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The E3 complex transcription unit of adenovirus encodes overlapping mRNAs (a to i) with different exon
structures. The major mRNAs are a (-40% of the total) and c (-15%), which are spliced once, andf (-15%)
and h (-25%), which are spliced twice. mRNA a uses the upstream E3A polyadenylation site, and the other
mRNAs use the downstream E3B polyadenylation site. We analyzed virus deletion mutants to identify
sequences important in alternative pre-mRNA processing in region E3. Our main finding is that a 64-base-pair
deletion in dl742 causes mainly mRNAsfand h to be formed. mRNAs a and c are barely made. dl742 does not
delete either a splice site or a polyadenylation site. Thus, the sequences deleted must function in alternative
pre-mRNA processing independently of the signals at the actual splice and polyadenylation sites. The lack of
synthesis of mRNA a by dl742 does not appear to result from a defect in the E3A polyadenylation signal but
rather from an increase in splicing activity which results in the synthesis of doubly spliced mRNAsf and h at
the expense of singly spliced mRNAs a and c. This suggests, in the wild-type situation, that the frequency of use
of the E3A versus the E3B polyadenylation site may be determined by the rate of splicing, as well as,
presumably, the rate of cleavage-polyadenylation at the E3A site.

Most tumor virus genes and many cellular genes are
organized into complex transcription units in which different
mRNAs are formed by alternative pre-mRNA processing
(reviewed in references 12, 15, and 20). Very little is known
about how alternative pre-mRNA processing pathways are
selected. Complex and simple transcription units are similar
in that short consensus sequences at the 5' and 3' splice sites
and at the lariat branchpoint site provide cis-acting splicing
signals (reviewed in reference 15). Also, signals for pre-
mRNA cleavage and polyadenylation are located near the
polyadenylation site and include an AATAAA (or related
sequence) and sequences immediately downstream (re-
viewed in reference 7). However, it seems likely that com-
plex transcription units contain additional information which
determines the pre-mRNA processing pathways.
A few genetic studies have identified sequences that might

be specifically involved in alternative splicing. Deletions
near the 3' end of the first exon for simian virus 40 small t
antigen mRNA reduced splicing of that mRNA (18). Dele-
tions in exon 1 for simian virus 40 late mRNAs affected the
use of alternative downstream 5' and 3' splice sites, and it
was suggested that sequences at the 5' end of the pre-mRNA
might influence alternative splicing (24). Deletions in the
intron for murine leukemia virus env mRNA inhibited splic-
ing (17). Deletions in the intron of adenovirus ElA 13S
mRNA inhibited splicing of that mRNA, and it was sug-
gested that a signal may exist in this intron which affects the
efficiency of splicing of the 13S mRNA versus that of the
overlapping 12S and 9S mRNAs (25). The simian virus 40
early and late, murine leukemia virus, and ElA transcription
units have a single polyadenylation site. Alternative pre-
mRNA processing has also been studied in the immunoglob-
ulin >.-chain complex transcription unit, which has two
polyadenylation sites. The efficiency of use of the upstream
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(secreted) versus the downstream (membrane-bound) poly-
adenylation site is determined by the cell type. Some studies
have indicated that the efficiency of cleavage-polyadenyl-
ation at the upstream site determines whether p.s or P-m
mRNA will be made (11, 19). Another study suggested that
regulation of w, or Km synthesis is achieved by competition
between cleavage-polyadenylation of the pus site and splicing
of the C, 4 and P-m exons (23). Still another study concluded
that selection of the polyadenylation site is determined
primarily by its proximity to the promoter (22).
We used virus deletion mutants to analyze pre-mRNA

processing in the E3 complex transcription unit of
adenovirus. E3 encodes overlapping mRNAs that use one of
two polyadenylation sites termed E3A and E3B (Fig. 1). Our
objective was to identify sequences that determine the
frequency with which these mRNAs are formed. dl702,
d1713, dl719, and dl712 (Fig. 1) have been partially charac-
terized (2-6, 13). These deletions have the following effects
on the accumulation of the major mRNAs a, c, f, and h.
dl702 has no effect. d1713 deletes the ATTAAA element of
the E3A polyadenylation signal and the 3' splice site at
nucleotide (nt) 2157; mRNAs a andf are not made, and c and
h are made in abundance. This is the phenotype to be
expected a priori from a mutant with this deletion. d719
deletes the essential sequences downstream of the ATTAAA
element of the E3A polyadenylation signal. mRNA a is not
made. Surprisingly, mRNAs c and h are not made in
abundance as in d1713; rather, virtually only mRNA f is
produced. Somehow, the deletion greatly increases use of
the 2157 3' splice site. The dl712 deletion causes essentially
only mRNAsfand h to be formed. mRNA a is barely made,
even though the deletion is 44 base pairs (bp) upstream of the
ATTAAA element of the E3A polyadenylation signal. Thus,
we identified two phenotypic groups of mutants that have
novel effects on alternative pre-mRNA processing, one
group exemplified by d1719, in which mRNA f is made
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FIG. 1. Schematic of the E3 transcription unit in rec700 and of the deletion mutants. rec700 is the wild-type version of the mutants. E3
in rec700 has Ad2 sequences between the EcoRI sites at nt -236 and 2437 and Ad5 sequences elsewhere. Ad2 numbers are used from nt -236
to 2437, and Ad5 numbers are used downstream from nt 2437 (see reference 10). Nt +1 is the transcription initiation site. Restriction sites
are numbered at the 5' base pair in the recognition sequence. Arrows a to i indicate the spliced structures of the mRNAs (8). mRNA a is -40%
of the total, c is -15%, f is -15%, h is -25%, and d and e are scarce (8, 10). The hatched bars near the top indicate sequences that affect
alternative pre-mRNA processing and are deleted in the dn42 and dl719 groups of mutants.

almost exclusively, and a second group exemplified by
d1712, in which almost all pre-mRNA is processed into
mRNAsf and h. These two phenotypic groups are unique to
region E3 and are very different from any mutants or
constructs mentioned in the previous paragraph. In this
paper we describe mutants d1733, dn701, d1704, d1745, d742,
and d1718. The most interesting new mutants are d1742 and
d1745, which are in the same phenotypic group as d1712 in the
sense that the spliced mRNAs are made at the expense of
mRNAs a and c. We show with d1745 that the E3A
polyadenylation signal is fully functional, which suggests
that the phenotype is due to splice enhancement. Impor-
tantly, the 64-bp deletion in d1742 does not remove a classic
pre-mRNA processing signal such as a splice site or a
polyadenylation site. Thus, the region deleted must be
important in alternative pre-mRNA processing.

MATERIALS AND METHODS

Isolation of plasmid and virus mutants. Methods for the
isolation of virus mutants have been previously described
(26). The mutants have adenovirus type 5 (AdS) sequences
from genomic map position 0 to 76, Ad2 sequences from 76
to 86, and AdS sequences from 86 to 100. Ad2 and AdS are
closely related in region E3 (10). rec700 (Fig. 1) is the
wild-type version of the mutants.

Nuclease gel analysis of mRNA. Infection of KB cells and
extraction of cytoplasmic mRNA have been previously
described (9). mRNA extracted at 6 h postinfection (no DNA
or protein inhibitors) was used in all experiments except for
that described in Fig. 4A, lane c, for which RNA extracted at
21 h was used. Nuclease gel analysis (1) was done with
RNases T, and A, with 32P-labeled RNA probes prepared
with SP6 polymerase (21) and with 6% sequencing gels,

exactly as previously described (3). Thirty micrograms of
cytoplasmic RNA was used. In all of the gels, the probes
were in excess, so the results are quantitative. The plasmids
used to prepare the probes have been previously described (2).

RESULTS

Use of the 951 5' splice site is specifically enhanced in the
d1742 and dl719 phenotypic groups of mutants. The effects of
the deletions on the accumulation of E3 mRNAs were
characterized by the nuclease gel procedure with a variety of
32P-labeled RNA probes. We first assayed the 1-to-372 exon
which is present in most E3 mRNAs. This exon was found in
equal abundance in all of the mutants (data not shown). This
indicates that none of the deletions detectably affect either
E3 transcription or the stability or transport to the cytoplasm
of any of the abundant mRNAs. This is an important point to
appreciate. For example, the deletions in d1712 and d1742
greatly reduce mRNAs a and c and correspondingly increase
mRNAsf and h. The reduction in mRNAs a and c cannot be
attributed to their decreased stability or transport, because
this would be reflected in a marked decrease in abundance of
the 1-to-372 exon in cytoplasmic mRNA. Since the d1712 and
d1742 deletions (or any of the other deletions) do not affect
the abundance of the 1-to-372 exon, the decrease in mRNAs
a and c results from preferential synthesis of mRNAs f and
h.
We next examined use of the 768 3' splice site and the 951

and 1017 5' splice sites. Use of these splice sites yields three
overlapping exons. mRNAs a and c have the 768-to-E3A/B
exon, which extends from the 3' splice at nt 768 to the 3' end
at either the E3A or the E3B polyadenylation site. mRNAs d
to h have the 768-to-951 and 768-to-1017 exons, which
extend from the 3' splice site at nt 768 to the 5' splice site at

E3B

EcoRi
-236

.1

2880w

NdeI
3521

VOL. 61, 1987



3940 BHAT AND WOLD

either nt 951 or 1017. One or another of these latter two
exons is spliced to one of the 3' splice sites at nt 1740
(mRNAs d and e), nt 2157 (mRNAf), and nt 2880 (mRNA h).
These three exons were assayed with a HindIII-Hinfi

probe, nt 1045 to 614 (Fig. 2). Since almost all E3 mRNAs
use the 768 3' splice site, this assay measures the frequency
with which the 951 and 1017 5' splice sites are used. Four
nuclease-protected fragments, of 436, 283, 250, and 184 nt,
were obtained from rec700 mRNA (lane b) (rec700 is an
AdS-Ad2-Ad5 recombinant that is the parent of the mutants
[26]). The 436-nt band corresponds to mRNA i, which is
colinear with the probe. The 283-nt band represents the
abundant mRNAs a and c. The 250- and 184-nt bands are
derived from the 768-to-1017 and 768-to-951 exons, respec-
tively, in mRNAs d to h. Similar results were obtained with
Ad2 (lane a). Similar results were also obtained with dn33,
d1701, d1702, d1704 (lanes c to f), dM713 (lane j), and d1718
(lane k), indicating that these deletions do not affect use of
the 5' splice sites at nt 951 and 1017. The 383-nt band from
d1733 (lane c) and the 260-nt band from d1701 (lane d) arise
from the discontinuity between the wild-type probe and the
deletion mutant mRNAs.
The deletions in d1712, d1745, and d1742 have a marked

effect on the relative use of the 951 and 1017 5' splice sites.
The 184-nt band representing the 768-to-951 exon is very
abundant (lane g, h, and i), indicating that the 951 5' splice
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probe

436
E3AMB .____436-
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trom mRNA i

383-
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site is used very efficiently. As is necessary with increased
use of the 951 site, the 250- and 283-nt bands derived from
the 768-to-1017 and 768-to-E3AIB exons are correspondingly
reduced. Thus, use of the 951 5' splice site is specifically
enhanced to the exclusion of the 1017 5' splice site. Also,
small deletions, such as the 64-bp deletion in d1742, can exert
a profound effect on pre-mRNA processing.
The pattern with dl719 was similar to that obtained with

d1712, d1745, and dl742, i.e., the 768-to-951 exon was very
elevated and the other exons were reduced (Fig. 2, lane 1).
Thus, even though dl719 is in a different phenotypic group
from the d1742 class, its deletion also specifically enhances
the 951 5' splice site to the exclusion of the 1017 site.

Use of the 2157 3' splice site is enhanced and use of the E3A
polyadenylation site is virtually eliminated in d1712 and dW742.
Use of the 2157 3' splice site and the E3A polyadenylation
site is shown in Fig. 3. The probe extends from the EcoRI
site to the HpaII site, nt 2437 to 1914. rec700 yielded three
sets of nuclease-protected fragments, 529 nt, 287 nt, and a
doublet of 270 and 277 nt (lane a). The 529-nt band corre-
sponds to mRNAs c and i, which are colinear with the probe.
The 287-nt band represents the 2157-to-E3B exon in mRNA
f. The 270- and 277-nt bands are derived from the 768-to-E3A
exon in mRNA a.

d1733, dl701, and dl704 (lanes b to d) gave the same pattern
as rec700, consistent with the conclusions from Fig. 2 that
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FIG. 2. Nuclease gel analysis for use of the 3' splice site at nt 768 and the 5' splice sites at nt 951 and 1017. The schematic indicates the
probes used, as well as the RNase-resistant fragments observed in the analysis. In the gel, heavy roman type indicates RNase-resistant
fragments, medium italic type indicates probes, and light roman type indicates 32P-labeled RNA size markers. The probe was prepared by
cleavage at the Hinfl (614) site before transcription.

J. VIROL.



ALTERNATIVE PRE-mRNA PROCESSING MUTANTS 3941

HpalI EcoRI
1914 2437

529+9nt pSP65
32P-RNA
probe

0~~~~~
oC'O) ,- CMt LI) C%J to

e1 P
; tele e mEa- b6 c d eb f g hiEa b- rc d- e- rf g h i

529 E3B ---- 529-_m _ _
colinear RNA

from mRNAs c.i

287
2157 w E3B- --287

2157-E3B exon\
-277 from mRNAf
270 -277-

E3A . -270-%_ft
768-E3A exon
from mRNA a.
For dl 745,
1647-E3A exon
from mRNA with
cryptic 3' splice
at nt 1647

-585

".-----538 probe
-485

W-466
-442

0-422
_p -414

_ -381

-_342

-309

_.-

* -277

FIG. 3. Nuclease gel analysis for use of the 2157 3' splice site and the E3A polyadenylation site. The probe was prepared by cleavage at
the HpaII (1914) site before transcription. See the legend to Fig. 2 for details.

the deletions do not affect pre-mRNA processing. d1712 and
d1742 produced large quantities of the 287-nt band (lanes e
and g), reflecting increased use of the 2157 3' splice site for
mRNAf. dM42 produced only a trace of the 270- and 277-nt
bands, establishing that mRNA a with 3' ends at the E3A site
is barely made. The synthesis ofmRNA a by d1712 cannot be
addressed by this gel because of the discontinuity between
the deletion and the wild-type probe. However, we have
shown that, as is the case with dn742, dl712 makes very little
mRNA a (2, 5). The important conclusion from Fig. 3 is that
the deletion in d1742 enhances use of the 2157 3' splice site
and virtually eliminates use of the E3A polyadenylation site,
even though the deletion is -300 bp upstream of these sites.
The E3A polyadenylation signal is functional in d1745. One

explanation for the d1742 and dl712 results is that the
deletions remove an element of the E3A polyadenylation
signal. A second explanation is that the deletions enhance
splicing such that the E3A site is spliced out of the pre-
mRNA precursor. We show below that the E3A polyad-
enylation signal is as functional in d1745 as it is in rec700;
since d745 is in the same phenotypic group as d1742 and
d1712, this suggests that the latter explanation is probably
correct. As shown in Fig. 3, lane f, d1745 produced the 270-
and 277-nt bands indicative of mRNAs with 3' ends derived
from the E3A site. These mRNAs are very abundant,
comparable to mRNA a (compare the 270- and 277-nt bands
in lane f with those in lanes a to d). However, these mRNAs
in dl745 cannot be mRNA a alone because, as shown in Fig.
2, the 768-to-E3A/B exon is much reduced and the
768-to-951 exon is elevated. d1745 formed the 287-nt band
from the 2157-to-E3B exon in mRNAfat levels intermediate

between those of rec700 and d1742. Thus, use of the 2157 3'
splice is increased, but not to the extent of d1742 and dn12.
To determine the structures of the E3A-terminated

mRNAs formed by dn45, the region between the E3A site
and the 951 and 1017 5' splice sites was analyzed. One such
analysis, with rec700, d1745, and d1742, is shown in Fig. 4.
The probes extend from the EcoRI site to the HindIII site, nt
2437 to 1354. The probe for each mutant was prepared from
the corresponding plasmid, so the probes (and some pro-
tected fragments) varied in size according to the deletion.
rec700 yielded three bands of 1085, 825, and 287 nt (Fig. 4A,
lane b). The 1,085-nt band corresponds to the colinear
mRNAs c and i, the 825-nt band corresponds to the 768-to-
E3A exon of mRNA a, and the 287-nt band corresponds to
the 2157-to-E3B exon of mRNAf. No bands of 444 and 704
nt, reflecting use of the 1740 3' splice site, are visible in this
gel (such bands appear faintly in some gels). We have
reported that this splice is scarce during early stages of
infection but is amplified late after infection (6). The results
with late RNA (lane c) provide a comparison with the early
RNA (lane b). The 704-nt band corresponds to the 1740-to-
E3B exon of mRNA e, and the 444-nt band corresponds to
the 1740-to-E3A exon of mRNA d.

dM745 early RNA yielded four bands: 941, 681, 393, and
287 nt (Fig. 4B, lane b). The 941-nt band corresponds to the
colinear mRNAs c and i. The 681-nt band is derived from the
768-to-E3A exon of mRNA a. This band is reduced com-
pared with the equivalent 825-nt 768-to-E3A band in rec700
(Fig. 4A, lane b), consistent with the data in Fig. 2 showing
that mRNA a is reduced. The 287-nt band corresponds to the
2157-to-E3B exon of mRNA f. This band is about two- to
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FIG. 4. Nuclease gel assay showing that dn45 makes an mRNA
with a cryptic 3' splice site at nt 1647 and that the E3A polyadenyla-
tion signal is barely used in d1742. rec700 RNA was extracted at 6 or
21 h postinfection. d1745 and d1742 RNAs were extracted at 6 h
postinfection. The probe used for each mutant RNA was prepared
from the corresponding mutant plasmid cleaved at the Hindlll
(1354) site. The probes and some of the RNase-resistant fragments
vary in size because of the deletions. Panels A, B, and C are from
the same gel and gel exposure.

threefold more abundant than in rec700 (also shown in Fig.
3), indicating increased use of the 2157 3' splice site. The
abundant 393 band does not derive from use of the 1740 3'
splice site, because this site is deleted. Accordingly, this
band must result from use of a cryptic 3' splice site. There is
an AG at nt 1647 (10, 16); use of this AG as a 3' splice site
would yield a 1647-to-E3A exon of 393 nt. We conclude that
the E3A-terminated mRNAs made by d1745 (Fig. 3, lane f)
consist of both this cryptic mRNA and mRNA a. The
abundant cryptic mRNA reflects the splice-enhancing phe-
notype in dM45 (Fig. 2, lane h).

d1742 early RNA produced only one major band, of 287 nt,
corresponding to the 2157-to-E3B exon of mRNAf(Fig. 4C,
lane b). This band was more intense than in rec700 and d1745
(also shown in Fig. 3). The 785-nt band from the 768-to-E3A
exon of mRNA a and the 1,045-nt band from the colinear
mRNAs c and i were both very faint. There was no indica-
tion that d1742 uses the 1740 3' splice site or the cryptic 3'
splice site at nt 1647 that is used by dn45. These results
confirm the conclusions from Fig. 2 and 3 that d1742 makes
large amounts of mRNA f and trace amounts of mRNAs a
and c.

Use of the 2880 3' splice site is enhanced in dl712, dn742, and
dn745. Use of the 2880 3' splice site and the E3B poly-

J. VIROL.
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FIG. 5. Nuclease gel assay for use of the 2880 3' splice site and the E3B polyadenylation site. The probe plasmid was cleaved at the EcoRI
site before transcription.

adenylation site is shown in Fig. 5. The probe extends from
the NdeI site to the EcoRI site, nt 3521 to 2482. A strong
band of 826 nt and a weak band of 429 nt were obtained from
rec700 (lane a). The 826-nt band is derived from the 768-to-
E3B exon in mRNA c, the 2157-to-E3B exon in mRNA f,
and the unspliced mRNA i. The 429-nt band is from the
2880-to-E3B exon in mRNA h. d733 (lane b), d1701 (lane c),
and dMW4 (lane d) were similar to rec700, again showing that
these deletions do not affect pre-mRNA processing.
dn12 and d1742 (Fig. 5, lanes e and g) formed large

amounts of both the 826- and 429-nt bands; this is indicative
of the greatly increased frequency of the 951-'2157 and
951-32880 splices for mRNAs f and h. Use of the 2880 3'
splice is increased in dl745 (429-nt band in lane f), although
not nearly to the extent of d1712 and dn42. Most of the
826-nt band in dl745 is derived from mRNA f, which is
increased about two- to threefold (Fig. 3). The main reason
that use of the 2880 and 2157 3' splice sites in dM45 is not as
frequent as in d1712 and dl742 is that many of the dl745
pre-mRNAs are processed into the cryptic mRNA.
dM13 and dM18 (Fig. 5, lanes h and i) also formed elevated

amounts of the 826- and 429-nt bands as compared with
rec700. This reflects the abundant synthesis of E3B-
terminated mRNAs which results from loss of the E3A
polyadenylation signal. The 826-nt band is derived from
mRNAs c and i, as indicated by the data in Fig. 2. mRNAf
is not made, because the 2157 3' splice site is deleted.
Importantly, although the 2880-to-E3B exon for mRNA h is
increased relative to rec700, it is much less abundant than in
dM12 and d1742. As discussed previously (2), mRNA h is
increased in this class of mutants because of the increased

abundance of E3B-terminated pre-mRNAs rather than be-
cause of a specific increase in splicing activity.
Only the 826-nt band was detected in dn19 (Fig. 5, lane j).

Again, this is the result of almost exclusive synthesis of
mRNAf.

DISCUSSION

The sequences deleted in the d1742 and d1719 groups are

important in alternative pre-mRNA processing. We con-
structed virus mutants to identify signals important in alter-
native pre-mRNA processing. We operationally defined such
signals as sequences whose deletion dramatically affects the
differential accumulation of E3 mRNAs in a manner that is
not obvious. These signals need not necessarily involve
splice or polyadenylation sites, where deletion of the site
obviously eliminates the synthesis of the mRNA that uses
the site and results in a corresponding nonspecific increase in
the other mRNAs.
Our current collection of mutants, altogether, spans about

two-thirds of E3. Most of the sequences deleted do not fit the
definition of a signal for alternative pre-mRNA processing.
Some deletions do not include a splice or polyadenylation
site. Mutants in this category are d1733, dn01, d102, and
d1704 (Fig. 1). Other such mutants are d1703 (A&1211 to 1249),
dM16 (A&2093 to 2139) (2), and dr753 (A2229 to 2436) (H.
Brady and W. S. M. Wold, unpublished data). With all of
these mutants, there is no detectable effect on the accumu-
lation of E3 mRNAs. Other deletions remove a splice or

polyadenylation site, but the effect of the deletion is what
should be anticipated. For example, d1713 and d1718 delete
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the 2157 3' splice site for mRNAfand the E3A polyadenyla-
tion site for mRNA a. These mutants do not make mRNAf,
and mRNA c is made instead of mRNA a. mRNA h is
increased because all pre-mRNAs extend down to the E3B
polyadenylation site. A different example is d1714 (A2070 to
2141), which deletes the 2157 3' splice signal; mRNAfis not
made, but the other mRNAs are similar to the wild type (2).
It is clear from these mutants that deletion of a splice or
polyadenylation site does not necessarily affect overall pre-
mRNA processing.

d1719 (A2173 to 2237) is a type of mutant in which deletion
of a classical pre-mRNA processing signal, the E3A
polyadenylation signal, dramatically affects pre-mRNA
processing. With dn19, essentially only mRNA f is synthe-
sized (2, 3). Thus, the region deleted in d1719 apparently is
involved in alternative pre-mRNA processing. This region,
which appears to be important for both cleavage-polyad-
enylation at the E3A site and splicing at the 2157 3' splice
site, is depicted by the right hatched bar at the top of Fig. 1.
The major focus of this paper is d1712, d1742, and d1745,

members of another group of mutants whose deletions have
a profound effect on the accumulation of E3 mRNAs. d1712
and d1742 are very similar; essentially only mRNAs f and h
are made, and mRNAs a and c are very much reduced. d1745
is also reduced in mRNAs a and c and elevated about two- to
threefold in mRNAs f and h. d1745 makes a major mRNA
which apparently uses a cryptic 3' splice at nt 1647 and
which terminates at the E3A site. The common phenotype of
these mutants is that the spliced mRNAs (f, h, and the
cryptic mRNA) are made at the expense of mRNAs a and c.

It is important to note that d1742 does not delete a splice or
polyadenylation site. d1712 and d1745 delete the 1740 3'
splice site, but this is a minor splice site early after infection.
Clearly, the sequences deleted in these mutants fit the
definition of a signal for alternative pre-mRNA processing.
Most of the crucial sequences for this putative signal appear
to be within the 64-bp deletion in d1742 (A1809 to 1872),
because the d1742 phenotype is nearly as strong as that of
d1712. The d1745 (A1679 to 1825) phenotype is weaker than
d1742, which suggests that the d1745 deletion is near the 5'
boundary of the signal. The extreme 5' and 3' boundaries are
nt 1441 and 2044, i.e., deletions in d1704 and d1713, respec-
tively, which lack this phenotype. The location of this signal
is depicted by the left hatched bar at the top of Fig. 1.
How do the deletions in the d1742 group exert their effect?

One possibility is that the deletions remove an essential
component of the E3A polyadenylation signal. This would
eliminate mRNA a and should increase mRNAs f and h.
However, mRNA c should also increase, as in d1713 and
d1718, and this was not observed. Also, there is no precedent
to suggest that a component of the E3A polyadenylation
signal would be located 299 bp upstream of the ATTAAA
element, as would have to be the case with d1742. But the
most convincing argument against a defect in E3A 3'-end
formation is that d145 forms E3A 3' ends normally (Fig. 3).
d1745 is in the same group as d1742 and d1712, i.e., its
deletion is in the same region and it has a splice-enhancing
phenotype. By analogy, therefore, the E3A polyadenylation
signal is also probably functional in d1742 and d1712, even
though it is not used. If so, then the most obvious explana-
tion for the phenotype is that the deletions enhance splicing
activity. With d1742 and d1712, the 951- >2157 and 951--2880
splices are enhanced such that use of the E3A site is
prevented (5). For the 951->2880 splice, the E3A site would
be spliced out of the precursor. For the 951-*2157 splice, the
splice would somehow prevent E3A 3'-end formation (no

mRNA with the 951-*2157 splice and E3A 3' ends has been
detected in the wild type). This splice-enhancing scenario
would require that splicing precede polyadenylation, which
is contrary to the usual situation. However, polyadenylation
is not obligatory for splicing (27). With d1745, three splices
are enhanced: 951-1647 (a major cryptic splice), 951-*2157,
and 951-*2880.
How does the putative signal, defined by the d1742 dele-

tion, function in alternative pre-mRNA processing? Alterna-
tive pre-mRNA processing can be viewed as a stochastic
process in which the information which dictates the fre-
quency of each mRNA is embodied in the overall sequence
of the pre-mRNA. This sequence could allow pre-mRNA to
exist in alternative secondary and tertiary structures, and the
frequency with which each structure is formed could deter-
mine which splice or polyadenylation sites are used. The
binding of trans-acting factors could stabilize pre-mRNA in
the correct configuration for a particular splice or cleavage-
polyadenylation event. These factors could have different
affinities for the splice and polyadenylation sites; this, to-
gether with the propensity to form different higher-order
structures, could determine which mRNAs are made. There
is another, more speculative view of alternative pre-mRNA
processing. That is, there may be specific elements which
function to maintain a particular distribution of mRNAs.
Such an element would be analogous to, e.g., a cleavage-
polyadenylation signal. The advantage of such an element is
that it would allow mutations which affect pre-mRNA high-
er-order structure to accumulate anywhere in pre-mRNA
(except in the element), but these mutations would not affect
alternative pre-mRNA processing. This element could function
by controlling pre-mRNA higher-order structure or perhaps the
assembly of pre-mRNA into processing complexes. The ele-
ment could also act in concert with trans-acting factors.
Our results seem more consistent with the element view

than with the stochastic view. According to the element
view, most deletions would have little effect on the distribu-
tion of mRNAs. Deletions of major splice or polyadenylation
sites would have predictable effects. Only deletions in the
control elements, e.g., the 64 bp deleted in d1742 (and the 65
bp deleted in d1719), would have dramatic and a priori
unpredictable effects. This is what we observed. To accom-
modate our results to the stochastic view, we must assume
that deletions in much of E3 do not affect pre-mRNA
higher-order structure, factor binding, or complex formation
(14) in a manner which influences the balance between the
different processing pathways. At this stage, we cannot
distinguish between these two views, but whichever view is
correct, we presume that the selective pressure on the region
deleted in d1742 (i.e., the biological function of this region) is
to suppress splicing so that mRNAs a and c would predom-
inate. Both of these mRNAs encode gpl9K, the major E3
protein. It should also be emphasized that, whatever the
explanation for the d1742 phenotype, the d1742 deletion is
novel in the sense that it identifies a small region, distant
from a splice or polyadenylation site, which clearly is
important in alternative pre-mRNA processing. Since the
region is small, we should be able to design experiments to
decipher how the sequences function.
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