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Alternative splicing plays an important role in regulation of bovine papillomavirus type 1 (BPV-1) gene
expression. We have recently identified in BPV-1 late pre-mRNAs two purine-rich exonic splicing enhancers
(SE1 and SE2) which also stimulate splicing of a Drosophila doublesex (dsx) pre-mRNA containing a suboptimal
3’ splice site. In vivo studies now demonstrate that both SE1 and SE2 are required for preferential use of the
BPV-1 nucleotide (nt) 3225 3’ splice site in nonpermissive cells. Deletion or mutation of either element in a
BPV-1 late pre-mRNA switches splicing to the late-specific alternative 3’ splice site at nt 3605. To investigate
the sequence specificity of these exonic splicing enhancers, various mutant SE1 or SE2 elements were con-
nected to dsx pre-mRNAs and tested for their stimulatory effects on dsx pre-mRNA splicing in vitro. Substi-
tution of U residues for either A or G residues in and around potential ASF/SF2 binding sites in SE1 or SE2
resulted in a significant reduction of splicing enhancer activity. However, the G-to-U substitutions in both
enhancers had the largest effect, reducing splicing to near control levels. Further in vitro analyses showed that
splicing enhancement by SE2 could be competed with excess unlabeled SE2 RNA, indicating that SE2 activity
in HeLa nuclear extracts is mediated by trans-acting factors. UV cross-linking plus immunoprecipitation
assays showed that both wild-type SE1 and SE2 RNAs could bind directly to purified HeLa SR proteins SRp30a
(ASF/SF2), SRp55, and SRp75. UV cross-linking experiments also identified a 23-kDa protein which binds to
SE2 but not SE1. This protein is present in both HeLa nuclear extracts and S100 extracts but absent from SR
protein preparations, suggesting that it is not a classical SR protein. Mutant SE elements (containing G- to
U-mutations) which had minimal splicing enhancer activity also had very weak binding capacity for these

proteins, strongly suggesting that the binding of these proteins is required for splicing enhancer function.

Processing of a pre-mRNA requires precise intron excision
and ligation of the exons in a process known as splicing (re-
viewed in reference 29). Four critical sequence elements, the 5’
splice site, the 3’ splice site, the branch point, and the poly-
pyrimidine tract, are essential for constitutive splicing in mam-
malian systems. The machinery which carries out this process is
known as the spliceosome and is composed of multiple
snRNPs and splicing factors. The earliest stages in spliceosome
assembly involve the formation of the E (early) or commitment
complex in which the 5’ splice site is recognized by Ul snRNP
and the 3’ splice site by binding of U2AF®* at the polypyrimi-
dine tract (20, 28, 37, 40, 55). Binding of Ul snRNP and
U2AF® is facilitated by the arginine/serine-rich (SR) family of
splicing factors which interact with both U1-70K and U2AF*
(13, 22, 51, 57). The SR proteins also mediate splice site pair-
ing through a network of protein-protein interactions which
may bridge both the exon and the intron (6, 51). One recent
study suggests that subsequent to commitment complex forma-
tion, the basic amino acid side chains of the RS domain of
U2AF® promote the base pairing of U2 snRNP at the branch
point by neutralization of the negatively charged phosphates of
the RNA (47). Finally, addition of U4, U5, and U6 snRNPs to
the spliceosome ultimately catalyzes the splicing reactions (re-
viewed in references 29, 32, and 39).

Alternative pre-mRNA splicing is an important mechanism
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for the regulation of gene expression. Alternatively spliced
mRNAs can generate variant proteins from a single gene, and
these proteins may have different functions or may be ex-
pressed in a developmental stage- or tissue-specific manner
(19). The mechanisms by which alternative splice site selection
is regulated in eukaryotic cells and viruses are now partially
understood. Many studies have demonstrated that alterna-
tively spliced genes usually have either a suboptimal 5’ splice
site or a suboptimal 3’ splice site characterized by a noncon-
sensus branch point and/or a suboptimal polypyrimidine tract
(41; reviewed in reference 4). Use of suboptimal splice sites
can be facilitated by purine-rich exonic sequences known as
exonic splicing enhancers (ESEs) (reviewed in references 4, 5,
and 26). This facilitation is mediated by the SR proteins which
bind to the ESE and then recruit U2AF to the suboptimal 3’
splice sites (23, 33, 40, 42, 43).

The SR proteins are a family of splicing factors character-
ized by N-terminal RNA binding domains and C-terminal RS
domains. The RS domains can be phosphorylated in vitro on
serine residues by cellular SRPK1 (17, 18) or Clk/Sty (8) pro-
tein kinase or by DNA topoisomerase I (34). The phosphory-
lated RS domain serine residues are part of the phospho-
epitope recognized by monoclonal antibody (MAb) 104 (54).
The N-terminal RNA recognition motifs (also known as RNA
binding domains) cooperate to define the overall RNA binding
specificity (7, 43; reviewed in references 11 and 26). The SR
protein family now has at least nine members: SRp20 (X16
or RBP1), ASF/SF2 (SRp30a), SC35 (SRp30b or PR264),
SRp30c, 9G8, SRp40 (HRS), p54, SRp55 (B52), and SRp75
(reviewed in references 11, 26, and 48). SR proteins are essen-
tial splicing factors that are required for constitutive splicing.
They are also alternative splicing factors and can regulate use
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A. positions of SE1 and SE2 in the BPV-1 genome
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FIG. 1. Locations of BPV-1 SE1 and SE2 in BPV-1 genome and experimental strategy. (A) Positions of the SE sequences in BPV-1 are indicated by shaded boxes.
Numbers are the nucleotide positions in the BPV-1 genome. The nt 3225 and 3605 3’ splice sites and the nt 3764 5" splice site are indicated. (B) Schematic
representation of Drosophila dsx chimeric pre-mRNA. Exon sequences (boxes) and intron sequences (lines) are shown. The lengths (in nucleotides) of the exons and
introns are indicated below the corresponding regions of the construct. The 3’ exon contains 30 nt of the dsx fourth exon and 14 nt of polylinker sequence derived from
pSP72. The shaded box represents exonic splicing enhancer sequences which are inserted into exon 4. The plasmid from which the chimeric dsx pre-mRNA is
transcribed contains a Bg/II site upstream of the dsx sequences and Xbal (5") and HindIII (3') sites into which putative ESE sequences are cloned.

of alternative 5’ splice sites by binding to sequences at or near
the 5’ splice site. As mentioned above, regulation of alternative
3’ splice site selection and internal exon inclusion is mediated
by the binding of SR proteins to ESE elements.

Viruses frequently use alternative splicing as a way to pack
maximum coding capacity into a small genome. The expression
of the late genes of bovine papillomavirus type 1 (BPV-1) is
regulated in part through alternative splicing, which itself is
regulated as a function of differentiation of the host cell, the
keratinocyte (2, 3). Early and intermediate stages of the viral
life cycle take place in the basal and spinous layers of the
epidermis, respectively. The majority of viral pre-mRNAs at
these stages of the viral life cycle are spliced by utilizing a
common 3’ splice site at nucleotide (nt) 3225. However, in the
fully differentiated keratinocytes of the granular cell layer, late
viral pre-mRNAs are also spliced by using a late-specific alter-
native 3’ splice site at nt 3605. This shift in alternative splicing
is required to produce the L1 mRNA which codes for the
major capsid protein. We have previously identified two ESEs
(SE1 and SE2) between the nt 3225 and nt 3605 3’ splice sites
in BPV-1 late pre-mRNAs and demonstrated that SE1 is re-
quired for efficient utilization of the suboptimal nt 3225 3’
splice site in vitro (Fig. 1) (56). This study also identified an
exonic splicing suppressor (ESS) adjacent to SE1 that can
repress utilization of this suboptimal 3’ splice site.

In this study, we have mutated SE1 and SE2 and shown that
mutations in potential binding sites for the SR protein ASF/
SF2 dramatically reduced their splicing enhancer activity in
vitro and dramatically affected alternative splicing in vivo. Mu-
tation or deletion of either SE1 or SE2 in a BPV-1 late pre-
mRNA switched alternative splicing from preferential use of
the common 3’ splice site at nt 3225 to predominant use of the
late-specific nt 3605 3" splice site. In addition, multiple SR
proteins including ASF/SF2 (SRp30a), SRp55, and SRp75
bound to both SE1 and SE2. Importantly, mutations in SE1
and SE2 which abolished function also significantly reduced or
eliminated SR protein binding, indicating that the binding of
SR proteins to these ESEs is functionally relevant. Finally, we
have identified a 23-kDa protein which bound to SE2 but not
SEL.

MATERIALS AND METHODS

Pre-mRNA substrates. Template plasmids for chimeric doublesex (dsx) pre-
mRNA preparation were constructed by cloning of annealed synthetic oligonu-
cleotides containing wild-type (WT) and mutant BPV-1 SE sequences into
pdsx-Sa (44, 49) at Xbal and HindIII sites as described previously (56). The same
vector containing a strong synthetic splicing enhancer [(AAG)g] or Py3 (with
four CT interruptions in the polypurine sequence [Fig. 2A]) served as a positive
or negative control, respectively (44). The locations of the SE sequences in the
BPV-1 genome are shown in Fig. 1A. A map of the dsx chimeric mRNAs is
shown in Fig. 1B. All constructs were made by using standard cloning procedures
and confirmed by sequencing (38).

The template plasmids were linearized with HindIII and transcribed in vitro
with T7 RNA polymerase in the presence of the cap analog (m’GpppG) (31) and
[«-*P]GTP. Full-length transcripts were separated on 6% denaturing polyacryl-
amide gels and eluted from gel slices by overnight incubation in elution buffer as
described previously (56). The eluted RNAs were then phenol extracted, ethanol
precipitated, and resuspended in diethyl pyrocarbonate-treated water.

To prepare the pre-mRNA substrates containing BPV-1 SE and no dsx se-
quences, the dsx sequences were removed from the above-described constructs
by Xbal and BglII digestion, and the plasmid was recircularized by T4 DNA
ligase. The resulting plasmids were then linearized with HindIII and transcribed
as unlabeled RNAs for competition experiments or as uniformly labeled RNA,
using [a-**P]UTP, [a-*?P]ATP, [a-**P]GTP, and [a-**P]CTP for UV cross-link-
ing and immunoprecipitation experiments.

In vitro splicing reactions. In vitro splicing reactions were performed at 30°C
for 2 h, using the Promega RNA splicing system with 4 ng of *?P-labeled
pre-mRNAs and HeLa cell nuclear extracts as recommended by the manufac-
turer. The reaction products were extracted with phenol, precipitated with eth-
anol, and analyzed by electrophoresis on denaturing polyacrylamide gels fol-
lowed by quantitation with a Molecular Dynamics PhosphorImager. The splicing
efficiency for each pre-mRNA was calculated as the percentage of total splicing
products (intermediates and fully spliced) divided by the sum of total splicing
products plus the remaining pre-mRNA.

Competition experiments were performed by preincubation of HeLa cell nu-
clear extracts with cold competitor RNAs for 10 min on ice (44, 49). Radiola-
beled pre-mRNAs and 5X splicing buffer (3% polyvinyl alcohol, 2 mM ATP, 100
mM creatine phosphate, 25 mM HEPES [pH 7.9]; Promega) were then added to
give the standard splicing conditions as described by the manufacturer, and the
reaction mixtures were incubated at 30°C for an additional 2 h. Analysis of the
spliced products was carried out as described above.

BPV-1 expression vector and transformation mutagenesis. The BPV-1 late
gene expression vector CCB458-2 (p3231) contains two fragments of BPV-1
DNA (nt 7254 to 7563 and nt 3073 to 7356) that were joined by PCR overlap
extension with an intervening Xhol site. The BPV-1 DNA was cloned down-
stream of the human cytomegalovirus (CMV) IE1 promoter in pUCI18. This
vector expresses a BPV-1 late pre-mRNA that has a large deletion in intron 1,
removing all of the early promoters. In vitro site-directed mutagenesis was used
to delete BPV-1 SE1 or SE2 or to introduce specific base changes into SE1 or
SE2. A Transformer site-directed mutagenesis kit (Clontech Laboratories, Inc.,



9098 ZHENG ET AL.

J. VIROL.

Splicing

& EEL (% of wt)
WT cuagaGAAGGACCUGAAGBAGACCCUGCAGGAAAAGAAGCCGAGCCAGCCCAGCCaageu 100
ML Ll W....... W..ooooiiina... UUDU.UU. ..o 104
M2 Ww....... UU. o e 110
M3 UUUU.UU. .o 100
M4 PP 70
M5 w..u.u...... U..0uw.w. ... 44
M6 ..., UU..U....W..U.U...... U..UU. W L 22
M7 11
M8 71
M9 39
M10 24
M11 65
(AAG)g  cuagaAAGAAGAAGAAGAAGAAGAAGAAGaagcu 49
Py3: s ACUAGAAGCUAAGACUAGAAGCUA. . . . . 10

100 o

Splicing
time (h)

22000000000 O0O0O

2 2 22 2 2222222

FIG. 2. Mutational analysis of BPV-1 SE1. Mutation (A or G to U) of BPV-1 SE1 reduces stimulation of dsx pre-mRNA splicing. (A) The names and sequences
of WT and mutant SE1. The flanking sequences from the polylinker on both ends of the SE1 are indicated in lowercase. The shaded sequences on SE1 are potential
ASF/SF2 binding sites which match most closely with the A13 sequence (AGAAGGAC) obtained through a SELEX procedure described in reference (43). In the
mutant elements, only the mutated nucleotides are indicated. Unchanged nucleotides (.) and deletions (-) are indicated. The splicing efficiency of each pre-mRNA was
calculated from the data in panel B as described in Materials and Methods and then expressed as a percentage of the WT value. (B) Effects of various SE1 mutations
on dsx pre-mRNA splicing. The chimeric dsx pre-mRNAs containing WT and mutant BPV-1 SE1, (AAG)g, or Py3 (44, 56) were incubated in HeLa cell nuclear extracts
at 30°C for 2 h as indicated below the lanes. Electrophoresis was performed with a 5% polyacrylamide gel containing 8 M urea. Positions of DNA size markers (M)
corresponding to a 100-bp ladder are shown at the left. The identities of the spliced products and intermediates are shown at the right. The mobilities of the fully spliced
products and lariat-exon 4 intermediates differ among the various templates due to the different sizes of the ESE sequences downstream of exon 4. The top band in
each lane is the unspliced pre-mRNA. One representative experiment of three is shown. The following plasmids were used to generate the chimeric dsx pre-mRNAs:
WT, p3013; M1, p3027; M2, p3028; M3, p3029; M4, p3042; M5, p3043; M6, p3044; M7, p3045; M8, p3046; M9, p3047; M10, p3049; M11, p3048; (AAG)g, p2701; and

Py3, p3019.

Palo Alto, Calif.) was used for generation of the desired mutations or deletions.
The primers used for mutagenesis and selection are summarized in Table 1. All
mutations were verified by DNA sequencing.

Transfection and RT-PCR analysis of spliced BPV-1 late mRNAs. Transfec-
tam reagent (Promega) was used to transfect 4 ug of WT or mutant expression
vector DNA into human 293 cells or HeLa MK cells plated in 60-mm-diameter
dishes. Total cellular RNA was prepared after 48 h, using TRIzol (GIBCO BRL)
as instructed by the manufacturer. Following DNase I treatment, 500 ng of total
cellular RNA was reverse transcribed at 42°C, using random hexamers as prim-
ers, and then amplified for 35 cycles as described previously (2). The primers
used for reverse transcription (RT)-PCR analysis are summarized in Table 1.
PCR products were then separated on a 3% agarose gel.

Proteins and antibodies. HeLa cell nuclear extracts used for in vitro splicing
reactions and UV cross-linking assays were purchased from Promega. HeLa cell

SR proteins were purified by two precipitation steps, using ammonium sulfate
and magnesium (54). HeLa cell S100 was prepared according to the procedure
of Dignam et al. (10). The mouse hybridoma cell line mAb104 (35, 36) (ATCC
2067-CRL) (referred to here as MAb 104) was obtained from R. Gontarek and
D. Derse (National Cancer Institute-Frederick Cancer Research and Develop-
ment Center). The mouse hybridoma cell line «SC35 (12) (ATCC 2031-CRL)
was purchased from the American Type Culture Collection, and the hybridoma
cell culture supernatant was immunoaffinity purified by using a Cappel goat
anti-mouse immunoglobulin G (IgG) affinity column (Organon Teknika Corp.).
MADb aSF2/ASF (42) and MAb 16H3 (30) were generous gifts from A. Krainer
(Cold Spring Harbor Laboratory) and from K. Neugebauer and M. Roth (Fred
Hutchinson Cancer Research Center, Seattle, Wash.), respectively.

UV cross-linking and immunoprecipitation. UV cross-linking procedures were
modified from the literature (9, 25, 50). Briefly, purified HeLa SR proteins (20
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TABLE 1. Primers used for transformation mutagenesis and RT-PCR analysis

Oligonucleotide

Sequence”

Position” (nt)

Mutagenic primers

SElm GTCTGGGTCGCATCCtAAttACCTtAAttAtACCCTICAtAAAALAALCCaAaCCAGCCCAGCC 3241-3305

SE1d GTCTGGGTCGCATCC | CCAGCCCAGCCTG 3241-3255/3295-3307

SE2m CCGGTGGACTTGGCATCAALttCAttAAtAAtAttAtCAITCGCCCGACTCCACALAHtAAtAACC 3460-3536
AGTGACTCTCCC

SE2d CGGTACCGGTGGACTTGGC | CCAGTGACTCTCCCAAGG 3455-3473/3523-3540

Selection primer GGGACGCcAATTgGTAATCATGG
PCR primers
Pr7250 (sense)
Pr3746 (antisense)

AATTATTGTGCTGGCTAGAC
AAGGTGATCAGTATTTGTGC

¢

7250-7269
3746-3727

“ Lowercase indicates nucleotide substitutions in BPV-1 wild-type sequence (mutagenic primers) or cloning sites (selection primers). Deletions are indicated by

vertical lines.

? Positions of the first and last nucleotides of the primer or continuous segment of the primer. Deletions are indicated by “/”. Numbers refer to nucleotide positions

in the BPV-1 genome.

¢ —, the selection primer spans the EcoRI site at the junction between BPV-1 and pUCI8 and destroys this restriction endonuclease cleavage site.

ug), nuclear extract (20 ug), or S100 extract (10 pg) were mixed with 5X splicing
buffer (2 pl) and 3*P-labeled pre-mRNA (1.4 X 10° cpm/4 ng) in a total volume
of 10 wl in each well of an ice-cold 96-well, flat-bottom plate. The plate was kept
on ice for 15 min before addition of heparin to a final concentration of 2 mg/ml.
After UV irradiation (480,000 pJ/cm?) in a UV Stratalinker (Stratagene) at 4°C,
each sample was digested for 30 min at 37°C with either RNase A (20 pg) or a
combination of RNase A (20 png), RNase T, (200 U), and RNase T, (40 U),
heated at 100°C for 7 min in sodium dodecyl sulfate (SDS) sample buffer, and
then analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on a 12% gel.
The dried gels were visualized with a Molecular Dynamics PhosphorImager and
quantitated by using ImageQuant software.

For UV cross-linking and immunoprecipitation assays, 500 pl of MAb 16H3 or
aSF2/ASF culture supernatant or 30 pg of affinity-purified «SC35 in 500 .l of IP
(immunoprecipitation) buffer (10 mM Na,PO, [pH 7.0], 150 mM NaCl, 20 mM
EDTA, 5 mM potassium fluoride, 5 mM B-glycerophosphate, 2 g of aprotinin
per ml) was prebound to 50 pl of 50% GammaBind Plus Sepharose bead slurry
(Pharmacia) for 1 h at 4°C. In the case of MAb 104, an anti-mouse IgM (1:500)
was prebound to the beads. After three washes with IP buffer, 1 ml of MAb 104
(IgM type) culture supernatant was added to the beads precoated with anti-
mouse IgM and incubated for another 1 h at 4°C. After three washes with IP
buffer, 20 pl of the UV cross-linked protein-RNA mixtures was added to the
antibody-prebound GammaBind beads, mixed by addition of 500 wl of IP buffer,
and then rotated at 4°C overnight. After three washes with IP buffer, bound
proteins were removed from the beads by addition of 25 pl of 2X SDS sample
buffer and heating to 100°C for 7 min and then resolved by SDS-PAGE on a 12%
gel.

Image analysis. Autoradiographic data were captured with a Molecular Dy-
namics PhosphorImager. The exposure of PhosphorImager data was adjusted
with ImageQuant and exported as a TIFF file. Bitmapped images were cropped
in Aldus Photostyler and imported into Micrografx Designer, where they were
annotated and then printed on a Tektronix Phaser IIsdx dye sublimation printer.

RESULTS

Mutational analysis of BPV-1 ESEs SE1 and SE2. Our pre-
vious study demonstrated that either BPV-1 SE1 or SE2 can
stimulate the splicing of a dsx pre-mRNA in vitro when located
44 nt downstream of the weak 3’ splice site in exon 4 (56)
(lanes WT in Fig. 2B and 3B). We have used this assay to
further characterize the sequence specificity of these purine-
rich enhancer elements. In this study, A or G residues in SE1
or SE2 were substituted with U residues (Fig. 2A and 3A). The
rationale for the U substitutions was based on a mutational
analysis of an IgM purine-rich ESE which suggested that U
residues are inhibitory while C residues are neutral (44).

The sequences of SE1 and SE2 were also scanned for po-
tential binding sites for proteins known to bind to ESE ele-
ments. SR proteins have been shown to directly interact with
purine-rich ESEs and mediate their function (23, 42, 43, 53).
The optimal binding sites for ASF/SF2 and SC35 have been
determined by an in vitro selection procedure (43). There are

two adjacent potential ASF/SF2 binding sites at the 5’ end of
SE1 (Fig. 2A) and two potential ASF/SF2 binding sites in SE2
that are separated by a central C-rich region (Fig. 3A). No
good matches to the optimal SC35 binding site could be iden-
tified in either SE1 or SE2.

The results of the mutational analysis of SE1 are shown in
Fig. 2. In a 2-h splicing reaction, dsx pre-mRNA containing
either WT SEI1 or the strong synthetic splicing enhancer
(AAG); as a positive control efficiently produced fully spliced
products as well as splicing intermediates. Under the same
conditions, a dsx pre-mRNA containing a mutant synthetic
splicing enhancer (Py3) was only minimally spliced and served
as a negative control. In these assays, the zero time point has
been included to allow the splicing products to be easily dis-
tinguished from RNA degradation products. Substitutions of
U’s for A’s in the two potential ASF/SF2 binding sites and/or
the central A-rich stretch did not change the splicing enhancer
activity of SE1 (M1, M2, and M3 [Fig. 2]). Deletion of either
16 nt at the 3’ end (SE1 M4) or deletion or mutation of 11 nt
in the central A-rich part (SE1 M8 and M11) of SE1 reduced
activity only about 30%. More extensive substitution of U’s for
A’s in the two potential ASF/SF2 binding sites in combination
with the 16-nt 3’-end deletion (SE1 M6 and M10) decreased
SE1 activity another 50 to 60%. The most effective mutation
was the substitution of U’s for G’s in combination with the
16-nt 3’ end deletion (SE1 M7). This mutation almost com-
pletely abolished the splicing enhancer activity of SE1, suggest-
ing that G residues may be more important than A residues in
the purine-rich ESE SEL1. In general, most point mutations and
deletion mutations had some effect on splicing enhancer func-
tion. In addition, the more extensive the mutation the greater
the effect, suggesting that SE1 may be composed of multiple
possibly overlapping binding sites.

As observed for SE1, substitutions of U’s for A’s within and
surrounding the two potential ASF/SF2 binding sites in SE2
(M1) or deletion of the potential ASF/SF2 binding site from
the 5’ end of SE2 (M4) only partially reduced splicing en-
hancer activity (Fig. 3). However, substitutions of U’s for G’s in
either the 5" or 3’ potential ASF/SF2 binding sites (SE2 M2
and M3) almost completely eliminated splicing enhancer ac-
tivity. These results again suggest that G residues may be more
important than A residues for splicing enhancer activity. In
addition, these results suggest that both potential ASF/SF2
binding sites may be required for maximum SE2 splicing en-
hancer activity. Interestingly, deletion of the first potential
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binding site had less of an effect than G-to-U substitutions in
and around this site (compare M4 with M2 in Fig. 3A and B).
This may indicate a role for sequences flanking this site. Al-
ternatively, the G-to-U substitutions may create a sequence
that binds other proteins and acts as a suppressor of splicing.

BPV-1 SE1 and SE2 are involved in alternative splice site
selection in vivo. The results of the mutational analyses de-
scribed above were used to design experiments to test the roles
of SE1 and SE2 in splice site selection in vivo. In these exper-
iments, we used a BPV-1 mini-late transcription unit expres-
sion vector driven by the CMV IE1 promoter (Fig. 4A). The
pre-mRNA transcribed from this expression vector has a short-
ened first intron but otherwise contains all the splice sites and
poly(A) sites required to generate the mRNAs normally pro-
cessed from this pre-mRNA during a productive infection (1,
2). Point mutations and deletions which would be expected to
eliminate splicing enhancer function were made in SE1 and
SE2 (Fig. 4B). Mutation SE1m is similar to SE1 M7, while
SE2m is similar to a combination of SE2 M2 and M3. The
deletions entirely remove SE1 or SE2. WT and mutant expres-
sion vectors were assayed by transfection into 293 and HeLa
cells. Total cellular RNA was isolated 48 h posttransfection,
treated with RNase-free DNase I to eliminate contaminating
DNA, and analyzed by RT-PCR using primers in exon 1 and
exon 2 (Fig. 4A). The primers Pr7250 and Pr3746 would be
expected to generate products of 658 and 278 bp from mRNAs
spliced using the nt 3225 and 3605 3’ splice sites, respectively.
An L1 cDNA and a 10:1 mixture of cloned cDNAs generated
from L2 mRNAs spliced by using the nt 3225 and 3605 3’ splice
sites were used as PCR controls (Fig. 4C, lanes 8 and 9, re-
spectively). Steady-state levels of BPV-1 mRNAs in 293 cells
transfected with the WT expression vector show a more than
10-fold preferentially use of the nt 3225 3’ splice site (Fig. 4C,
lane 7). In contrast, late pre-mRNAs containing point muta-
tions or deletions in either SE1 or SE2 were predominantly
spliced using the nt 3605 3 splice site (Fig. 4C, lanes 3 to 6).
Similar results have been seen with a point mutation in the AG
of the nt 3225 3’ splice site (1a). In these experiments, no band
of 991 bp was ever seen, indicating that the pre-mRNA is
either completely spliced or unstable and that essentially all
input DNA was removed by DNase I treatment. Transfections
of these plasmids were repeated in HeLLa MK cells and gave
similar splicing patterns (data not shown). These data confirm
our previous in vitro studies (56) which suggested that utiliza-
tion of the nt 3225 3’ splice site requires a functional SE1. In
addition, SE2 appears to be required for preferential use of the
nt 3225 3’ splice site.

trans-acting factors in HeLa cell nuclear extracts are re-
quired for the activity of the BPV-1 ESE SE2. To determine if
the splicing enhancement of dsx pre-mRNAs by BPV-1 ESEs is
mediated by a specific interaction between SE sequences and
trans-acting factors in HeLa cell nuclear extracts, competition
experiments were conducted. HeLa nuclear extracts were pre-
incubated on ice for 10 min with various cold competitor RNAs
before addition of *?P-labeled chimeric dsx-BPV-1 SE2 pre-
mRNAs to the reaction mixture. Two sets of cold mRNAs
were used for the competition. One set contained only ESE or
control sequences, while the other set consisted of chimeric
dsx-BPV-1 SE2, dsx-Py3, or dsx-(AAG)g pre-mRNA. As shown
in Fig. 5, BPV-1 SE2 and the synthetic ESE (AAG), inhibited
in vitro splicing three- and fourfold, respectively, at a 165-fold
(5 pM) molar excess. Under the same conditions, the nonfunc-
tional Py3 RNA (44) inhibited splicing less than 1.6-fold. The
dsx-containing competitors [dsx-SE2 and dsx-(AAG)g] each
suppressed splicing 3-fold at 165-fold (5§ pM) molar excess, but
competition again required the presence of a splicing enhancer
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FIG. 3. Mutational analysis of SE2. Mutation (A or G to U) of BPV-1 SE2
reduces stimulation of dsx pre-mRNA splicing. (A) Names and sequences of the
WT and mutant SE2 elements connected to Drosophila dsx exon 4. The flanking
sequences from the polylinker on both ends of the SE2 are indicated in lower-
case. The shaded sequences on SE2 are potential ASF/SF2 binding sites which
closely match the consensus sequence (RGAAGAAC) obtained through a
SELEX procedure described in reference (43). In the mutant elements, only the
mutated nucleotides are indicated. Unchanged nucleotides (.) and deletions (-)
are indicated. The splicing efficiency was calculated as described in the legend to
Fig. 2. (B) Splicing gel after in vitro splicing reactions and gel electrophoresis.
One representative experiment of two is shown. The following plasmids were used
to generate the chimeric dsx pre-mRNAs: WT, p3014; M1, p3026; M2, p3050; M3,
p3051; M4, p3052; (AAG)g, p2701; and Py3, p3019. M, DNA size markers.

[Fig. 5; compare SE2 and (AAG)g with Py3]. These results
indicate that trans-acting factors in HeLa nuclear extracts are
required for SE activity.

UV cross-linking analysis of the proteins which bind to
BPV-1 SE1 and SE2. UV cross-linking was used to identify
proteins in HeLa nuclear extracts that bind to BPV-1 splicing
enhancers. Since SR proteins have been shown to interact with
purine-rich ESEs (23, 42, 43, 53), we also determined if puri-
fied SR proteins could bind to SE1 and SE2. In these assays,
small in vitro-transcribed RNAs containing just SE1 or SE2
sequences and polylinker sequences were used for binding. In
addition to WT SE sequences, the mutants with G-to-U sub-
stitutions (SE1 M7 and SE2 M2) were used to correlate pro-
tein binding with function since these mutants have minimal
splicing enhancer activity. Both WT and mutant SE RNAs
were labeled with [a->*P]ATP, since WT and mutant RNAs
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FIG. 4. Mutation or deletion of BPV-1 SE1 or SE2 switches alternative 3" splice site selection in vivo. (A) Schematic diagrams of a BPV-1 mini-late transcription
unit expression vector (top) and the splicing patterns of pre-mRNAs expressed from this vector (bottom). At each end of the mini-late transcription unit (open box)
is the CMV IE1 promoter (solid box) and pUC18 (gray box). Numbers adjacent to or below the line indicate nucleotide positions in the BPV-1 genome. A large deletion
in intron 1 of the L1 mRNA is shown by a heavy vertical line. Early and late poly(A) sites are indicated by vertical lines labeled Ag and A, respectively. Splice sites
are shown as 5’ splice site (5'ss) and 3’ splice site (3’ss). The relative locations of SE1, SE2, and the ESS are shown as labeled boxes. Sense (Pr7250) and antisense
(Pr3746) primers used for RT-PCR analysis reflect the position of the 5" end of the primer. The drawing is not drawn to scale. (B) Nucleotide sequences of WT and
mutant SE1- and SE2-containing pre-mRNAs. Mutant pre-mRNAs are identified at the left. Unchanged nucleotides (.) and deletions (horizontal line) are indicated.
Deletion endpoints are labeled above each sequence and correspond to positions in the BPV-1 genome. The following plasmids were used to express these pre-mRNAs:
WT, p3231; SE1m, p3031; SE1d, p3032; SE2m, p3033; and SE2d, p3034. (C) RT-PCR analysis of BPV-1 mRNAs transcribed and spliced in 293 cells from the expression
vectors with SE1 or SE2 mutation or deletion. Total cell RNAs were extracted from the cells transfected by WT BPV-1 DNA (lanes 2 and 7) or the constructs containing
SE1 mutation (SE1m; lane 3), SE1 deletion (SE1d; lane 4), SE2 mutation (SE2m; lane 5), or SE2 deletion (SE2d; lane 6), digested with RNase-free DNase I, and then
subjected to conventional PCR amplification (lane 2) or RT-PCR analysis (lanes 3 to 7). Lane 8 and 9 are products amplified from a BPV-1 L1 cDNA and a 10:1 mixture
of L2-L and L2-S cDNAs (2), respectively. Lane 10 is an untransfected 293 cell RNA control, and lane 11 is the water control (no RNA). PCR products are indicated

as 5’ splice site/3" splice site on the right. Marker (M) sizes are in base pairs.

contain equal numbers of adenosine residues and thus will be
equally labeled. The labeled SE RNAs were then incubated
with either HeLa nuclear extracts or purified SR proteins fol-
lowed by UV cross-linking of bound proteins to the RNA and
subsequent digestion of the RNA with RNase A. The proteins
were then fractionated by SDS-PAGE and visualized by auto-
radiography. In this assay, only proteins which directly contact
the RNA will be UV cross-linked to the RNA and will thus be
labeled with covalently bound 3?P.

Both SE1 and SE2 RNAs were cross-linked to proteins in
HeLa nuclear extracts with apparent molecular masses of 35 to
40, 55 to 60, and 70 to 80 kDa (Fig. 6A). SE2 RNA appeared
to bind more of the 35- to 40-kDa protein(s) than did SEI,
suggesting that there are more proteins in this molecular mass
range that bind to SE2 or that the protein(s) has greater affinity
for SE2 than for SE1. All three proteins appeared to be much
less abundant or absent in S100 extracts. Since S100 extracts
are specifically deficient in SR proteins (54), this finding sug-
gests that these proteins might be SR proteins. The binding of
SR proteins to SE1 and SE2 was confirmed by using an SR
protein preparation purified from HeLa cells (Fig. 6A). Mu-
tations which abolish the function of SE1 and SE2 also signif-
icantly decreased the binding of these proteins, suggesting that
the binding of these proteins is functionally relevant (compare
SE1 WT and M7 lanes and SE2 WT and M2 lanes in Fig. 6A).
However, the mutant RNAs also bound proteins which did not
bind to the WT sequences.

SE2 also bound an additional protein with an apparent mo-
lecular mass of approximately 28 kDa in HeLa nuclear extracts
(Fig. 6A). This protein appeared to be enriched in HeLLa S100
extracts and was absent in SR protein preparations, suggesting
that the 28-kDa protein is not a classical SR protein. In a
separate experiment, the 28-kDa protein from HeLa S100 ex-
tracts bound strongly to WT SE2 and the synthetic ESE
(AAG); (Fig. 6B). In both experiments, SE1 bound the 28-kDa
protein only weakly (Fig. 6). Again, mutations which abolished
the splicing enhancer activity of SE2 and (AAG); also dramat-
ically reduced binding of the 28-kDa protein, suggesting that
the binding of this protein is also functionally relevant (M2 and
Py3 in Fig. 6B).

We noted that the apparent molecular weights of the pro-
teins bound to the SE elements in nuclear extracts was slightly
higher than that of the purified SR proteins (Fig. 6A). Al-
though the reason for this difference is unknown, we speculate
that this could be due to differences in the phosphorylation
state of the proteins resulting from phosphatase activity during
purification. We also noted that both SE1 and SE2 contain
relatively long purine-rich stretches which are resistant to di-
gestion with RNase A (Fig. 7). These RNase A-resistant RNA
oligonucleotides could alter the mobility of a protein to which
they are cross-linked. This may explain several other observa-
tions. Most of the proteins labeled by UV cross-linking mi-
grated as broad fuzzy bands or multiple closely spaced bands.
In addition, the apparent molecular weights of the purified SR
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FIG. 5. Splicing factors binding to SE2 can be competed out with cold SE2 and (AAG)g RNAs or chimeric dsx-SE2 or dsx-(AAG)g pre-mRNAs. The in vitro splicing
was carried out with 3°P-labeled dsx-SE2 pre-mRNA as the substrate in the presence of various cold competitor RNAs with or without dsx. HeLa cell nuclear extracts
(10 pl) were first incubated for 10 min on ice with each competitor RNA indicated above the gel at a concentrations of 2, 5, or 10 pM. The **P-labeled dsx-SE2
pre-mRNA (4 ng) was then added to the reaction mixture, and splicing was carried out at 30°C for a further 2 h. The molar ratio between the cold and hot RNAs was
66-fold (2 pM), 165-fold (5 pM), and 330-fold (10 pM) molar excess of the cold competitors to hot substrates. Electrophoresis was performed with a 5% polyacrylamide
gel containing 8 M urea. Positions of DNA size markers corresponding to a 100-bp ladder are shown on the right. The identities of the spliced products and
intermediates are shown at the left. Splicing efficiency was calculated as described in Materials and Methods. RNAs without dsx sequences were transcribed from the
following plasmids: SE2, p3041; Py3, p3040; and (AAG)g, p3039. RNAs with dsx sequences were transcribed from the following plasmids: SE2, p3014; Py3, p3019; and

(AAG)g, p2701.

proteins were higher than those of the known SR proteins, and
the apparent mobilities of the SR proteins labeled by UV
cross-linking to SE2 RNA were higher than those of the SR
proteins labeled by UV cross-linking to SE1 RNA. To deter-
mine if the protein mobilities were influenced by the cross-
linked RNA, binding reactions were extensively digested with
a combination of RNases (A, T,, and T,) which should cut
after every nucleotide. For these experiments, SE1 and SE2
RNAs were uniformly labeled with all four a-*P-labeled ribo-
nucleoside triphosphates. This ensured that all UV cross-
linked proteins would be labeled with *?P even if only one
nucleotide remained covalently attached to the protein. Com-
bined RNase treatment significantly increased the mobility of
all the proteins and reduced broad smears to one or more
discrete bands (Fig. 7). This result indicates that the RNA does
significantly alter the mobility of the proteins. In addition, SE1
and SE2 RNAs gave nearly identical protein profiles (except
for a 23-kDa protein) with both HeLa nuclear extracts and
HeLa SR protein preparations when all three RNases were
used to digest the protein-RNA mixtures after UV cross-link-
ing (Fig. 7). Thus, with the exception of the 23-kDa protein
which binds predominantly to SE2, SE1 and SE2 appear to
bind the same proteins. The 23-kDa protein seen with com-
bined RNase digestion is most likely the same protein as the

28-kDa protein seen with RNase A digestion alone. The pro-
teins with apparent molecular masses of 35 to 40, 55 to 60, and
70 to 80 kDa seen with RNase A digestion probably corre-
spond to the SR proteins with apparent molecular masses of
35, 55, and 75 kDa which are seen with combined RNase
digestion. Although only one protein with molecular mass of
35 kDa was seen in this size range in HeLa SR protein prep-
arations, three proteins with molecular masses of 34, 35, and
36.5 kDa could be cross-linked to SE1 and SE2 in HeLa nu-
clear extracts. Thus, in addition to the SR proteins, several
apparently non-SR proteins also bind to SE1 and SE2.
Identification of SR proteins cross-linked to BPV-1 ESEs
by immunoprecipitation. Although the apparent molecular
weights of the proteins which bound to BPV-1 ESEs are con-
sistent with those of the classical members of the SR protein
family, it is possible that one or more of these proteins are
contaminants in the SR protein preparation and are therefore
not SR proteins. To confirm that SR proteins do bind to SE1
and SE2, MAbs specific for SR proteins were used to immu-
noprecipitate the proteins which were labeled by UV cross-
linking to radiolabeled SE1 and SE2 RNAs. Three MAbs were
chosen for these experiments. MAb 104 recognizes a phospho-
epitope in the RS domain of all classical SR proteins (36, 54).
MADb 16H3 recognizes an epitope composed of alternating



Vor. 71, 1997

A SE1WT SE1 M7 SE2 WT SE2 M2 Py3
[=3 o o o [=3
o w £ x w 2 x w £ & w 2 x w 2
M [} F4 7] n F4 (7] [ F4 (7] 2] z nw un F4 7]
kDa
12—
84 —
22 e ] s
53— had v - -

_1
29— .
-

21—

M  SE1 SE2 e
1'?3 WT M7WT M2 & <3

84 -

53 -

35-

FIG. 6. UV cross-linking analysis of proteins that bind to SE1 and SE2. (A)
UV cross-linking of BPV-1 SE1 and SE2 to purified HeLa SR proteins, nuclear
extracts, and S100 preparations. Purified HeLa SR proteins, HeLa nuclear ex-
tracts, or HeLa S100 extracts were cross-linked by UV irradiation (see Materials
and Methods) to pre-mRNAs labeled with [a-*P]ATP and digested with RNase
A. The protein-RNA mixtures were then heated at 100°C for 7 min in SDS
sample buffer and analyzed by SDS-PAGE on a 12% gel. (B) UV cross-linking
of a 28-kDa protein present in HeLa S100 extracts to BPV-1 SE2. RNAs were
labeled with [a->’P]ATP. UV cross-linking, RNase A digestion, and electro-
phoresis were carried out as described in Materials and Methods. Pre-mRNAs
were transcribed from the following plasmids: SE1 WT, p3053; SE1 M7, p3055;
SE2 WT, p3041; SE2 M2, p3056; (AAG)g, p3039; and Py3, p3040. M, size
markers.

arginine and glutamate or aspartate residues which is found in
a family of splicing factors that includes SRp20, SRp40, SRp55,
SRp75, U2AF®, U2AF*, U1-70K, and HRH1 (human RNA
helicase 1), as well as additional proteins (30). However, this
MADb does not recognize SRp30a (ASF/SF2) or SRp30b
(SC35). MAb oSF2/ASF recognizes only ASF/SF2 (SRp30a)
(42). A MAD to the BPV-1 major capsid protein (L1) and fetal
bovine serum were used as nonspecific controls. For these
experiments, we used SE1 or SE2 RNA labeled with [a-**P]
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ATP and digested the UV cross-linked RNA-protein mixtures
with RNase A. Although RNase A digestion gives broader
bands than digestion with a mixture of RNase A, T,, and T,, it
also leaves larger RNA fragments attached to the protein and
therefore gives a stronger signal.

The results of the immunoprecipitation experiments show
that the major proteins which cross-linked to both SE1 and
SE2 are SR proteins SRp30a (ASF/SF2), SRpSS, and SRp75
(Fig. 8). Each of these proteins was UV cross-linked much
more efficiently to WT SE sequences than to mutant SE se-
quences, again suggesting that the binding of these proteins is
functionally relevant. Each antibody gave a distinct protein
profile. MAb 104 preferentially immunoprecipitated SRp55
better than SRp75 and SRp30a/b (Fig. 8A), while MAb 16H3
precipitated more SRp75 than SRp55 (Fig. 8B). No significant
band was seen in the region of 30 to 35 kDa after immuno-
precipitation with MAb 16H3 (Fig. 8B). This result was ex-
pected since MAb 16H3 does not recognize SRp30a/b (30).
The binding of ASF/SF2 to both SE1 and SE2 was confirmed
by immunoprecipitation with MAb oSF2/ASF (Fig. 8C). Sur-
prisingly, this antibody also precipitated a 28-kDa protein
which specifically cross-linked to WT SE2 but not to mutant
SE2 or to SE1. Unlike ASF/SF2, which was more abundant in
the purified SR protein preparations, the 28-kDa protein was
more abundant in nuclear extracts. These two observations
suggest that it is the same 28-kDa protein that was abundant in
S100 extracts (Fig. 6). Further immunoprecipitation assays
showed that the 28-kDa protein seen in HeLa nuclear extracts
could also be immunoprecipitated with MAbs 104 and 16H3
(data not shown), suggesting that this protein might actually be
an SR or SR-related protein even though it does not copurify

BPV SE1 CUaga gaaggaCCUgaaggagaCCCUgCaggaaaagaagCCgagCCagCClagCC aagCu

BPV SE2 CUag aaggCaggaagaagaggagCagUCgCCCgaCUCCaCagaggaagaaClag aagCu

HNE SR

RNase A A+T1+T2 RNaseA  A+T1+T2

SE1 SE2 SE1 SE2 SE1 SE2 SE1 SE2
D - MR ARAAHE AR MO ANGHIAE AAM

kDa
-112
-84

FIG. 7. Choice of RNase affects mobility of proteins labeled by UV cross-
linking. The SE1 and SE2 sequences are shown at the top, with the flanking
polylinker sequences at each end separated by a space. The RNases used digest
after the following nucleotides and leave a 3’ phosphate: capital letters, RNase
A (pyrimidine residues); bold lowercase letters, RNase T, (G); or italicized
lowercase letters, RNase T, (A). RNAs used for the experiments were uniformly
labeled with [a-32P]ATP, [a->2P]UTP, [a-*2P]GTP, and [a-32P]CTP. UV cross-
linking of SE1 and SE2 to HeLa nuclear extracts (HNE) or SR proteins is
described in Materials and Methods. The RNA-protein mixtures were digested
at 37°C for 30 min with RNase A (20 pg) only or with a mixture of RNases A (20
wg), T, (200 U), and T, (40 U), heated at 100°C for 7 min in SDS sample buffer,
and then analyzed by SDS-PAGE on a 12% gel.
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FIG. 8. Identification by immunoprecipitation of SR proteins cross-linked to BPV-1 SE1 and SE2. Purified HeLa SR proteins (A to C) or HeLa nuclear extracts
(NE; C) were used for the UV cross-linking experiments. The hot RNAs used for the experiments were labeled with [a->’P]JATP. The cross-linked protein-RNA
mixtures were digested by RNase A (20 pg) only. After precleaning with GammaBind Plus Sepharose beads (no antibody bound), the protein-RNA mixtures were
immunoprecipitated overnight at 4°C, using MAb 104 (A), MAb 16H3 (B), or MAb aSF2/ASF (C) prebound to GammaBind Plus Sepharose beads (Pharmacia). The
immunoprecipitates on the beads were washed extensively, heated at 100°C for 7 min in SDS sample buffer, and fractionated by SDS-PAGE electrophoresis on a 12%
gel. MADbs against BPV-1 L1 protein (A and C) or 20% fetal bovine serum (FBS) in culture medium (B) were used as negative controls. M, size markers.

with the classical SR proteins and is abundant in SR deficient
HeLa S100 preparations (Fig. 6).

We have tried to use immunoprecipitation to determine if
SRp30b (SC35) binds to either SE1 or SE2. Unfortunately, our
immunoaffinity-purified MAb aSC35 did not specifically pre-
cipitate SRp30b but rather appeared to have a specificity sim-
ilar to that of MAb 104 (data not shown). Thus, we are unable
to say whether SRp30b binds to either of the BPV-1 ESEs.

DISCUSSION

Purine-rich ESEs (previously termed exon recognition se-
quences) have now been described in many cellular and viral
pre-mRNAs. These elements are generally paired with subop-
timal splice sites (typically 3’ splice sites) in pre-mRNAs that
are subject to alternative splicing. In most cases, these ele-
ments stimulate splicing of the upstream intron or inclusion of
an internal exon. However, exceptions to this rule were noted
recently in adenovirus and Rous sarcoma virus pre-mRNAs,
where purine-rich elements in introns have been shown to
serve as splicing repressors (21, 27). The characteristics of
BPV-1 SE1 and SE2 are typical of other ESEs. Both elements
are purine rich and contain several clusters of the purine re-
peat GAR or GRA (R = G or A) which has been identified in
other ESEs (33, 52). Each is capable of enhancing the splicing
of a heterologous pre-mRNA containing a suboptimal splice
site (56). In BPV-1 pre-mRNAs, SE1 lies 31 nt downstream of
the nt 3225 3’ splice site and has previously been shown to be
essential for utilization of this suboptimal 3’ splice site in vitro
(56). Here we show that SEL1 is also essential for utilization of
this 3’ splice site in the context of an alternatively spliced
BPV-1 late pre-mRNA in vivo (Fig. 4). Although SE2 func-
tions as an ESE in heterologous pre-mRNAs, an enhancer-like
role for SE2 in BPV-1 late pre-mRNA splicing could not be
demonstrated in vitro because of the dominant action of a
suppressor element that lies between SE1 and SE2 (56). Our in
vivo data now indicate that SE2 is also required for preferen-
tial utilization of the nt 3225 3’ splice site in an alternatively
spliced late pre-mRNA. Deletion or mutation of either SE1 or

SE2 switches splicing to a downstream alternative late-specific
3’ splice site at nt 3605 (Fig. 4). However, the exact mechanism
by which SE2 functions is not known. Although the data are
consistent with a role as an ESE that acts on the nt 3225 3’
splice site, SE2 lies 252 nt downstream of this 3’ splice site and
may not be able to function as an ESE at that distance (46).
Alternatively, SE2 lies only 80 nt upstream of the nt 3605 3’
splice site and by analogy with the adenovirus 3RE (21) may
function as an intronic splicing repressor by blocking the bind-
ing of U2 snRNP at the branch point of the nt 3605 3’ splice
site. Although our in vivo and in vitro data do not distinguish
between these two mechanisms, we favor the latter mechanism.
A proposed model for the regulation of BPV-1 late pre-mRNA
alternative splicing is shown in Fig. 9. In this model, splicing is
delicately balanced by the suboptimal nature of both 3’ splice
sites and by the presence of additional cis elements. SE1 and
the ESS act as positive and negative modulators, respectively,
of the nt 3225 3’ splice site, while SE2 functions as either a
repressor of the nt 3605 3’ splice site or an enhancer for the nt
3225 3’ splice site. The role of trans-acting factors in this
regulation will be discussed further below.

In this report, we have also carried out an in vitro structure
function analysis of both SE1 and SE2 and used this informa-
tion to correlate protein binding with function. Analysis of the
sequences of SE1 and SE2 revealed two potential ASF/SF2
binding sites in each ESE (43). Substitution of U residues for
all G residues in and around these potential binding sites
inactivated both SE1 and SE2 (Fig. 2 and 3), suggesting that
ASF/SF2 binding may be required for the function of these
ESEs. These results are consistent with those of Tanaka et al.
(44), who showed that U residues in an ESE are deleterious.
Surprisingly, however, substitution of U residues for A resi-
dues frequently had only a relatively minor effect on BPV-1 SE
function (Fig. 2 and 3). Similar results were seen in a study by
Staknis and Reed (40): the avian sarcoma-leukosis virus ESE
containing six A to U substitutions still efficiently assembled
the enhancer complex in vitro, although SR protein composi-
tion of this complex differed from the WT composition. The
mutational analysis of SE1 and SE2 may indicate that the G
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FIG. 9. A proposed model for regulation of BPV-1 alternative 3’ splice site selection. Rectangles, exon; lines, intron; 5'ss, 5" splice site; 3'ss, 3" splice site; SR, SR

proteins; ?, hypothetical interactions.

residues make more important RNA-protein contacts than do
the A residues. An alternative explanation is suggested by the
observation that the A-to-U mutations in SE1 and SE2 create
multiple GU sequences which may form cryptic 5’ splice sites.
A downstream 5’ splice site has been shown to activate the
splicing of an upstream intron (reviewed in reference 4) and
can function as a splicing enhancer (49).

As mentioned previously, the function of ESEs is mediated
by the SR proteins which bind to the ESE and facilitate early
steps of spliceosomal assembly by recruiting U2AF to subop-
timal 3’ splice sites. SR proteins have been shown to bind
several ESEs, including those in the human fibronectin alter-
native exon ED1 (23), bovine growth hormone exon 5 (40, 42),
avian sarcoma-leukosis virus env 3’ exon (40), equine infec-
tious anemia virus exon 3 (16), chicken cardiac troponin T
exon 5 (33), and Drosophila dsx exon 4 (24, 45, 46). Although
ASF/SF2 is the best-studied example, other SR proteins
(SRp40, SRp55, and SRp75) also bind to these enhancer ele-
ments (16, 33, 53). SR protein binding to these elements can be
either direct (23, 33, 40, 42) or mediated through other se-
quence-specific RNA-binding proteins (24, 45, 46, 53).

Consistent with these studies, we have shown by UV cross-
linking and immunoprecipitation that at least three SR pro-
teins (SRp30a, SRp55, and SRp75) bind specifically to both
BPV-1 SEI1 and SE2 (Fig. 6 to 8). Furthermore, this binding
was decreased significantly by mutations that block the func-
tion of the enhancers, strongly suggesting that SR protein
binding is required for the function of these enhancers. Three
bands which run with mobilities expected for SRp30 were seen
when SE1 and SE2 RNAs were incubated with HeLa nuclear
extracts and digested with a combination of RNase A, T;, and
T, after UV cross-linking (Fig. 7). One of these proteins was
demonstrated to be SRp30a, using an ASF/SF2-specific anti-
body (Fig. 8). However, we were unable to use immunopre-
cipitation to determine if SRp30b (SC35) or SRp30c binds to
SE1 or SE2, since the aSC35 antibody was nonspecific and very
inefficient in our assays and an antibody against SRp30c was
unavailable during this study. The other two bands may be
non-SR proteins, since only one distinct band was seen in
assays using SR proteins purified from HeLa cells (Fig. 7). It is
possible that one of these proteins is the 37-kDa protein which
has been shown to bind to repetitive GAA enhancer elements
and promote the binding of SRp40 (53). The binding of ASF/
SF2 (SRp30a) to SE1 and SE2 is consistent with the observa-
tion that each element contains two potential ASF/SF2 binding
sites (Fig. 2A and 3A). Furthermore, G-to-U mutations in both
binding sites in SE1 eliminated both function (Fig. 2) and
ASF/SF2 binding (Fig. 8). G-to-U mutations in either one of
the two ASF/SF2 binding sites in SE2 also dramatically re-
duced splicing enhancer activity (SE2 M2 and M3 [Fig. 3]), and
mutation of only one of these sites (SE2 M3 [Fig. 3 and 8]) also

reduced ASF/SF2 binding considerably more than twofold.
One explanation for this is that more than one copy of the
binding sites may be required for cooperative SR protein bind-
ing and splicing activation as reported by Tacke and Manley
(43).

In addition to the SR proteins mentioned above, an approx-
imately 23-kDa protein (28 kDa without combined RNase A,
T, and T, digestion) which binds to SE2 but not to SE1 or
mutant SE2 was identified. Binding of this protein was seen in
assays using HeLa nuclear extracts and S100 extracts but not
purified SR protein preparations. This result indicates that the
protein is not a typical SR protein. Surprisingly, the protein-
RNA complexes were immunoprecipitable by all three MAbDs,
104, 16H3, and aSF2/ASF, suggesting that it may actually be an
SR or SR-related protein (Fig. 8 and data not shown). This
protein is unlikely to be an alternatively spliced form of ASF/
SF2 because ASF-2 has an approximate molecular mass of 40
kDa and ASF-3 lacks the RS domain which contains the phos-
phoepitope recognized by MAb 104 (15). It is possible that this
protein is an SR protein that is insoluble in 65% ammonium
sulfate or is not precipitated by 20 mM MgCl,. Alternatively, it
may simply be coimmunoprecipitated as part of an enhancer
complex. The identity of this protein remains unknown. How-
ever, since the specific interaction between the 23-kDa protein
and SE2 occurred in the absence of functional splice sites, this
protein is not likely to be the same 28-kDa protein which binds
to the branch point (14).

There is now extensive evidence that SR proteins mediate
the function of ESEs by facilitating the recruitment of splicing
factors to a suboptimal splice site at early stages of spliceoso-
mal assembly. Our data suggest a working model for the splic-
ing of BPV-1 late pre-mRNAs (Fig. 9). In this model, initial
stages of 3’ splice site recognition first involve the binding of
one or more SR proteins to high-affinity binding sites on SE1
or SE2. This may be followed by the recruitment of additional
SR proteins to the splicing enhancer with an increase in the
stability of the complex. In the case of SEI, this SR protein
complex then recruits the heterodimeric protein U2AF to the
3’ splice site through protein-protein interactions between the
RS domain of the SR proteins and the RS domain of U2AF*
(51, 57). Thus, U2AF™ functions as a bridge between U2AF®
and the enhancer complex to recruit U2AF® to the adjacent
intron (57). U2AF® then interacts with the polypyrimidine
tract and branch point of the pre-mRNA (14, 47, 55, 57) and
promotes the base pairing of the U2 snRNA with the RNA
branch point (14, 47). The location of SE2 in the intron near
the nt 3605 3’ splice site suggests that SR protein binding to
SE2 may simply block interaction of the U2 snRNP with the
branch point of this splice site, possibly by steric hindrance.
The mechanism by which the BPV-1 ESS functions remains to
be understood. This arrangement of cis elements provides a
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mechanism for the coordinated regulation of alternative splic-
ing by the same set of proteins. When the activities of SR
proteins are high, the nt 3225 3’ splice site will be used pref-
erentially through enhancement of spliceosomal assembly at
the nt 3225 3’ splice site and possibly also by repression of
assembly at the nt 3605 3’ splice site. As SR protein activity
decreases, repression of nt 3225 3’ splice site utilization by the
ESS dominates over SE1-mediated enhancement and repres-
sion of the nt 3605 3’ splice site by SE2 is lost. The result is a
switch in 3’ splice site utilization from nt 3225 to 3605. This
switch in 3’ splice site utilization takes place at late stages of
keratinocyte differentiation, suggesting that SR protein activity
or abundance may be regulated by keratinocyte differentiation.
This possibility is currently being investigated.
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