae, U5** is also thought to play a role in recog-
nition of the pyrimidine tract during catalytic step II of the
splicing reaction (41).

Recognition of the branch site. In contrast to the consensus
obtained with the U5**° cross-linking (references 38, 41, and
44 and this study), significant differences have been observed
between different studies on cross-linking at the branch site
(Table 1). At least 10 different proteins have been reported to
cross-link at the branch site in mammals, and it is not clear
which, if any, of these are the same between the different
studies. However, differences in the photoactivatable nucleo-
tide used and the locations of these nucleotides in the pre-
mRNA may account for many of the differences (Table 1). In
our study, two proteins, BPS’*> and BPS>®, are dependent on
the branch site adenosine for cross-linking in the E and C
complexes, respectively. Further work is needed to determine
whether BPS™, which cross-links in the A complex, is also
dependent on the BPS for cross-linking. The BPS is not re-
quired for assembly of the E complex but does play a role in
A-complex assembly (references 8 and 24 and this study).
Thus, it is possible that binding of BPS”? is important for the
E-to-A complex transition. In addition to BPS™, p14, which
has been shown to directly contact the branch site adenosine
(29), is a good candidate for recognition of this residue during
A-complex assembly. The BPS is also required for the catalytic
steps of the splicing reaction. The C-complex-specific BPS*®
and p28 (Table 1) are good candidates for factors involved at
this time. p28 cross-linking requires the AG at the 3’ splice site
and is therefore more likely to be required for catalytic step II.

Recognition of the AG dinucleotide. The AG dinucleotide
plays a role in A-complex assembly, and the requirement for
the AG in this step is greater when the pyrimidine tract is
weak; in addition, the AG is essential for catalytic step II of the
splicing reaction (30, 33). The only protein found thus far that
may recognize the AG in the A complex is AG'* (Table 1).
After A-complex assembly, AG'? cross-linking decreases and
is replaced by AG”> cross-linking in the C complex (Fig. 8;
Table 1). Further studies are needed to determine whether
either of these proteins is a genuine AG recognition protein or
simply interacts with the pre-mRNA in the vicinity of the AG
as a result of associations with other proteins. If AG'®° and
AG” do indeed recognize the AG and can account for the
roles of these sequence elements in the A and C complexes,
respectively, the factors presumably do not recognize the 2-nt
sequence alone. Instead, it is likely that the AG is recognized
in conjunction with additional sequence elements, such as the
adjacent pyrimidine tract. For example, AG'® may function by
stabilizing the binding of U2AF® to the pyrimidine tract. This
would explain why a strong pyrimidine tract partially over-
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=1 , BPS = +1 47
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I CURRGU CU(*, g AG I
Seelgae::te Protein Position” Complex Photoactive agent Reference
5’ splice site smD E~? A 4-Thiouridine 44
U520 E? B,C 4-Thiouridine 44
U520 E 3173 B,C — This study
Us2 E,E%E® B, C 4-Thiouridine 38
3’ splice site ~ AG'® I! A — This study
AG” ! C — This study
U520 I, EY C —€ This study
U520 E*L E*1 C 4-Thiouridine 38
U520 I! C — 41
Branch site p80 BPS® E Benzophenone-derivatized 19
adenosine
pl4, p35, p150 BPS® A Benzophenone-derivatized 19
adenosine
Us52%, p70 BPS® B/C Benzophenone-derivatized 19
adenosine
pl14,2 p70 BPS’ A-C 2,6-Diaminopurine 28
BPS™ BPS™! E — This study
BPS™ BPS™! A —° This study
BPS>® BPS™! C —° This study
U2AF® BPS*! —° 4-Thiouridine 13
p28 BPS*! C — 13
SAPs 49, 114, 61, 145, 62, and 155 BPS ¢ to BPS™* (anchoring A —° 14
site)
Exon SRp 20, SRp 30 E *toE! E —° This study

“The schematic at the top indicates the sites in pre-mRNA that have been site-specifically labeled for protein cross-linking studies. The mammalian consensus
sequences for the splicing elements are shown. All of the proteins so far identified that cross-link at specific sites are listed. Data for S. cerevisiae are shown in boldface

type.

b Site that contains the photoactivatable agent or that was 3?P labeled (in cases in which no photoactivatable agent was used).

¢ —, no derivatized nucleotide was used for cross-linking.

4 p14 was shown to directly contact the adenosine, whereas p70 cross-links to another site within the BPS (29).
¢ U2AF® cross-linking at BPS™! was detected at 4°C in the absence of ATP. None of the known spliceosomal complexes (except for the hnRNP complex H) assemble

under these conditions.

comes the requirement for the AG dinucleotide during A-com-
plex assembly (15, 30).

In addition to AG”, we detect U5%* cross-linking near or at
the AG in the C complex. This protein was also detected at this
site in S. cerevisiae (Table 1). In contrast to AG” cross-linking,
mutation of the AG does not affect U5**° cross-linking in .
cerevisiae or in mammals.

SR proteins cross-link to exon 1 sequences. Our study re-
vealed that a major site of cross-linking for two members of the
SR protein family, SRp 20 and SRp 30, is within exon se-
quences located about 25 nt upstream of the 5’ splice site. In
previous studies, SR proteins have been shown to cross-link to
exonic enhancers located downstream of the 3’ splice site;
these enhancers function to promote splicing of the upstream
intron which contains weak a 5’ or 3’ splice site (see reference
12 for a review). Our data provide the first example of SR
proteins interacting with pre-mRNA upstream of the 5’ splice
site. How these SR proteins are targeted to this site in exon 1
is not known. The exon 1 site where the SR proteins cross-link
does not contain any obvious purine-rich sequences, but non-
purine-rich sequences have been shown to bind SR proteins
and function as enhancers (36, 39, 40). U2AF® cross-links to

a pyrimidine-rich sequence in exon 1 near the SR proteins, but
the level of U2AF® cross-linking at this site is significantly
lower than that at the 3’ splice site. In any case, SR proteins
interact, via protein-protein interactions, with the small sub-
unit of U2AF, U2AF?® (43). Thus, it is possible that the SR
proteins target U2AF to exon 1 sequences or vice versa. Pre-
vious work has shown that exon sequences upstream of the 5’
splice site play a role in recognition of the 5 splice site (32).
This observation, coupled with our finding that SR proteins
cross-link upstream of the 5' splice site, raises the possibility
that SR protein-enhancer interactions may occur upstream
of the 5’ splice site as well as downstream of the 3’ splice
site.
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