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SUMMARY

Region E3 encodes four major overlapping mRNAs with different splicing
patterns. There are two poly(A) sites, an upstream site called E3A and a
downstream site called E3B. We have analyzed virus mutants with deletions
or insertions in E3 in order to identify sequences that function in the
alternative processing of E3 pre-mRNAs, and to understand what determines
which poly(A) sites and which splice sites are used. In previous studies we
established that the 5' boundary of the E3A poly(A) signal is at an ATTAAA
sequence. We now show, using viable virus mutants, that the 3' boundary of
the E3A signal is located within 47-62 nucleotides (nt) downstream of the
ATTAAA (17-32 nt downstream of the last microheterogenous poly(A) addition
site). Our data further suggest that the spacing between the ATTAAA, the
cleavage sites, and the essential downstream sequences may be important in
E3A 3' end formation. Of particular interest, these mutants suggest a novel
mechanism for the control of alternative pre-mRNA processing. Mutants which
are almost completely defective in E3A 3' end formation display greatly
increased use of a 3' splice site located 4 nt upstream of the ATTAAA. The
mRNA that uses this 3' splice site is polyadenylated at the E3B poly(A)
site. We suggest, for this particular case, that alternative pre-mRNA
processing could be determined by a competition between trans-acting factors
that function in E3A 3' end formation or in splicing. These factors could
compete for overlapping sequences in pre-mRNA.

INTRODUCTION

The formation of a mature mRNA from a primary pre-mRNA transcript
generally requires cleavage and polyadenylation to form the 3' end and
splicing to join exons together. Much attention has focused on the sequence
requirements and the biochemical mechanisms of these two processes. In
contrast, very little is known about the sequence requirements and
mechanisms which determine alternative pre-mRNA processing in complex trans-
cription units (reviewed in ref. 1).

Investigations into splicing (reviewed in refs. 2, 3) have concluded
that consensus sequences at the 5' and 3' splice sites, as well as the
lariat branch site are involved. These sequences are required for the

formation of a splicing complex which includes small nuclear ribonucleo-
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proteins (snRNP) and heterogeneous nuclear RNP core proteins. Some snRNPs
are required for splicing and specific snRNPs bind to the consensus
sequences.

Regarding 3' end formation, an AATAAA (AAUAAA in RNA) or closely
related sequence, located 10-30 nucleotides (nt) upstream of the poly(A)
addition (3' end) site, is an essential signal for 3' end formation in most
mRNAs (4-7). The AATAAA appears to be required for both polyadenylation and
cleavage at the 3' end (8, 9). A factor with the properties of a snRNP has
been demonstrated to associate with the AATAAA in vitro (10). Several
studies have implicated less conserved sequences downstream of the AATAAA
(11-20). The functional role of these downstream sequences remains unclear.

Although minimal sequence requirements have been established for
splicing and 3' end formation, it seems unlikely that these sequences alone
account for the choice between alternative splice sites and alternative
polyadenylation sites in complex transcription units. In particular, it is
not known how alternative splice sites and polyadenylation sites are
selected, or whether the splicing and polyadenylation signals in complex
transcription units differ from those in simple transcription units.

We are using early region E3 of adenovirus as a model system to study
pre-mRNA processing in a complex transcription unit (21-28). A schematic of
E3 is shown in Figure 1. E3 has a single promoter, and alternative poly-
adenylation sites termed E3A and E3B. All abundant transcripts have at
least one splice (nt 372+768); some messages (mRNA f, h) have a second
optional splice with alternative 5' and 3' splice sites. In order to
identify cis-acting sequences that function in the processing of E3
pre-mRNA, we constructed small deletion and insertion mutants in viable
virus. These mutants were analyzed in virus infected cells to determine how
the mutations affect E3 pre-mRNA processing. A major advantage of viable
virus mutants is that the mutation can be analyzed under conditions as
natural as possible. This contrasts with mutations in plasmid vectors where
the transcription unit is out of context. In this paper we describe virus
mutants which define sequences essential for the formation of the E3A 3'
end. These mutants also suggest a novel mechanism for the control of
alternative pre-mRNA processing. Certain mutants defective in E3A 3' end
formation display greatly enhanced use of the nearby nt 2157 3' splice site.
The E3A polyadenylation site is used to make mRNA a, and the nt 2157 3'
splice site is used to make mRNA f (see Fig. 1). With these mutants, mRNA a
(40-50% of total E3 mRNAs in wild type) is not made and mRNA f (~15% in wild
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Figure 1. Schematic representation of the E3 transcription unit in rec700.
E3 in rec700 has Ad2 sequences between the EcoRI sites at nts -236 and 2437
and Ad5 sequences elsewhere. Nt +1 is the transcription initiation site.
Restriction sites are numbered at the 5' base in the recognition sequence.
The arrows a, c, f, h indicate the exon structures of the mRNAs with the

thickness of the arrow suggesting the abundance of the mRNA. The minor
mRNAs b, d, e, g, and i (see reference 27) are not shown. E3A and E3B refer
to polyadenylation sites.

type) is made in about 6-fold greater abundance than in wild type, and is
virtually the only E3 mRNA made. We suggest for this specific case, that
alternative pre-mRNA processing may be determined by a competition between
trans-acting factors that function in 3' end formation or in splicing.

These factors could compete for overlapping sequences in pre-mRNA.

MATERIALS AND METHODS

Isolation of Plasmid and Virus Mutants

Deletion mutants were isolated essentially as described (29). Deletions
were made in the cloned adenovirus 2 (Ad2) EcoRI-D fragment (nt -236 to
2437) at either the Xhol site at nt 2180 (d1720) or the SstII site at nt
2237 (41752, d1751, d1750, d1748). All these mutants except d1720 have a
BamHI linker (CGGGATCCCG) inserted at the deletion (30). The remaining
mutants were constructed from the d1752 plasmid. The d1752 plasmid was
linearized at the XhoI site (nt 2180) and then blunted either with mung bean
nuclease (d1747) or DNA polymerase Klenow fragment (in721). in722 was
constructed by ligating a BamHI linker after the Xhol site was blunted with
Klenow. For d1753, the d1752 plasmid was cleaved at the BamHI site,
blunt-ended, ligated to an EcoRI linker (CGGAATTCCG), cleaved with EcoRI
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(which generated EcoRI sticky ends in the linker and also excised the
BamHI-EcoRI fragment (nt 2229 to 2437)), then recircularized. The deletions
in all mutants were established by DNA sequence analysis.

The construction of E3 virus mutants from plasmid mutants has been
described (29). Briefly the Ad2 EcoRI-D fragment (genomic map positions
76-86) was ligated between the Ad5 EcoRI-A fragment (map position 0-76) and
the Ad5 EcoRI-B fragment (map position 86-100). This DNA was used to
transfect KB cells and the resulting plaques were screened by agarose gel
analysis of the HindIII digested Hirt supernatant.

Nuclease Gel and RNA Blot Analysis

KB cells were infected with mutants and maintained in cycloheximide (25

ug/ml) from 3 to 9 h postinfection. Cytoplasmic and poly(A)+ RNA were
prepared (26). Quantitative nuclease gel analysis (31) was carried out with
32p-1abeled RNA probes in excess (32), 30 pg of cytoplasmic RNA, and Sl
nuclease, as described (21, 28). Probes are described in figure legends.
All gels are 6% sequencing gels. 32P-labeled RNA size markers were prepared
with SP6 polymerase.

RNA blots were done with poly(A)+ RNA as described (25) using the
32p-1abeled RNA probes described in Fig. 7. E3-specific mRNAs in each
poly(A)+ RNA preparation were estimated by Sl nuclease analysis of the 1-372
exon (see Results). The same quantity of E3-specific mRNAs were loaded on
the RNA blot. Total poly(A)* RNA was about 1 pg.

RESULTS
Standardization of E3-specific mRNAs in Each Mutant RNA Preparation

Before determining whether the mutations affect processing of indivi-
dual E3 mRNAs, it was necessary to determine whether the mutations affect
total E3 mRNA synthesis. This was done by first standardizing the abundance
of adenovirus specific mRNAs synthesized by the various m.tants by S1
nuclease analysis of mRNAs from region E1B. The analysis indicated that the
ratio of E1B mRNAs to total cytoplasmic RNA was about the same for all
mutants; this indicates that the infections were equally efficient. The
abundance of total E3 mRNAs was estimated by Sl nuclease analysis of the nt
1-372 exon, with the probe in excess. This exon is present in almost all E3
mRNAs, so its abundance reflects the total number of E3 transcripts present.
As shown in Fig. 2, the 1-372 exon, represented by the 372 nt nuclease-pro-
tected band, was at about the same abundance with all mutants. This indi-

cates that none of the mutations significantly affect the total accumulation
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Figure 2. Sl analysis for the 1-372 exon. The 32P-RNA probe, prepared with
T7 poly_ merase, consists of 605 nt of rec700 sequences from the BglII (nt
566) to the Sma (nt -39) sites, plus 39 nt of pGem2 sequences at the 5'
terminus. In the gel, bold roman type indicates nuclease-protected RNA size
markers, italics indicate the probe, and 1light roman type indicates
32p-labeled RNA size markers. The schematic indicates how the nuclease-
resistant fragments correspond to the 1-372 exons in the mRNAs.

of E3 mRNAs. Therefore, any variations in the amount of individual E3
mRNAs, as described below, are due to changes in processing of a common
pre-mRNA precursor, and not to effects on transcription, transport, or
stability of the abundant mRNAs.

Mapping of Sequences Required for mRNA 3' End Formation at the E3A Site

Figure 3 illustrates the sequence at the Ad2 E3A polyadenylation site,
as well as sequences deleted in the virus mutants. Sequence analysis of
cDNA clones established that mRNA 3' ends form in an AT-rich region at nt
2191, 2193, and 2196 (thin arrows in Fig. 3; 33, 34). Sl nuclease mapping
data indicate that 3' ends also form at nt ~2184 (thick arrow in Fig. 3).
We presume that cleavage occurs after the A residue at nt 2184, based on the

marked preference for cleavage after A's in many 3' end sites (35-37). In
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Figure 3. DNA sequence of the E3A polyadenylation site, of the 2157 3'
splice site, and of sequences deleted in the virus mutants. The proposed
E3A 3' end signal is shown; the dashed lines indicate regions of
uncertainty. The sequences deleted in the mutants are as follows: d1753
(A2229-2436), d1752 (A2229-2243), d1751 (A2213-2243), d1750 (A2198-2243),
d1748  (A2185-2243), d1747 (A2181-2184), d1720 (A2173-2207), d1719
(A2173-2237), d1713 (A2044-2167), dl714 (A2070-2141). d1752, d1751, d1750,
and d1748 have a BamHI linker (CGGGATCCCG) inserted in the deletion. d1747,
in721, and in722 were all constructed from d1752, so they have the same 14
bp deletion plus a 10 bp BamHI linker as in d1752.

this paper we will assume that nt 2184 is a bona fide 3' end site, even
thodgh it could be an artifact due to nibbling by S1 nuclease into the
hybrid from the 3' ends formed in the AT-rich region.

Previous analyses of deletion mutants have identified the 5' boundary
of the sequences required for E3A 3' end formation (Fig. 3; 21). d1713
(A2044-2167) is defective whereas dl714 (A2070-2141) is wild type: thus,
the 5' boundary of the 3' end signal lies between nt 2142 and 2168. The
ATTAAA at nt 2161-2166 is undoubtedly an essential component of the signal.
d1719 (A2173-2237) is defective, indicating that sequences downstream of the
ATTAAA and including the poly(A) addition sites are required.

We now describe mutants constructed to define more fully the E3A 3' end
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Figure 4. S1 analysis for E3A 3' end formation by mutants whose deletions
approach the 3' end sites from the downstream side. The 32P-RNA probe,
prepared with SP6 polymerase, consists of 529 nt of rec700 sequences from
the EcoRI (nt 2437) to the Hpall (nt 1914) sites, plus 9 nt of pSP65
sequences at the 5' terminus. The triangles in the schematic indicate
discontinuity between the probe and the mutant mRNAs. See legend to Fig. 2
for details.

signal. d1748, d1750, d1751, and d1752 have deletions that leave the 3' end
sites intact but remove downstream sequences. mRNA from cells infected by
these mutants was analyzed by the nuclease gel procedure. The 3ZP-labeled
RNA probe contained Ad2 sequences from the EcoRI site (nt 2437) to the Hpall
site (nt 1914) and was transcribed using SP6 polymerase (see the schematic
in Fig. 4). Several fragments were observed with rec700 (wild type) RNA
(Fig. 4, lane c). The 270 and 277 nt bands represent cleavage at the E3A 3'
end sites, i.e. these bands are the portion of the probe protected by the
768-E3A exon of mRNA a. The exact position of 3' end formation cannot be
ascertained because of the tendency of Sl nuclease to nibble into the frayed
ends of hybrids. Most likely the 270 nt band corresponds to 3' ends at nt
2184, and the 277 nt band to 3' ends at several positions downstream in the
AT-rich region (nt 2191-2196) (Fig. 3). The other rec700 bands derive from
mRNAs ¢ and f. The 529 nt band corresponds to mRNA c¢ which is colinear with
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the probe. The 287 nt band resulted from the nt 2157 3' splice (2157-E3B
exon) in mRNA f. With the mutants (Fig. 4, lanes d-i), the bands from
mRNAs ¢ and f are smaller than the bands in rec700 because the probe is
colinear with the mutant RNA only to the various endpoints of the deletions.
A ~195 nt band derived from both mRNAs c and f was obtained with all mutants
which share the same 3' boundary of the deletion. The heterogeneity of this
band is due to Sl nibbling. The bands from mRNA c¢ in the mutants varied
from 270 to 314 nt depending on the 5' boundary of the deletion.

dl752 contains the smallest deletion, leaving 62 nt downstream of the
ATTAAA, and 32 nt downstream of the last 3' end site (nt 2196). d1752 RNA
gave strong 270 and 277 nt fragments derived from the 768-E3A exon of mRNA a
(Fig. 4, lane e); thus, the deletion does not affect 3' end formation.
d1753 was constructed to address whether sequences downstream of the
deletion in d1752 are required. The deletion in d1753 has the same 5'
boundary as the deletion in d1752 but includes 209 bp downstream. With
d1753, the 270 and 277 nt bands were found at levels comparable to rec700
(lane d). Therefore, sequences 62 nt to 271 nt downstream of the ATTAAA
have no discernable effect on formation of E3A 3' ends.

The further deletion of sequences approaching the E3A poly(A) addition
sites did alter 3' end processing. Deletion of 16 additional nucleotides in
dl751, to within 16 nt of the last (nt 2196) 3' site, markedly decreased 3'
end formation as indicated by the reduction in the 277 and 270 nt bands
(Fig. 4, lane f). The deletions in d1750 and d1748 had even more dramatic
effects. The deletion in d1750 leaves 1 nt downstream of the last AT-rich
3' site: the 277 nt band cannot be seen and the 270 band is barely visible
(lane g). The deletion in d1748 removes all the 3' sites in the AT-rich
region, and all the sequences downstream of the nt 2184 site: 3' end forma-
tion is completely abolished (lane h). The faint ~270 nt band seen with
d1748 is due to mRNA c, i.e. this is the protected fragment which extends
from the 5' boundary of the deletion to the 3' end of the probe (this has
been confirmed by use of a probe transcribed from a d1748 plasmid clone,
data not shown). We conclude that sequences downstream of the E3A 3' sites
are necessary for full efficiency of 3' end processing. Furthermore,
deletion of these essential downstream sequences did not alter the position
of 3' end formation. Since d1753 and d1752 have wild type phenotype, at
most 32 nt of downstream sequences are sufficient for full efficiency of
cleavage at all, or almost all, the 3' end sites. Since d1751 is markedly

deficient in processing at all the 3' sites, the sequences deleted in d1751
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Figure 5. S1 analysis for E3A 3' end formation and for splicing at the 2157
3' splice site, by mutants with deletions or insertions near the 3' cleavage
sites. Each mutant was analyzed with a probe prepared from its own DNA.
See the legend to Fig. 2 for details.

and retained in d1753 must define the 3' boundary of the E3A 3' end signal;
the boundary is 17-32 nt downstream of the last 3' end site.

The second series of mutants contain insertions (13721, 12722) or
deletions (d1747, d1720) at or near the 3' sites. in721, in722, and d1747
were constructed from the d1752 plasmid so they contain the 14 bp deletion
(plus 10 bp BamHI linker) present in d1752; as discussed above, the d1752
deletion does not affect 3' end processing. These mutants were analyzed to
determine whether specific sequences at the 3' sites are required. (Some of
these mutants also affected the synthesis of mRNAs f and c; this will be
discussed in a later section). The probe is the same as in Fig. 4 except
that the probe for each mutant was transcribed from the corresponding mutant
plasmid. Thus, the probes and protected fragments vary in size according to
the size of the deletion or insertion.

dl747 contains a 4 bp deletion which removes the sequence TCGA which
includes the nt 2184 3' site (Fig. 3). This deletion eliminated the 270 nt
band and resulted in a band (or doublet) of ~273 nt (Fig. 5, lane e).
Apparently the 3' ends for mRNA a form predominately in the AT-rich region,
since this would yield a ~273 nt band. This deletion has little effect on
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the total efficiency of E3A 3' end formation (compare lanes e and c). d1720
has a larger deletion, 35 bp, which removes all the 3' sites. This deletion
eliminated 3' end formation (lane g). We do not know, however, whether this
effect is due to removal of an essential component at the 3' end sites or to
removal of essential sequences downstream from these sites.

The insertion mutants are useful for examining the specific sequence
requirement near the 3' end sites as well as the spacing requirement between
the ATTAAA, the 3' end sites, and the essential downstream elements. in721
has a 4 bp insertion which produces a repeat of the sequence at the nt 2184
site: TCGATCGA. This insertion results in a band of 270 nt from mRNA a
(Fig. 5, lane i), suggesting that 3' cleavage occurs efficiently at the same
nt 2184 TCGA site as in rec700. The fact that in721 has a 4 bp insertion
between the nt 2184 site and the AT-rich sites, yet still yields a 270 nt
band, argues against the possibility that the 270 nt band results from Sl
nuclease nibbling from the AT-rich sites. A band of 274 nt was not produced
in in721, indicating that cleavage did not occur at the repeated downstream
TCGA. We cannot tell if cleavage occurred at the AT-rich sites, because the
resulting bands of ~281-286 nt would comigrate with the 285 nt band from
mRNA f.

The larger insertion in in722 showed a considerably stronger effect.
in722 contains a 14 bp insertion at the same position as the insertion in
in721. The insertion leaves the TCGA at the nt 2184 site as it occurs in
rec700, and results in a repeat of this TCGA 11 bp downstream. This 14 bp
insertion resulted in a group of bands of ~286-291 nt from mRNA a (Fig. 5,
lane k). No fragment of 270 nt was produced, indicating that in contrast to
in721, the TCGA at nt 2184 is not used. Also, the downstream repeated TCGA
is not used, és this would yield a band of 283 nt. Thus, in722 apparently
uses the sites in the AT-rich region, which would yield bands of ~291 nt.
The efficiency of 3' end formation is reduced to less than half that of
rec700. Thus, the insertion in in722 abolishes 3' end formation at the nt
2184 site, and reduces the efficiency at the AT-rich sites.

Mutations That Abolish E3A 3' End Formation Result in Enhanced Use of the 3'
Splice Site at Nucleotide 2157

During the analysis for E3A 3' end formation, we observed that several
mutants had increased amounts of the 2157-E3B exon from mRNA f; this would
result from enhanced use of the nt 2157 3' splice site. This is shown in
Fig. 5 for some of the mutants. About the same quantity of the 2157-E3B
exon was formed by rec700 (287 nt band in lane c), by d1747 (277 ot band in
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Figure 6. S1 analysis for splicing at the 2157 3' splice site. Each mutant
was analyzed with a probe prepared from its own DNA. See the legend to Fig.
2 for details.

lane e), and by in722 (295 nt band in lane k). The 2157-E3B exon is dramati-
cally increased in d1720 (252 nt band in lane g). The exon appears to be

elevated in in721 (285 nt band in lane i), although this cannot be

ascertained by this gel because the bands for the 2157-E3B exon of mRNA f
and those for the 768-E3A exon of mRNA a would comigrate. To circumvent

this comigration problem we used a shorter probe, extending from the EcoRI

site (nt 2437) to the XmnI site (nt 2106). This probe overlaps fully with

mRNA ¢, almost fully with mRNA f, but only slightly with mRNA a (Fig. 6).

The probe for each mutant was transcribed from the corresponding plasmid, so

the lengths of the probes and protected fragments vary, but in all cases the

larger fragment represents mRNA c and the smaller fragment represents mRNA
f.

As expected for rec700, protected fragments of 333 nt (mRNA c) and 287
nt (2157-E3B exon of mRNA f) were formed (Fig. 6, lane c). In this experi-
ment the frequency of the 2157 3' splice is best illustrated by the ratio of
mRNA f to that of the readthrough mRNA c. The relative frequency of the
2157 3' splice among the mutants may also be roughly estimated from the
intensity of the bands corresponding to the 2157-E3B exon; however, this
must be viewed with caution because we do not know that the specific activi-
ties of the different probes are the same. For rec700, note that the mRNA c
and f fragments are at about equal abundance. These mRNA c and f fragments
are also at the same abundance with d1751 (lane e) and in722 (lane g), as
well as with d1747 and d1752 (data not shown). In contrast, with in721 the

abundance of mRNA f is increased relative to mRNA c as would be expected
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Figure 7. RNA blot analysis for synthesis of E3 mRNAs. Probes were
P-labeled SP6 RNAs. Probe I consists of rec700 sequences from nt 27 to
560, probe II of nt 959 to 1694, and probe III of nt 2181 to 2442.

from increased use of the 2157 3' splice site (lane i). The effect is much
more obvious with d1720 (lane k), dl1748 (lane m), and d1750 (data not
shown), where the band for mRNA f is very abundant and that for mRNA c is
barely visible. Also, for these mutants the band for mRNA f is much more
intense than the band for mRNA f obtained with rec700, d1747, and in722. We
conclude that in addition to abolishing E3A 3' end formation, the deletions
in d1720, d1750, and d1748 result in a dramatic increase in splicing at the
nearby nt 2157 3' splice site. The 4 bp insert in in721 somewhat (~2 fold)
increases use of the 2157 3' splice.

RNA blot analysis was used to confirm the nuclease gel results. The
32p-1abeled RNA probes used are described in Fig. 7. Probe I is specific to
the first exon and therefore will hybridize to all E3 mRNAs. This probe
shows that mRNA a is very abundant in rec700, representing about half of the
total E3 mRNA, whereas mRNAs c, f, and h are less abundant (Fig. 7A, lane
a). The identity of the bands as the mRNAs shown in Fig. 7 was established
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previously (25). (The faint band above mRNA c is the scarce unspliced mRNA i
which extends from the mRNA cap site to the E3B polyadenylation site (25)).
As expected from the nuclease gel data, mRNA a is absent in d1748 (lane b),
and is reduced in d1751 (lane c) and in722 (lane d). mRNA f is very
abundant in d1748, and mRNAs c and h are very scarce.

Since mRNAs a and f nearly comigrate, additional probes were used to
distinguish them on the blot. Probe II, which hybridizes only to mRNAs a,
c, and i, confirms that mRNA a in d1751 (Fig. 7B, lane c) and in722 (lane d)
is reduced in comparison to rec700 (lane a). In d1748 (lane b), mRNA a was
not detected, and mRNA ¢ (and i) was much reduced. Probe III, which hybri-
dizes only to mRNAs c, f, and i, establishes that the abundant mRNA in d1748
is mRNA f (Fig. 7C, lane b). We conclude that the RNA blots confirm the
results of the nuclease gel analysis. In mutants d1751 and in722 which
decrease the efficiency of 3' end formation (but don't abolish it), mRNA a
is reduced but the other E3 mRNAs continue to be made (in slightly increased
abundance compared to rec700). In d1748 which abolishes E3A 3' end forma-
tion, only mRNA f is made in abundance. The same result was found with
d1720, d1750, and d1719 which are also E3A 3' end mutants (data not shown).
In the RNA blot analysis of d1751, mRNA a and mRNA c appear to be about
equally abundant (Fig. 7, lanes c) in contrast to the nuclease gel results
where mRNA c appears to be more abundant (Fig. 4, lane f). With nuclease
gel analysis, an mRNA which protects a greater length of probe results in a
stronger band, and heterogeneity due to Sl nibbling makes other bands appear
fainter. Thus, RNA blot analysis is more representative of the relative

abundances of all E3 mRNAs for a particular mutant than is nuclease gel

analysis.

DISCUSSION
E3A 3' End Processing Signal

A previous study established that the 5' boundary of the E3A 3' end
signal is located between nt 2142 and nt 2168 (see d1714 and d1713 in Fig.
3), and includes the ATTAAA at nt 2161-2166 (21). We have now mapped the 3'
boundary of the E3A 3' end signal. It is located somewhere between nt 2213
and 2228, i.e. the sequences deleted in d1751 (partially defective) but
retained in d1752 and d1753 (both wild type). The 3' boundary is 47-62 nt
downstream of the ATTAAA, and 17-32 nt downstream of the last 3' end site at
nt 2196.

A requirement has been reported for sequences downstream of other 3'
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end processing sites both in vivo with expression vectors (11-13, 15, 16,
18, 20, 38, 39) and in vitro (14, 15). The essential downstream element is
roughly 20 nt long and is located a few nucleotides downstream from the 3'
end site. Our results with E3A are in agreement with these conclusions;
this is significant because the E3A site and our method of analysis differ
in several ways from most other studies. First, E3A has ATTAAA instead of
AATAAA. Second, our study was done with virus mutants which are transcribed
in a '"natural" context, rather than with plasmid expression vectors. In
another study with virus mutants, Sadofsky and Alwine (17) reported that a
39 bp deletion located 8 bp downstream from the SV40 late poly(A) addition
site reduced the efficiency of 3' end formation at the normal site. Third,
and of particular interest, E3A is the "upstream'" polyadenylation site in a
complex transcription unit with two alternative polyadenylation sites.
Nevertheless, the E3A signal appears to be similar to other polyadenylation
signals. We note that deletion of sequences 62 to 271 nt (d1753) downstream
from the ATTAAA does not affect E3A 3' end formation, indicating that this
region does not determine the choice between the E3A and E3B sites. The Ad2
E2A polyadenylation site, which has been analyzed in an expression vector
(13, 16) and in vitro (14, 15), is also an upstream polyadenylation site
analogous to E3A. The E2A site seems similar to E3A, although the essential
downstream element differs in sequence (see below). Also, the E2A site
apparently has redundant downstream elements which do not seem to be present
in E3A.

Other workers have reported that deletions downstream from the 3' end
site change its position but have little effect on its efficiency (19, 36).
Our results differ from these reports. Mason et al. (36) suggested that the
negative effect of deletions might be to bring nonspecific "poison" downs-
tream sequences into proximity with the AATAAA and the 3' end site. We
cannot exclude this possibility, even though our downstream deletions have
the same 3' boundary.

Sequences downstream from 3' end sites are not highly conserved,
although a loose consensus sequence, YGTGTTYY, was found ~30 nt downstream
of AATAAA in 67% of a large number of cases examined (39). Recent studies
suggest that the requirement is merely for a GT-rich element; deletion of
this downstream element in the SV40 early and HSV-1 TK polyadenylation sites
prevents 3' end formation (13, 20, 38). Studies on the Ad2 E2A polyadenyl-
ation signal indicate that a second type of element may exist at the same

position as the GT-rich element, but one that is T-rich (13, 15). Sequences
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of the form (T)n (A)P (T)q (40) and CAYTG (35) have also been noted at poly-
adenylation sites.

Examples of these various consensus sequences are found in E3A.
CGAGTTCT, which conforms to the YGTGTTYY consensus, is at nt 2182-2189 which
includes the 3' end site at nt 2184. This sequence is partially deleted in
d1747, and it is interrupted by the 4 bp insertion in in721, both with
little effect. Thus, either this sequence is not important or redundant
elements are present. A region TTCTTATATTATT at nt 2186 to 2198 is both
T-rich and has the form (T)n (A)p (T)q. This region is deleted in d1720
where E3A 3' end formation is absent. However, this cannot be the entire
signal since d1751 which has this sequence intact is markedly defective.
There is a ~33 bp GT-rich region (nt 2197-2229) downstream from the last 3'
end site at nt 2196, and which is retained in d1752 and d1753 which form 3’
ends normally. This GT-rich region must be important because deletion of 16
nt (§l751) of it from the downstream side reduces 3' end formation very
significantly, and deletion of the entire region (d1750) reduces 3' end
formation to a trace. However, d1750 does have residual 3' end activity, so
this GT-rich region cannot be completely obligatory. Only with d1748, whose
deletion removes the 3' end sites in the AT-rich region as well as all
sequences downstream from the nt 2184 site, were we unable to detect 3' end
formation. This suggests that the AT-rich region (nt 2186-2198) downstream
from the nt 2184 site is of some importance, at least for the 2184 site.

Our results with d1747, in721, and in722 address the role of sequences
at the 3' cleavage sites as well as the spacing between the various elements
of the E3A 3' end signal. The 4 bp deletion in d1747, which removes the
site at nt 2184, results in the alternative use of the other sites in the
AT-rich region. The 4 bp insertion in in721 does not prevent use of the nt
2184 site. The efficiency of 3' end formation is not significantly affected
by these two mutations. The 35 bp deletion in d1720, which removes all the
3' end sites, destroys 3' end formation. However, this could be due to
partial removal of the essential downstream elements. The 14 bp insertion
in in722 reduces the efficiency of 3' end formation to less than 50% of wild
type. Of interest, 3' end formation at the nt 2184 site is abolished. One
explanation for this result is that the insert inhibits the binding of
trans-acting factors required for cleavage. An alternate explanation is
that the insert changes the spacing between different elements of the E3A
signal. For example, the insert increases the distance between the nt 2184

site and the essential downstream element, and this could eliminate use of
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Figure 8. Schematic illustrating the abundances of E3 mRNAs in three pheno-
typic groups of mutants. The thickness of the arrows represents the
relative abundance of the mRNA.

the nt 2184 site. Also, the insert increases the distance between the
ATTAAA and the AT-rich sites, and this could reduce the efficiency of these
sites. Studies on other polyadenylation sites, Ad2 E2A (15) and HSV-1 TK
(20), have also indicated that the spacing between the AATAAA and the
essential downstream element are important in the efficiency of 3' end
formation.

Our view of the E3A 3' end signal is illustrated in Fig. 9. We
conclude that there are at least two critical sequence elements for E3A 3'
end formation, the ATTAAA and a short region located immediately downstream
of the poly(A) addition sites. Sequences at the actual cleavage site may
play some role although not a crucial role. The result with in722 suggests
that spacing may be important. The spacing constraint implies an inter-
action between the required sequence elements, either directly through RNA
secondary structure (e.g. see refs. 16, 17, 19) or indirectly or through
trans-acting factors. If different factors (or complexes of factors)
associate with the E3A signal elements, a change in the spacing between
these elements might reduce the efficiency of such an interaction. However,
the spacing cannot be stringent since the 4 bp insertion and deletion had no

major effects.
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Factor Competition Model for E3A 3’ End Formation vs. Splicing

Cleavage binding of
Polyadenylation unknown snRNP probable binding of factors
Factors 1l EEEEEEI13? UOEZ7 EEEE——

3’ ends essential

downstream
2161—ATTAAA IR 1 sequences
polypyrimidine ‘

region
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branchpoint 2157 3' splice

] Splicing
binding of U5 snRNP Factors
R
binding of U2 snRNP
and protein factors

Figure 9. Schematic illustrating the E3A 3' end signal as well as the factor
competition model for E3A 3' end formation versus splicing. The thick bar
indicates the E3A 3' end signal as well as its presumed different functional
elements. The black area indicates the essential downstream element (which
may extend further to the left than is shown), the light hatched area indi-
cates the 3' cleavage sites (nts 2184, 2191, 2193, 2196) and the heavy
hatched area indicates the ATTAAA sequence which begins at nt 2161. The
2157 3' splice (used by mRNA f) is shown with its essential polypyrimidine
region (24) and lariat branchpoint. The binding regions for snRNPs are
based on data from references 10, 41, 44, 45.

Control of Alternative Pre-mRNA Processing
We have identified with d1748, d1750, and d1720 a region which affects
two aspects in pre-mRNA processing. The region is part of the E3A 3' end

signal, and it plays a major role in splicing at the nt 2157 3' splice site.
The deletion of exon sequences in these mutants results in dramatically
enhanced splicing at the 2157 3' splice site. The effects of the various
mutants on E3A 3' end formation and splicing at the 2157 3' splice site are
summarized in Fig. 8. Our working model on how this region may function in
alternative pre-mRNA processing is illustrated in Fig. 9. The key feature
is that splicing factors and cleavage/polyadenylation factors compete for
binding to overlapping sequences in pre-mRNA. That such competition can
occur is strongly suggested by the fact that the 2157 3' splice site is only
4 nt upstream of the ATTAAA element of the E3A signal. Splicing factors
would be the snRNP, probably U5 snRNP, which binds near the 3' splice site
(41), and U2 snRNP and proteins which bind to the lariat branchpoint site
and splice site (42-44). A cleavagepolyadenylation factor would be the
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unidentified snRNP which binds to the AATAAA (10). Presumably other unknown
factors bind to the essential downstream element and the poly(A) addition
sites. Binding of factors to the downstream elements and their interaction
with the snRNP which binds to the ATTAAA would tend to block the binding of
splicing factors to the 2157 3' splice site. This would limit use of the
2157 3' splice site. Deletion of the essential downstream element as has
occurred in d1748, d1750, d1720, and d1719 would prevent this blocking
effect by eliminating the binding of the snRNP to the ATTAAA. Thus, with
these mutants, the 2157 3' splice is used with very high efficiency. With
dl751 and in722, which are markedly defective in E3A 3' end formation yet do
not exhibit specifically enhanced use of the 2157 3' splice site, we presume
that they retain the capacity to bind cleavage/polyadenylation factors that
block the 2157 3' splice site. We note that binding of factors to the
lariat branchpoint and 3' splice sites is thought to be among the earliest
events in splicing and in splicing complex formation (41-44). Thus,
blockage of the 2157 site, as proposed above, should limit the assembly of
the 2157 site into the splicing complex in the correct configuration for the
2157 splice. Our model does not exclude the possibility that alternative
pre-mRNA secondary structures are important in the choice between the E3A 3'
end site and the 2157 3' splice site. For example, the cleavage/polyadenyl-
ation factors could stabilize the pre-mRNA in the configuration for 3' end

formation rather than splicing.
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