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Multiple activities of the human splicing factor ASF

Joan E. Harper and James L. Manley

Department of Biological Sciences, Columbia University, New York, New York

The effects of human alternative splicing factor, ASF, on in vitro splicing of adenovirus E1A pre-mRNA
were examined. E1A pre-mRNA is a complex substrate, and splicing in HeLa cell nuclear extracts
produces six different RNAs using three alternative 5’ splice sites and two 3’ splice sites. Addition
of excess ASF to splicing reactions produced a simplified splicing pattern, in which only one spliced
product, 13S RNA, was detected. Inhibition of 12S and 9S splicing, which use 5’ splice sites up-
stream of the 13S 5’ splice site, extends previous observations that when multiple 5’ splice sites
compete for the same 3’ splice site, ASF causes preferential selection of the proximal 5 splice site.
However, inhibition of the other splices, which use a different upstream 3’ splice site, represents
a novel activity of ASF, as competition between 5’ splice sites is not involved. The effect of ASF
on 128 splicing was found to depend on its position relative to competing 5’ splice sites, indicating
that the ability of ASF to activate proximal 5’ splice sites is position- but not sequence-dependent.
Finally, addition of small amounts of ASF to ASF-lacking S100 extract was able to activate distal
as well as proximal 5’ splice sites in two of three pre-mRNAs tested, indicating that in these cases
changes in the concentration of ASF alone can be sufficient to modulate alternative 5’ splice site
selection. '

Alternative splicing of pre-mRNAs is an impor-
tant step in regulating the expression of
many cellular and viral genes, allowing a single
primary transcript to produce different protein
products in different cell types, or at different
developmental stages (see Smith et al., 1989, for
recent review). In Drosophila, the expression
of several genes, including those for sex deter-
mination, are regulated by alternative splicing,
and trans-acting factors that control this pro-
cess have recently been identified (reviewed by
Baker, 1989). Genetic analysis of the genes con-
trolling sex determination has identified three
genes encoding proteins that directly or in-
directly modulate splice site selection. These
are transformer (Boggs et al., 1987), Sex-lethal (Bell
et al., 1988), and transformer-2 (Amrein et al.,

1988; Goralski et al., 1989). The Sex-lethal gene
product appears to regulate the splicing of its
own pre-mRNA and that of the transformer gene
by suppressing a male-specific default 3’ splice
site in female flies (Sosnowski et al., 1989; Inoue
et al.,, 1990). The transformer and transformer-2
products then activate a female-specific 3’ splice
site in double-sex pre-mRNA (Hedley and Mani-
atis, 1991; Hoshijima et al., 1991; Ryner and
Baker, 1991). The product of another Drosophila
gene, suppressor-of-white-apricot, can inhibit splic-
ing of the first intron of its own pre-mRNA (re-
viewed in Bingham et al., 1988).

Alternative splicing factor (ASF), a human
protein that regulates alternative splicing in
vitro, has recently been purified (Ge and Manley,
1990). ASF was initially characterized based on
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its ability to increase the ratio of small t to large
T mRNAs produced when an SV40 pre-mRNA
was spliced in vitro, which represents an increase
in selection of the 5’ splice site proximal to the
common 3’ splice site. The activity was shown
to reside in a protein of ~32kD (Ge and Man-
ley, 1990). At the same time, it was reported that
the splicing factor SF2, apparently essential for
all splicing in vitro, could affect 5 splice site
selection by enhancing the use of the proximal
5 splice in B-globin pre-mRNAs containing mul-
tiple cryptic 5’ splice sites or duplicated 5’ splice
sites (Krainer et al., 1990a;1990b). Based on simi-
larities in their physical properties and activi-
ties, and most recently, the sequence of cDNA
clones, it is now clear that ASF and SF2 are iden-
tical (Ge et al., 1991; Krainer et al., 1991). The
primary structure of the ASFI/SF2 protein re-
veals significant similarities to the Drosophila
splicing regulators transformer and transformer-
2, as well as to the Ul snRNP 70K protein (Ge
et al,, 1991; Krainer et al., 1991). In addition,
the discovery by Ge et al. (1991) that multiple
forms of ASF cDNAs are generated by alternative
3’ splice site selection, raises the intriguing pos-
sibility that a family of splicing regulators with
different activities might be produced by the
ASF gene. However, little is known about how
ASF works, and additional insights could come
from examination of its effects on additional
pre-mRNAs.

In this paper, adenovirus E1A RNA splicing
has been used to examine the effects of ASF
on in vitro splicing of a very complex splicing
substrate. The E1A gene produces at least six
different mRNAs by alternative splicing using
three 5' splice sites and two 3’ splice sites (see
Fig. 1A). With the exception of one species (12.58
RNA), which has only been detected in vitro,
all of these RNAs have been identified both in
vivo (Berk and Sharp, 1978; Chow et al., 1979;
Stephens and Harlow, 1987; Ulfendahl et al.,
1987) and in vitro (Schmitt et al., 1988; Gattoni
et al., 1988). In adenovirus infected cells, E1A
mRNA splicing is regulated so that at early times
after infection, 13§ RNA is the major species,
with five-fold lower levels of 12S RNA and very
low levels 0of 95, 10S, or 11S RNAs detected, while
at late times, all other RNAs increase relative
to 13S RNA (Berk and Sharp, 1978; Spector et
al,, 1978; Chow et al., 1979; Svensson et al., 1983;
Stephens and Harlow, 1987; Ulfendahl et al.,
1987). This in vivo regulation of E1A splicing
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suggested that E1A pre-mRNA splicing was a
good candidate for examining regulation of pre-
mRNA splicing by ASF in vitro. In this report,
we show that in addition to modulating selec-
tion of competing 5' splice sites, ASF can affect
splicing of an intron that does not involve com-
peting 5’ splice sites, possibly by influencing
3’ splice site selection.

Materials and methods

Materials

Restriction enzymes, SP6 RNA polymerase, DNA
ligase, and m7GpppG cap structure analogue are
from New England Biolabs. DEAE cellulose was
from Whatman. DNasel and RNAsin were from
Promega Biotech. Centricon 10 centrifugal con-
centration units were from Amicon.

Plasmid constructions

The construction of pSP64-E1A has been de-
scribed previously (Harper and Manley, 1991).
Briefly, plasmids contain the adenovirus 2 E1A
gene from nt 498-1572. DNA fragments carry-
ing mutated 5 splice sites were substituted for
wild-type fragments. The E1A mutations d11500
and pm975 were obtained from the plasmids
PEK d11500 and pEK pm975, respectively, which
were provided by A. Berk. These mutations were
cloned into pSP64 by replacing the fragment
of the E1A gene from the Cla I site (nt.917) to
the Xba I site (nt.1339) in pSP64-E1A with the
corresponding fragment from each of the mu-
tants. The SV40 plasmid, derived from the plas-
mid pSTER-i66 (12), was provided by H. Ge.

Preparation of splicing extracts, pre-mRNA
synthesis, and in vitro splicing

Nuclear extracts and cytoplasmic $S100 were
prepared from suspension HeLa cells by the
method of Dignam et al. (1983), and dialyzed
for 8-12 hours against a modified Dignam buffer
D, containing 20 mM HEPES pH 79, 0.IM KCl,
0.2 mM EDTA, 5% glycerol and 1 mM DTT. In-
soluble material was removed by centrifugation.

EIA substrate RNAs were made by SP6 RNA
polymerase transcription of pSP64-E1A, or ap-
propriate mutant plasmid DNAs, linearized at
the Xba I site (Ad2 nt. #1339). SV40 substrate
RNA was transcribed from a plasmid contain-
ing the SV40 early region carrying a 66 base-
pair insertion in the small t intron, derived from
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E1A Splicing Products
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. ure 1 A. Structure of the six alternatively spliced

AmRNAs roduced during in vitro sglrcrnrq feactions.
135, 125, and 95 RNAs are produced Dy splicing from
one of 3 alternative 5'splice sites to acommon 3 splice
site. Additional RNAs are Produced b spIrcrnP an in-
tron between the 9S 5 splice site and a 3' splice_site
216 nucleotides downstream of the 95 5'splice site. This

produces 12.55 RNA In the absence of additional splic-

1IS RNA when the 135S intron 1s also removed and

l RNA when the 125 |ntr0n |s also removed. 8. Prod-
E1A pre mRNA n the absence of ad-

ucts of splrern

|t|onal ASF ( ane 1).and in the presence of Lpi Iane
2pl IaneNP \a (lane 4) of purified A (pee

terrals and ethods for purrfrcatron detarls

the plasmid pSTER-i66 (Ge and Manley, 1990). In
vrtro transcrrPtron was carried out such thaf the
final concentration of GTP was O.ImM; alpha
32P-GTP was added to give a s&recrfrc activity
of 6 Ci/mmole; and 2m G was in-
cluded to cap transcripts. RNAs were purified
on denaturrn? polyacrylamide gels.

In vitro splicing’ reactions were carried out
essentraII%as previously described (Harper and
Manley, 1991). Standard splicing reactions were
perf orme |n 25 pi containing 10 pi of extract
or §100, and 5 pi of extract dral¥srs buffer con-
tarnrn%varrous concentrations of ASF. Final con-
centrations in the reactions were 2.25mM
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012 4

9S lariat + 3' exon

pre-mRNA —
13S RNA —

12.58 RNA v
13S 5' exon -
12S RNA - 11S lariat. .+ 3 exon

10S lariat + 3' exon

13S lariat + 3' exon

12 3 4

M C12, 500pM ATP, 20mM creatine phosphate,

b polyvinyl aIcohoI I0ng substrate’ RNA
12mM HEPES (pH 79), 5 X B/cerol 0.12mM
EDTA 1Unrtp| NAsin, 5mM DTT, and 60mM
KCL For reactions in which KC1 concentration
was varied, varying concentrations of KCL were
included in_the 5pi fo extract dialysis buffer
added, to give the correct KC1 concentration
in the splrcrn(Ir reaction.

The alternative splicing factor ASF/SF2 used
in these experiments was purified from Hela
cell nuclear extracts by the method of Ge and
Manley (1990) through the Mano Q step, or to
approximately 50% Romogeneity, except in the
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experiment shown in Figure 3, in which the ASF
was purified only through the Superose 6 step
of the procedure.

Analysis of splicing products

Products of splicing 32P-labeled RNAs were
separated by electrophoresis on 4% polyacryl-
amide gels containing 7M urea, 0.1M Tris-Borate
(pH 83), 10mM EDTA, and visualized by auto-
radiography on Kodak X-Omat AR5 film using
an intensifying screen. Initial characterization
of the E1A splicing products has been described
(Harper and Manley, 1991). Novel splicing prod-
ucts were identified based on their linear size
compared to RNA size markers, and the appro-
priate effects of various mutations in the splic-
ing substrates.

Results

ASF simplifies the alternative splicing pattern
of E1A pre-mRNA in vitro

El1A pre-mRNA can be alternatively spliced in
vitro using three 5’ splice sites and two 3’ splice
sites, to produce the six RNAs shown in Figure
1A (Schmitt et al., 1987; Gattoni et al., 1988;
Harper and Manley, 1991). To determine the
effects of elevated concentrations of ASF on
splicing of the ElA pre-mRNA, increasing
amounts of ASF were added to E1A splicing re-
actions carried out in HeLa cell nuclear extracts
(Fig. 1B). In the absence of added ASF, all of
the possible splicing products were detected
(lane 1). Addition of increasing amounts of ASF
(lanes 2-4) caused a gradual simplification of
the splicing pattern. At relatively low ASF con-
centrations, 9S and 12S (and therefore also 10S)
splicing was inhibited (lane 2), while 11S and
12.5S splicing was also inhibited, but only at
higher levels of ASF (lanes 3-4). 13S splicing
was progressively enhanced, until at the high-
est concentration of ASF tested, only 13S prod-
ucts could be detected (lane 4).

The above results indicate that ASF can affect
E1A splice site selection in two distinct ways.
First, ASF causes a shift in 5’ splice site selec-
tion from use of all three 5' splice sites to pref-
erential selection of the 13S 5 splice site. This
finding is consistent with previous reports show-
ing that when multiple 5 splice sites are com-
peting for a common 3’ splice site, addition of
ASF favors selection of the proximal 5 splice
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13S §' SPLICE SITE CAUGUUUGUCUACAguaagugaaaa

1355'SSMUTANT ~ CAUGUUUGUCUA---------- aaaa
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12S 5' SPLICE SITE AGGgugagg
12S 5' SS MUTANT AGGgggagg
(pm 975) ’
9S 5' SPLICE SITE GAGguacug
9S 5'SS MUTANT GAGguuuua
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Figure 2. Sequences of E1A 5 splice sites. The sequences
of the 138, 12§, and 9S 5' splice sites are shown, with
the sequences of mutants in the splice site shown below
the wild-type sequence. Uppercase letters indicate exon
sequences, and lowercase letters indicate intron se-
quences. For the 138 5’ splice site mutant, d11500 (Mon-
tell et al., 1984), the dashed line indicates the position
of a 9 nt. deletion. The 128 5’ splice site mutation is
point mutant pm975 (Montell et al., 1982). Also the prob-
able sequence of the cryptic-1 5’ splice site is indicated
by underlining in the dl1500 sequence.

site (Ge and Manley, 1990; Krainer et al., 1990a),
and inhibition of 12S, 10S, and 9S was likely
due to this activity of ASF. The second effect
of ASF on ElA splice site selection was to in-
hibit splicing of 11S and 12.5S RNAs. 12S and
13S 5’ splice sites do not compete with the 9S
5' splice site for the upstream 3’ splice site used
in these splices. Thus the inhibition of 12.5S
and 11S RNA was unexpected, as these splices
do not involve 5' splice site competition. It is
noteworthy that inhibition of 12.58 and 11S
splicing occurred only at higher concentrations
of ASF than were required for inhibition of 125,
108, and 98 splicing (Fig. 2, lanes 2-4). Indeed,
the amount of several detectable 12.5S and 11S
products and intermediates appeared to increase
at the lowest concentration of ASF added (lane 2)
before decreasing at higher concentrations.
When a pre-mRNA that contained only this first
intron (truncated upstream of the 128 5 splice
site) was spliced in vitro, ASF also inhibited its
splicing (data not shown), indicating that this
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effect was not due to the presence of downstream
competing splice sites.

The effect of ASF on 5' splice site selection is
position-dependent and sequence-independent

The inhibition by ASF of s Ilcm? the E1A first
intron raised the possibility that the effect of
ASF on a particular 5' splicé site might depend
on its sequence or surrounding environment,
rather than on its proximity to the common
3'splice site. This possibility could not be ruled
out by the small number of pre-mRNAs shown
Prewously to be affected bg ASF (Ge and Man-
ley, 1990; Krainer et al., 1990a). To address this
issue, we examined the effect of ASF on in vitro
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splicing of a series 0f EIA pre-mRNAs carrying
5 splice site mutations. The sequences of the
5" splice mutations are shown in Figure 2, and
the results are shown in Figure 3, Splicing of a
gre-m_RNA carrying a point mutation in the 125

"splice site was similar to that of the wﬂd-tyRe
substrate in the absence (lane 1) as well as the
Presence of added ASF (lane 2), except for
the expected lack of 125 and 105 RNAS. SPJIC-
ing of a pre-mRNA containing a small deletion
that removes the 135 5' splice site resulted in
the production of 125 RNA as the predominant
product in the absence of added ASF (lane 3),
and addition of ASF increased 128 splicing while
eliminating 10S splicing and slightly decreas-
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Figure 3, Influence of ASF on the splicing of mutant E1A pre-mRNASs, Products ofslqlicin(t; the 125 5' splice site

0
mutant (lanes 1and 2), 138
6), and 135, 125, 9S triple 5

5 splice site mutant (lanes 3 and 4), 125, 13S double 5" sp
splice site mutant (lanes 7 and 8

Ice sife mutant (lanes 5 and
) pre-mRNAs;_in the absence (lanes 1 3,5, and 7) or

S

e
Fresence (lanes 2, 4, 6, and 8)pof excess ASF._In addition to the authentic EA splicing products, the positions of
WO Cryptic spllcm%)roducts are indicated. These are the only products of splicing the _tr|[ile mutant RNA In the

Presence of excess

F (lane 8); two other bands seen in this larie are the 5"exons forcryptic

and cryptic 2 splicing.

n this ex?erlment_4 fil of partially purified ASF Ssee Materials and Methods for defalls of ASF %urlﬂcatlon) were

added to the reactions shown in éven-numbered

, / anes. Asterisks indicate the positions of the 1
lariat + 3" exon intermediates, which are in different positions relative to the linear products in

.5, 11S, and 10S
the gel shown

here, compared to that shown in Figure 1B, because the two gels were not run under identical conditions.
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ing 98 splicing (lane 4). A novel cryptic 5’ splice
site located near the position of the 13S 5
splice site (denoted cryptic 1; see Fig. 2) was
also activated strongly by addition of ASF. These
results show that the effect of increased ASF
concentration on 12§ 5 splice site selection
depends on its position relative to competing
5 splice sites, rather than its sequence or its
immediate environment. That is, when the
proximal 13S 5’ splice site was present, ASF
inhibited 12S splicing (Fig. 1B), while in the
absence of a functional 13S 5 splice site, ASF
enhanced 128 splicing (Fig. 3, lanes 3 and 4).
It is noteworthy that use of the cryptic-1 5
splice site was absolutely dependent on ele-
vated ASF concentration.

When a pre-mRNA carrying both the 12S and
13S 5’ splice mutations was used, the level of
9S and 12.5S splicing increased, and two addi-
tional novel products were also detected (Fig. 3,
lane 5). The new products were the RNA-labeled
cryptic 2, which results from activation of a cryp-
tic 5 splice site between the 128 and 138 5’ splice
sites (approximately 50 nucleotides 3’ to the 12S
site), and the product labeled 10.5S RNA, which
results from eryptic 2 splicing combined with
removal of the first intron. Splicing of cryptic
2 RNA has been observed previously in vivo
in HeLa cells transfected with a 1258/138 dou-
ble mutant E1A gene (Zhuang and Weiner, 1986).
Addition of ASF inhibited 98, 12.5S, and 10.5S
splicing, and activated splicing of cryptic 1 as
well as cryptic 2 (lane 6), consistent with a
position-dependent effect of ASF. When the 125
and 13S 5 splice site mutations were combined
with a triple point mutation at the 9S 5’ splice
site (that reduces but does not eliminate 98 splic-
ing), the amounts of 9S, 12.5S, and 10.5S RNAs
were all reduced (lane 7). Addition of ASF elim-
inated the small amount of 95, 12.5S, and 10.5S
splicing, and again increased splicing of cryp-
tic 2 RNA and activated cryptic 1 RNA splicing
(lane 8). The most striking result of the experi-
ments with this series of mutant pre-mRNAs
was that cryptic 1 splicing was never observed
in the absence of excess ASF, even when all three
natural 5 splice sites were mutated as in the
reaction shown in lane 7. This suggests that the
5" splice site used to produce cryptic 1 RNA (see
Figure 2) is very weak, even in the absence of
competing 5 splice sites, but that it can be
strongly activated by increased ASF concentra-
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tion, apparently due to its proximity to the 3’
splice site.

The effects of ASF are distinct from those of
increasing ionic strength in the splicing reaction

Variations in the ionic conditions of in vitro
splicing reactions have been shown to affect the
ratios of alternative splicing products of E1A
pre-mRNA (Schmitt et al., 1987) and other com-
plex substrates (Helfman et al.,, 1988; Mayeda
and Ohshima, 1988). We have previously shown
that these effects on E1A splicing reflect changes
in cis-competition between 5 splice sites rather
than the properties of a particular splice site
per se (Harper and Manley, 1991). In general,
with pree-mRNAs that contain competing 5
splice sites, increasing the ionic strength in splic-
ing reactions increases selection of the proxi-
mal 5 splice site, which is similar to the effect
of adding ASF. In order to examine whether
or not the influence of ASF on splice site se-
lection was identical to that caused by increas-
ing salt concentrations, we compared the effects
of ASF addition to those of increasing ionic
strength in splicing of E1A wild-type (Fig. 4, lanes
1-10) and the 138 5 splice site mutant (lanes
11-20) pre-mRNAs. Splicing of the wild-type E1A
substrate in the presence of increasing amounts
of ASF (lanes 1-5) again resulted in the grad-
ual simplification of the splicing pattern, until
at the highest concentration of ASF, 13S RNA
was the only major splicing product detected
(lane 5). Increasing the KCI concentration in
the splicing reaction also enhanced 138 splic-
ing (although not as efficiently as did ASF) and
reduced 128 splicing, but in addition increased
9S splicing until a concentration of 110mM,
above which all splicing was somewhat inhib-
ited. These results show that the effect of ASF
on 9S splicing are distinct from those of increas-
ing ionic strength, and further show that ele-
vated salt concentrations do not always lead to
preferential use of proximal 5 splice sites.
When the 138 5’ splice site mutant pre-mRNA
was used (lanes 11-20), more dramatic differ-
ences were observed. Increasing amounts of ASF
in the splicing reaction resulted in strong in-
hibition of 9S and 10S splicing, and a gradual
shift from 12S splicing to splicing of cryptic
RNAs 1 and 2 (lanes 11-15). Increasing the ionic
strength of the splicing reaction resulted in a
slight activation of 9S and cryptic 2 splicing,
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Figure 4.
1-10) or the
as described
and 13), 3 |d
concentratio
10S

ns of KCl as indicated (lanes 6-10 and 1

but no detectable activation of cryptic lsplic-

mg, even at the highest KCI_concentration
(1 OmMJ tested (lanes 16-20). To?ether these
results demonstrate that the effects of ASF on

EIA splicing are distinct from those of increas-

ing ionic strength,

Very low levels of ASF can activate distal as
well as proximal 5' splice sites

The finding that increasing the concentrations
of ASF in nuclear extract preferentially actjvated
proximal 5" splice sites raised the question of
what effect reduction of ASF levels might have
on alternative splice site selection. To examine
this, we made use of the fact that ASF/SF2 is
the only essential splicing factor missing from

Comparison of the effects of ASF and increasin
135 5" splice site mutant (lanes 11-20) pre-nik Jinunt
in Materials and Methods (lanes 1 and 11); in reactions to which 1 til (lanes 2 and 12),
(lanes 4 and_14), or 4 til (lanes 5 and 158 of ASF were added; or in reactions cantainin mcreasmg

S gAstensks Indicate the positions of the 1255, 1IS, an
lariat + 3 exon intermediates (see legend to Figure 3).

onic strength in splicing reactions. Wild-type ElAé
NAs were Spliced in under standard spli¢ing condition
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cytoplasmic S100 extracts, and its addition is suf-
ficient to activate s |ICIn|%1 (Krainer et al., 1990a,b;
Ge and Manley, 1991). TRe concentration of ASF
in splicing reactions containing S100 rather than
nuclear extract can thus be easily varied, from
very small amounts barely adequate to activate
splicing up to the higher concentrations re-
qull_red _tto switch splicing to the proximal 5
splice site.

pWe have used this S)(_stem to examine the
effects of low concentrations of ASF on splic-
mgi 0f SVA40 early pre-mRNA, in addition to the
wild-type.and 135 5" splice site mutant ELA pre-
MRNAs. The SVA40 early region produces two
MRNAS, codm?_f_or the large T and small t tumor
antigens, by ufilization of alternative 5' splice
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sites and a common 3' splice site. In vitro splic-
ing of the SV40 early pre-mRNA in HelLa cell
nuclear extracts pro uce,s_predommantly large
T RNA, but small t splicing can he activated
by addition of excess ASF (Ge and Manley, 1990
and references therein). Because the level of
small t splicing is very low in_the absence of
excess ASF, we have used an SV40 pre-mRNA
containing a 66 nucleotide insertion in the small
t intron, called SVi66, which EIVES increased
small t splicing both In vivo (Fu and Manley,
1987) and in vitro (Ge and Manleg 19902.
The results of titrating ASF into S100 extracts
containing the E1A pré-mRNAs are shown in
Figure 5 and the SV40 pre-mRNA in Figure 6.
The effect of limiting ASF concentrations was
similar for the E1A13S 5' splice site mutant
fFI% 5, lanes 6-10) and SV40 pre-mRNAs JFlg. 6).
n both cases, low levels of ASF activated distal
as well as proxjmal & s?_llce sites. Splicing of
12S RNA as well as cr g ic RNAs 1and 2 were
observed when the 135 5' splice site mutant pre-
MRNA was used (Flgi. 5, lanes 7.and 8). A switch
to selective use of the proximal 5' splice site

WILD-TYPE E1A

ul ASF

ul ASF 005 12 3

pre-mRNA  -------

13SRNA  ———m-

13S 5 Exon -——-
12S RNA ~

11S RNA

9S RNA

13S Lariat
+ 3’ Exon

123 45

13S 5’ss MUTANT

005 1 2 3
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occurred at high ASF concentrations, resultin
in production”of high levels of cryptic 1 RN
(and large amounts of cryptic 1 5"exon, which
mlgrates slightly more slowly that 125 RNA),
and the elimination of 12S and cryptic 2 RN
sp_IlqmgéH .5 lanes 9 and 10?]. In réactions con-
taining SV40 pre-mRNA, both small t and large
T RNA splicing was activated at low ASF con-
centrations (qu. 6, lanes 2-4) and. splicing
switched to exclusively small t splicing when
high concentrations of ASF were used (lane 6).
However, a significantly different pattern of ac-
tivation was Observed with the wild-type E1A
P_re-mRNA (Fig. 5, lanes 1-5). At all concentra-
lons tested, only the proximal, 135 5" splice
site was utilized "efficiently. Splicing from the
dista] 12S and 9S 5" splicé sites was barely de-
tectable. Thus, with this pre-mRNA everi low
concentrations of ASF led to_preferential acti-
vation of the proximal 5' splice site. Together,
these results indicate that variations in the con-
centration of ASF alone are able to modulate
selection of 5' splice sites in some pre-mRNAS
effectively, but not in others.

Figure 5. Effect of low ASF concen-
trations on alternative splicing of E1A
pre-mRNAS. W|Id-tyP_e EIA (lanes
1-5) and the 1355 splice site mutant
(lanes 6-1 %were processed in S100
extract in the absence of ASF (lanes
n the presence of 0.5 (il
1), 1$d (lanes 3 and 8

and 9), or 4 |d (lanes

[l

6 7 8 9 10
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SV40 pre-mRNA

uASF 0010512 3
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t5 exon -----

large T RNA--— Mmm

large T 5 exon-----

rigure 6. Effect of low ASF concentrations on alterna-
tive splicing of SV4Q early resgllon pre-mRNA. SV40-i66
pre-mRNA Was processed in S100 extract in the absence
of ASF (lane 1), or in the presence of 0.1 pi (lane 28’
O.fSKéglane 3), 1pi (lane 4), 2 pi (lane 5), or 3 pi (lane 6)
of ASF,

Discussion

The experiments Presented here have demon-
strated that the alternative splicing factor ASF
has two apparently distinct activities that result
in dramatic shifts‘in the adenovirus ELA in vitro
splicing pattern, reducing the number of ma-
jor spliced products from six to just one. The
first activity, which switches selection of alter-
native 5" splice sites to favor the use of the site
most proximal to a common 3' splice site, has
been observed with SV40 early pre-mRNA (Ge
and I\,/Ianle,){, 1_990% and cryptic or duplicated
b sE)Ilce sites in (3-globin pre-mRNA FKralner
et al., 1990a). ,The_PosmblIlty that the effect of
ASF on 5" splice site switching was dependent
on the particular sequence context could not
be excluded on the hasis of results from these
two pre-mRNA splicing substrates alone. In this
paper, we have shown that 12S splicing is in-
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hibited when ASF is added to reactions con-
taining the wild-type E1A pre-mRNA, but it is
enhanced when ASF is added to reactions con-
taining the 135 5'splice site mutant pre-mRNA.
The opposite effects of ASF on 125 splicing,
in_the context of wﬂd-tYpe and mutant pre-
MRNAS, provides comPeI ing evidence that this
property indeed reflects activation of the Frqxr
mal 5" splice site and rePressmn of distal sites
in a position-dependent manner, and that the
sequence and/or context of the splice site is not
a critical determinant. o
The second activity of ASF inhibits splicing
ofthe upstream intron required to produce the
12.55/115/10S E1A RNAs, even thou%_h this splic-
ing reaction_does not involve competing 5' splice
sites. This finding indicates that in some cases
ASF can be involved in modulating 3' splice site
selection. Regardless of whether the inhibi-
tion of E1A first intron splicing is due_to in-
hibition of the 9S 5" splice site ot direct inhibi-
tion of the first intron 3' splice, this activit
represents a novel function for ASF in modu-
lating selection of alternative splice sites, as it
oceurs in the absence of 5 splice site compe-
tition, Although the mechanism(s) by which ASF
functions to modulate splice site ‘selection is
unknown, it is Intriguing that higher concen-
trations of ASF were required to block upstream
splicing than to enhance 13S 5' splice site se-
lection. Perhaps inhibition of upstream slpllc-
ing requires.more molecules of ASF, or reflects
a [ower afﬂth Interaction, than does activation
of the downstream 5' splice site. ASF was orig-
inally observed to inhibit all splicing at very hig
concentrations (Ge and Manley, 1990; Krainer
et al., 1990a,b). However, the concentration of
ASF required to inhibit ELA first intron splic-
ing is well below the amount needed to detect
?eneral inhibition of spllcm?;_m fact, it Is be-
ow Athe II_ev,el necessary to obtain maximal 135
splicing,
ThepElA_(Tllrst Intron has some unusual fea-
tures, and it may be that these play a role in
Its response to ASF. It contains along distance
between the 3'splice site and the branch point
adenosines, located 51, 55, and 59 nucleotides
ugstream of the 3' splice site (Gattoni et al.
1988), as well as the Potentlal for'significant sec-
ondary structure between the branch point and
the 3"splice site, which aprears, to be impor-
tant for efficient splicing of the intron (Chebli
etal., 1989). Perhaps these features are in some
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way important for ASF function. Although these
properties of the E1A first intron are not com-
monly found, similar features have been de-
tected in alternatively spliced introns of the
chicken B-tropomyosin (D’Orval et al., 1991) and
the rat tropomyosin 1 (Helfman and Ricci, 1989;
Helfman et al., 1990). It is possible that ASF
in some way recognizes these unusual structural
features, and participates in regulating splicing
of these and other similar introns.

The position-dependent, sequence-indepen-
dent nature of proximal 5 splice site activation
by ASF is similar to that of a newly recognized
splicing factor, called DSF for distal splicing
factor, which activates distal 5’ splice sites when
multiple 5 splice sites are competing for a com-
mon 3’ splice site (Harper and Manley, 1991).
DSF was found to be required to activate 125
and 9S splicing from the wild-type EI1A pre-
mRNA, and large T splicing from an SV40 pre-
mRNA, in a fractionated nuclear extract. In ad-
dition, DSF was required to activate 125 and
9S splicing in S100 extract complemented with
ASF. The opposite activities of the two alter-
native splicing factors on selection of compet-
ing 5’ splice sites is particularly interesting in
light of the similar (position-dependent) man-
ner in which they appear to function. Indeed
itis possible that they function together to mod-
ulate alternative 5 splice site selection in differ-
ent tissues or developmental stages.

We have shown that ASF can activate distal
5’ splice sites when very low levels of the factor
are added to splicing reactions carried out in
ASF-lacking cytoplasmic S100 extracts. This ac-
tivation of distal 5 splice sites by low levels of
ASF was observed with SV40 early or the E1A
13S 5 splice site mutant pre-mRNAs, but not
with the wild-type E1A pre-mRNA. This may
reflect differences in the relative strength of the
competing 5 splice sites. As shown in Figure 2,
the 13S 5' splice site is an excellent match to
the consensus 5’ splice site sequence (7/9 over-
all, and 6/6 within the intron), while the 12S
5' splice site is somewhat poorer (7/9 overall,
but 5/6 within the intron), and the probable
cryptic-1 5’ splice site is poorer still (6/9 overall
and 4/6 within the intron). Our results are consis-
tent with the notion that when the proximal
5 splice site is very strong, reduced concentra-
tions of ASF are not sufficient to activate com-
peting distal 5 splice sites, but when the prox-
imal 5 splice site is relatively weak, low levels

Harper and Manley

of ASF can activate both distal and proximal
5" splice sites. A possible explanation for this
could be that at low ASF concentrations, produc-
tive Ul snRNP binding to each 5’ splice site is
determined principally by relative splice site
“strength” (e.g., complimentarity to the 5’ end
of Ul snRNA), and this alone determines the
relative utilization of competing 5’ splice sites.
At higher, perhaps saturating, ASF concentra-
tions, interactions between Ul snRNP and
different 5’ splice sites becomes equivalent, and
proximity to the 3’ splice site is now the pre-
dominant determinant. The results obtained
with SV40 pre-mRNA at low ASF concentrations
are not entirely consistent with this idea, since
the proximal small t 5 splice site is an excellent
match to the consensus (8/9 overall and 5/6
within the intron). However, this.site is none-
theless very weak in in vitro splicing reactions,
indicating that some other feature, such as short
intron length, reduces its efficiency and thus
its ability to compete with large T splicing.
Whatever the mechanism, our results show
that when a distal 5 splice site is competing
with a relatively weak proximal site, as is the
case in the SV40 early pre-mRNA, and when
the E1A 128 5’ splice site competes with cryptic
splice sites 1 and 2, increasing concentrations
of ASF can sequentially activate and then in-
hibit utilization of the distal 5’ splice site(s), in-
dicating that in some instances changes in the
concentration or activity of ASF alone can
modulate 5 splice site selection. However, when
the proximal 5 splice is very strong, as is the
case with the E1A 13S splice site, distal 5’ splice
sites cannot be activated by ASF alone. This sug-
gests that in such instances an additional fac-
tor is required for use of distal sites. Indeed,
we have recently shown that DSF is required
for activation of 12S splicing from a wild-type
E1A pre-mRNA (Harper and Manley, 1991), and
it thus may be that the activities of ASF and
DSF are together necessary for alternative 5
splice selection in this type of pre-mRNA.
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