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We mapped the location of the E3A RNA 3' end site in the E3 transcription unit of adenovirus 2. The
procedure used was nuclease-gel analysis with 32P-labeled RNA probes. The poly(A) addition sites were
microheterogeneous and were located -17 to 29 nucleotides downstream from an ATTAAA sequence. To
identify the sequences that make up the E3A RNA 3' end signal, we constructed five viable virus mutants with
deletions in or near the E3A RNA 3' end site. The mutants were analyzed for E3A RNA 3' end formation in
vivo. No effect was observed from a 47-base-pair (bp) deletion (d716) or a 72-bp deletion (d714) located 22 and
19 nucleotides, respectively, upstream of the ATTAAA. In contrast, E3A RNA 3' end formation was abolished
by (i) a 554-bp deletion (d1O8) that removes both the ATTAAA and the poly(A) addition sites, (ii) a 124-bp
deletion (dnl3) that removes the ATTAAA but leaves the poly(A) addition sites, and (iii) a 65-bp deletion
(d1719) that leaves the ATTAAA but removes the poly(A) addition sites. These results indicate that the
ATTAAA, as well as downstream sequences, including the poly(A) addition sites, are required for E3A RNA
3' end formation.

The mechanism by which polyadenylated RNA 3' ends are
formed is not known. Transcription continues past the
poly(A) addition site in most transcription units that have
been analyzed, which suggests that the RNA 3' end is
formed by endonucleolytic cleavage and polyadenylation of
the RNA precursor rather than by transcription termination
(reviewed in reference 48). Transcription may terminate in a

general area -700 to 4,000 nucleotides (nt) past the poly(A)
addition site, depending on the transcnrption unit (12, 19-21,
28, 31, 35, 40, 54). Cleavage and polyadenylation could be a

concerted reaction, or polyadenylation could rapidly follow
cleavage (37, 46). Nothing is known about the factors that
carry out the cleavage reaction except that small nuclear
RNAs may be involved (6, 46).
Some of the cis-acting signals for RNA 3' end formation

are beginning to be defined. Most polyadenylated RNAs
have AATAAA or a similar sequence (see reference 62)
located 11 to 30 nt upstream from the 3' end (52) (for
simplicity, we will use T in place of U when discussing
sequence). Deletion of the AATAAA prevents 3' end forma-
tion (15, 17). A variety of base substitutions in the AATAAA
greatly reduces the efficiency of 3' end formation (30, 39, 45,
49, 61, 62). These studies suggested that AATAAA is
required for RNA cleavage rather than polyadenylation,
because the small fraction of molecules that were cleaved
were also polyadenylated (see reference 45). However, in an
in vitro study in which cleavage did not occur and the free 3'
ends of runoff transcripts were polyadenylated, AATAAA
was required for polyadenylation (38).
AATAAA alone cannot be the only 3' end signal because

this sequence is found in regions where RNA 3' ends are not
normally formed (3, 13, 35, 50, 53, 64). Recent genetic
studies indicate that regions downstream from AATAAA (or
its functional analog) and the poly(A) addition site are
required for efficient 3' end formation (25, 42, 43, 55, 56, 65),
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perhaps through the formation of a specific RNA secondary
structure (43, 55, 65).

Histone mRNA 3' end formation shares many features
with that of poly(A)+ mRNAs, even though most histone
mRNAs are not polyadenylated. The 3' ends of histone
mRNAs are generated by processing rather than by tran-
scription termination (9, 33, 51). Histone mRNAs terminate
at a conserved stem and loop structure, which seems to
be required for 3' end formation (8). A conserved
CAAGAAAGA spacer sequence is also essential (24), and
-50 to 80 nt of spacer sequences (i.e., sequences down-
stream from the 3' end site) are required for maximum
processing efficiency (8). For 3' end processing, a small
nuclear RNA, termed U7 RNA, is required, which has
complementarity to the histone terminal stem and loop
structure (23, 58).
We are studying the E3 complex transcription unit of

adenovirus (Ad) (see references 13 and 14) by using a genetic
approach with viable virus mutants to define cis-acting
signals that control splicing and 3' end selection of the E3
mRNAs. E3 encodes about 10 5' coterminal mRNAs with
different spliced structures (see Fig. 1). These mRNAs form
two major families with coterminal 3' ends termed E3A and
E3B. In this paper, we describe the deletion mapping of
sequences that are required to form RNA 3' ends at the E3A
site. We report that E3A RNA 3' ends were not formed by (i)
mutants with deletion of an ATTAAA sequence located 23 to
18 nt upstream of the major E3A 3' end and (ii) a mutant with
a deletion of sequences 7 to 71 nt downstream of the
ATTAAA and including the poly(A) addition sites.

MATERIALS AND METHODS

Cells, viruses, and RNA extraction. Procedures for the
maintenance of KB cells, Ad preparation, and plaque assays
have been previously described (27). For RNA preparation,
suspension cultures of KB cells were infected with mutants
and maintained in cycloheximide (25 ,Lg/ml) from 3 to 9 h
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FIG. 1. Schematic representation of the E3 transcription unit of Ad2 and of deletion mutants d1716, dl714, d1713, d1708, and d1719. The
numbers represent nucleotide numbers in the transcription unit (14, 29). Nucleotide + 1 is the first major transcription initiation site (4, 13).
Open reading frames (ORFs) 1 (Fl), 2 (F2), and 3 (F3) are shown. Black bars indicate proven proteins, and stippled bars indicate proteins
that we propose to exist (14). Proteins pVlIIl and fiber are late structural proteins coded by the L4 and fiber mRNAs, respectively. Arrows
a through j represent the spliced structures of the E3A and E3B 3' coterminal families of mRNAs as determined by electron microscopy (11,
32). The RNA 3' end and splice sites have been determined by sequence analysis of cDNA clones of E3 mRNAs (1, 2, 36, 57) and by
fingerprinting (18). Evidence in support of this schematic is discussed in references 13 and 14.

postinfection (63). Cells were lysed (63), and cytoplasmic
RNA was extracted (16).

Isolation of plasmid and virus mutants. Deletions were

made in the Ad2 EcoRI D fragment cloned in pBR322. For
d1708, dl714, and d1716, we used a mutant of pBR322 which
has the sequences between the ClaI and PvuII sites (59)
deleted. For dl713 and dl719, we used wild-type pBR322.
Deletions were made by cleaving at the BclI (nt 1825), Stul
(nt 2076), XmnI (nt 2106), or XhoI (nt 2180) site, deleting
with BAL 31 exonuclease, and recircularizing (34). With
d1708, BamHI linkers (CGGGATCCCG, New England
BioLabs, Inc.) were ligated to the plasmid before recircular-
izing. The deletions were sequenced by the procedure of
Maxam and Gilbert (41).
To transfer plasmid mutations to the viral genome, plas-

mids were cleaved with EcoRI, digested with bacterial
alkaline phosphatase, and ligated to EcoRI-cleaved AdS
terminal protein-DNA complex. The terminal protein-DNA
complex was prepared as previously described (10). The
ligation mixture was transfected into KB cells (26) with a

glycerol shock at 5 h posttransfection (22). Well-separated
plaques were expanded into virus stocks. Virus stocks were
screened for the expected genomic composition and for the
expected deletion by isolating virus 32P-labeled DNA from
the Hirt supernatant (10), cleaving with Hindlll, elec-
trophoresing on 0.8% agarose gels, and autoradiographing
the dried gel. The mutants are Ad5-Ad2-Ad5 recombinants
that contain a deletion. Accordingly, they are named with a
rec dl prefix, e.g., rec dl716. For brevity, we use only the dl
notation.

Nuclease-gel analysis of cytoplasmic RNA. Cytoplasmic
RNA samples were analyzed by the nuclease-gel procedure

(7), with 32P-labeled RNA probes prepared by in vitro
transcription with SP6 RNA polymerase (44). The plasmid
substrates for rec700, d1708, d113, dl714, and dl719 were
prepared by excising the SmaI-EcoRI fragment (nt -39 to
2437; see Fig. 1) from the EcoRI-D-pBR322 clone that was
originally used to construct these virus mutants and cloning
between the SmaI and EcoRI sites in the polylinker of pSP65
(44). The plasmid substrate for dl716 was prepared by
cloning the BclI-PstI fragment (nt 1825 to 2319) between the
BamHI and PstI sites of pSP64 (44). Each plasmid clone was
used to prepare probe for the analysis of RNA from cells
infected by the corresponding virus mutant.

Synthesis of 32P-labeled RNA probes was done as de-
scribed before (44) with 80 ,uM [ot-32P]UTP (New England
Nuclear Corp.). RNasin, SP6 polymerase, pSP64, and pSP65
were obtained from Promega Biotech, and RNase-free
DNase was obtained from Worthington Diagnostics.

Hybridizations and RNase digestions were essentially as
described before (44). Cytoplasmic RNA (30 R,g) was mixed
with 106 Cerenkov cpm of probe and hybridized at 40°C for
12 to 16 h. Samples were digested with 40 ,ug of RNase A
plus 10 U of RNase Ti (both from Sigma) per ml at 30°C for
1 h in a buffer containing 0.3 M NaCl (44). Samples were

electrophoresed on 6% sequencing gels (14).

RESULTS
Construction of Ad deletion mutants. Deletions were made

in the cloned Ad2 EcoRI D fragment. EcoRI-D is located at
position 76 to 83 in the Ad2 genomic map, and it represents
nt -236 to 2437 in the Ad2 E3 transcription unit (14, 29). The
sequences deleted in the five mutants analyzed in this paper
are indicated in Fig. 1 (see also Fig. 5).
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The plasmid deletions were transferred to the Ad genome
as outlined in Fig. 2. The Ad2 EcoRI D fragment containing
the deletion was ligated between the AdS EcoRI A and B
fragments to generate a viable virus genome. The virus
designated rec700 was also constructed by using unmutated
Ad2 EcoRI-D to serve as a wild-type control for the mutants.
rec700 and the mutants were analyzed by HindlIl digestion
of viral 32P-labeled DNA. As expected, rec700 DNA had all
Ad5 Hindlll fragments except HindIII-B (map position 72.8
to 89.1, Fig. 3). In place of Ad5 HindIII-B, rec700 DNA had
two fragments, one that comigrates with Ad2 HindIII-H and
another designated HindIII-E' (indicated by the dot in Fig.
3). The mutant DNAs had the same fragments as rec700
DNA, except for HindIII-E' (indicated by dots), which was
variable in size with each mutant because it contained the
deletion. We concluded that DNAs from rec700, as well as
all deletion mutants, had the expected genomic composition.
The E3A RNA 3' end site is located approximately at

nucleotide 2183 in the E3 transcription unit of Ad2. In a
previous study, we used the nuclease-gel procedure with a 3'
end-labeled probe to map the major E3A RNA 3' end site to
nt 2227 in the E3 transcription unit of AdS (13). We now
report that the majority of E3A 3' ends form at or near the
equivalent position in Ad2, i.e., nt 2183. Two 32P-labeled
RNA probes were used (see the schematic in Fig. 4). The
HindlIl probe contains 1,085 nt of Ad2 sequences, from the
EcoRI (nt 2437) site to the HindlIl (nt 1354) site (Fig. 1; Fig.
4, lane c). The HpaII probe contains 529 nt of Ad2 se-
quences, from the EcoRI (nt 2437) site to the HpaII (nt 1914)
site (Fig. 1; Fig. 4, lane c). Both probes have 9 nt of pSP65
sequences at their 5' termini.
The HindIII probe was hybridized to rec700 (i.e., wild-

type) cytoplasmic mRNA and digested with RNase, and the
products were resolved on a sequencing gel. A major heter-
ogeneous band of -825 nt, as well as bands of 1,085 and 287
nt, were observed (Fig. 4, lane a and schematic). The
1,085-nt band corresponds to mRNAs b and c (Fig. 1), which
are colinear with the probe. The 287-nt band corresponds to
mRNA f, which has a 3' splice site at nt 2157 (B. Bhat, H.
Brady, and W. Wold, unpublished data). The -825-nt band
corresponds to mRNA a, with 3' ends at or near the E3A site
at nt 2183. With the HpaII probe, a major heterogeneous
band of -269 nt, as well as bands of 529 and 287 nt, were
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FIG. 3. HindIll digest of 32P-labeled viral DNA. All mutants
have the expected Ad5-Ad2-Ad5 recombinant genomic structure.
32P-labeled viral DNA was digested with Hindlll, electrophoresed
on an agarose gel, and autoradiographed. Ad5 fragments are in
roman type, and Ad2 fragments are in bold italics. Restriction maps
are given at the bottom. The Hindlll E' fragment (indicated by dots
in the gel) contains the deletion (indicated by X in the schematic) in
the mutants.
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FIG. 2. Method used to construct virus mutants. Mutations were
made in a plasmid consisting of the Ad2 EcoRI D fragment (map
positions 76 to 83) cloned in pBR322. After DNA sequencing of the
mutation, the mutated EcoRI D fragment was ligated between the
AdS EcoRI A and B fragments and then transfected into KB cells.
Plaques were picked, expanded into stocks, and screened for the
expected mutation (Fig. 3).

seen (Fig. 4, lane d and schematic). The 529-nt band corre-
sponds to mRNAs b and c, which are colinear with the
probe, the 287-nt band corresponds to mRNA f with the
2157-nt 3' splice, and the -269-nt band corresponds to
mRNA a with 3' ends at the E3A site. The heterogeneity in
the 3' end band probably reflects both RNase nibbling into
the probe-mRNA hybrids as well as genuine heterogenity in
the mRNA 3' ends. The DNA sequence of the E3A 3' end
site is given at the top of Fig. 5. As indicated by the
medium-sized arrows, three different 3' ends have been
identified in cDNA clones (1, 36), and these all differ from
the major 3' end site suggested by our nuclease-gel data for
Ad2 (Fig. 4) and AdS (13). The important point for this paper
is that the majority of E3A 3' ends form in the vicinity of nt
2183. The various 3' end sites are located -17 to 29 nt
downstream from an ATTAAA sequence (Fig. 5).

Virus mutants had the expected deletions. Figure 5 presents
the deletions in the plasmids used to construct the virus
mutants. The nuclease-gel data in Fig. 6 confirm that the
virus mutants have these same deletions. In these experi-
ments, the Hindlll and HpaII probes prepared from rec700
DNA (Fig. 4, schematic) were hybridized to mRNA from
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cells infected by the mutants. RNase should digest the probe
in the single-stranded loop in the hybrid between the probe
and mRNAs b and c. Two probe fragments should survive
RNase digestion: one from the 3' end of the probe to the 5'
boundary of the deletion, and the other from the 3' boundary
of the deletion to the 5' end of the probe. This is what was
observed. The fragments detected are described in the
legend to Fig. 6. We concluded that the virus mutants had
the expected deletions.

Nuclease-gel analysis of virus mutants for E3A RNA 3' end
formation. Cytoplasmic mRNA from cells infected by the
deletion mutants was analyzed for E3A 3' ends. For dl714,
dM713, d1708, and dM719, the Hindlll and HpaII probes were
used as in the rec700 analysis (Fig. 4), except that they were
cognate probes prepared from mutant plasmid DNA. For
d1716, BclI and HpaII probes were used. These probes are
illustrated at the bottom of Fig. 7 and are explained in the
legend.

Figure 7 presents data for d1716 and d1714, which have
deletions on the 5' side of the E3A 3' end sites as well as an
ATTAAA sequence (Fig. 5). With d1716, major heteroge-
neous bands of -311 and -222 nt were observed with BcIl
(Fig. 7A, lane c) and HpaII (lane f) probes, respectively.
These bands represent the E3A 3' ends for mRNA a. Bands
of 452 (lane c) and 363 (lane f) nt were also observed; these
correspond to mRNAs b and c, which are colinear with the
probes. The 168-nt band obtained with both probes corre-
sponds to mRNA f, which has the 3' splice at nt 2157. With
d1714, prominent heterogeneous bands of -753 and -197 nt
were produced from HindlIl (Fig. 7B, lane b) and HpaII
(lane e) probes, respectively. Again, these bands represent
the 3' ends for mRNA a. The 1,013- (Fig. 7B, lane b) and
457-nt (lane e) bands represent mRNAs b and c. A band of
287 nt for mRNA f was not found in dl714 RNA with either
probe, because the deletion abolishes splicing at the nt 2157
3' splice site (B. Bhat, H. Brady, and W. Wold, unpublished
data). We concluded that the deletions in dl716 and d1714
have no discernable effect on the formation of E3A 3' ends.

Figure 8 shows the results with d1713 and dM708; rec700
was included in this experiment to serve as a positive
control. rec700 and dM713 were analyzed with the same
cognate HindlIl and HpaII probes as described previously.
d1708 was analyzed with the cognate Hindlll probe, as well
as a cognate SstI probe, which extends from the EcoRI (nt
2437) site to the SstI (nt 954) site (Fig. 1). rec700 RNA gave
the same prominent heterogeneous bands of -825 (Fig. 8,
arrow in lane d) and -269 (arrow in lane f) nt that were
identified in Fig. 4 as corresponding to the E3A 3' ends for
the Hindlll and HpaII probes. The 1,085-, 529-, and 287-nt
rec700 bands (indicated by arrows in Fig. 8) were described

c previously for Fig. 4. dl708 has both the E3A poly(A)
addition sites as well as an ATTAAA sequence deleted (Fig.
5). No bands corresponding to E3A 3' ends were detected in

a d1708 RNA with either the SstI (Fig. 8, lane n) or the HindIII
(lane p) probe. The bands of 936 (arrow in lane n) and 541
(arrow in lane p) nt represent mRNAs that are colinear with

d, the probes. We concluded that the deletion in d1708 abol-
\d ished E3A RNA 3' end formation. d1713 has the ATTAAA

sequence deleted but retains almost all of the downstream
FIG. 4. Nuclease-gel analysis of mRNA from cells infected by

rec700 wild-type virus. The schematic at the bottom presents the
probes used as well as the RNase-resistant fragments observed in
the analysis. In the gel, heavy roman type indicates RNase-resistant
fragments, italics indicate probes, and light roman type indicates
32P-labeled RNA size markers. Probes were prepared by in vitro
transcription with SP6 polymerase. The probe substrate was the

rec700 EcoRI-SmaI fragment (nt 2437 to -39) (Fig. 1) cloned in
pSP65. The HindlIl and HpaII probes were made by cleaving at those
sites before transcription. The probes contain 9 nt of pSP65
sequences at their 5' ends. Lanes: a, HindIII probe versus rec700
RNA; b, Markers; c, HindIll and HpaII probes; d, HpaII probe
versus rec700 RNA.
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FIG. 5. DNA sequence of the region near the E3A RNA 3' end site and of the sequences deleted in the virus mutants.

sequences, including the poly(A) addition sites (Fig. 5). As
with d1708, no bands corresponding to E3A 3' ends were
obtained with either the HindIII (Fig. 8, lane i) or HpaII
(lane h) probes. The positions where the E3A 3' ends should
have appeared in the gel are indicated by the thick arrows
near the top of lane i and the bottom of lane k. The 961- (Fig.
8, arrow in lane i) and 405-nt (arrow in lane k) bands are
RNAs that are colinear with the probes. We concluded that
the deletion in d1713 abolished E3A RNA 3' end formation,
probably by destroying an E3A 3' end signal. Most likely
ATTAAA (Fig. 5) is part of the signal.

d1719 has a 65-base-pair deletion that removes sequences
from 7 to 71 nt downstream of the ATTAAA and including
the poly(A) addition sites (Fig. 5). No bands corresponding
to E3A 3' ends were obtained from dl719 mRNA with either
the HindIlI (Fig. 9, lane b) or HpaII (lane c) probes. The
strong 222-nt band represents mRNA f with the 3' splice at nt
2157; this splice is enhanced in dn19 mRNA, apparently
because the nt 951 5' splice site is enhanced (B. Bhat, H.
Brady, and W. Wold, unpublished data). The 222-nt band
represents the same 3' splice as the 287-nt band observed
with rec700 (Fig. 4, lanes a and d; Fig. 8, lanes d and f), but
it is smaller because of the deletion in dl719. The strong
bands of -130 nt (Fig. 9, lanes b and c) were reproducibly
obtained from dl719 mRNA (Fig. 6, lane f). These bands
cannot represent mRNA 3' ends, because the bands are the
same size with both the HindIll and HpaII probes. The
bands could represent a cyptic 3' splice or perhaps a cryptic
miniexon. However, there are no AGs or GT-AG combina-
tions (47) in the DNA sequence between the deletion and the
EcoRI (nt 2437) site that would yield a -133-nt fragment if
they were used for cryptic splicing. Whatever the explana-
tion for the -130-nt bands, it is clear from Fig. 9 that d719
is defective in 3' end formation at the E3A site.

DISCUSSION
We mapped the E3A RNA 3' end site to nt -2183 in the E3

transcription unit of Ad2. To identify the sequences that
make up the E3A RNA 3' end signal, we constructed viable
virus mutants with deletions in the proximity of the E3A 3'
end site, and we analyzed the effects of these deletions on
E3A 3' end formation in vivo. E3A 3' ends were not formed
by dl708, which has the poly(A) addition sites as well as an
upstream ATTAAA sequence deleted. We conclude that
information for E3A 3' end formation resides within the
deletion (A1654 to 2207) in dnO8. Results obtained with the
other mutants allow for finer mapping of this information. It
is almost certain that the deletions in dM08, dn13, and d1719
that prevent E3A RNA 3' end formation exert their effects in

cis, not in trans, e.g., by affecting the functions of the
11,600-molecular-weight (11.6K) protein or the putative
10.4K or 7.5K protein or both (Fig. 1). This is because E3A
3' ends were formed normally by dl714, despite its having a
large deletion in the 11.6K gene and despite its inability to
synthesize the 10.4K-7.5K proteins because it does not make
the nt 2157 3' splice to form mRNA f, which encodes these
proteins. The sequences that make up the putative E3A
RNA 3' end signal are discussed below.
ATTAAA probably is essential for E3A RNA 3' end forma-

tion. The formation of 3' ends at the E3A site was abolished
by the deletion in dl713 (A2044 to 2167) but was unaffected
by the deletions in dl716 (A2092 to 2138) and d1714 (A2070 to
2141). These results indicate that the sequences within nt
2142 to 2167, which are present in dn14 but not in dn13,
contain a signal for 3' end formation at the E3A site. Most
likely, the ATTAAA at nt 2161 to 2166 (Fig. 5) is this signal.
The closely related sequence AATAAA is a 3' end signal
(see Introduction), which apparently directs endonucleolytic
cleavage of the RNA precursor (45). ATTAAA is found in
place of AATAAA near the poly(A) addition site of about
12% of mRNAs (62), which suggests that it is a functional
analog of AATAAA. Our results provide direct evidence
that this is probably the case. ATTAAA is found at the
equivalent position in Ad5 (13), which suggests that there is
a biological basis for the use of this sequence rather than
AATAAA.

Sequences downstream from ATTAAA are essential for
E3A RNA 3' end formation. The formation of 3' ends at the
E3A site was abolished by the deletion in d179 (A2173 to
2237). This 65-base-pair deletion in the region 7 to 71 nt
downstream from ATTAAA removes all known E3A
poly(A) addition sites. We propose that some of the se-
quences deleted in this mutant form part of the E3A 3' end
signal. These sequences could be part of the same signal as
that represented by ATTAAA, or they could represent a
distinct signal which functions, e.g., to form an appropriate
secondary or tertiary structure for cleavage or to bind
trans-acting factors that catalyze cleavage.

In addition to the analysis of the E3A site described in this
paper, one other 3' end site has been studied by deletion
mutagenesis in viable virus, that for the simian virus 40 late
transcription unit. Fitzgerald and Shenk (17) originally re-
ported that deletion of the AATAAA sequence prevented 3'
end formation at the normal site but that most deletions
downstream from AATAAA, including deletion of the natu-
ral poly(A) addition site, simply altered the poly(A) addition
site to a distance -11 to 19 nt downstream from AATAAA.
They concluded that AATAAA fixes the position of the
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and 302-nt bands are probe fragments from the HpaII site [nt 1914] to the deletion [nt 2070] and from the deletion [nt 2141] to the EcoRI site
[nt 2437], respectively); e, HindlIl probe versus d1713 RNA (The 685- and 276-nt bands are probe fragments from the HindIII site [nt 1354]
to the deletion [nt 2044] and from the deletion [nt 2167] to the EcoRl site [nt 2437], respectively); f, Hindlll probe versus dn19 RNA (The
814- and 206-nt bands are probe fragments from the HindIlI site [nt 1354] to the deletion [nt 2173] and from the deletion [nt 2237] to the EcoRI
site [nt 2437], respectively. The two strong bands of -130 nt were also observed with the d719 cognate probe and are discussed together with
Fig. 9.). (B) Lanes: a, HindlIl probe versus d1708 RNA (The 295- and 236-nt bands are probe fragments from the HindlIl site [nt 1354] to the
deletion [nt 1654] and from the deletion [nt 2207] to the EcoRI site [nt 2437], respectively); b and c, markers.
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FIG. 7. Nuclease-gel analysis of mRNA from cells infected by dn16 (A) and d1714 (B). RNase-resistant fragments are indicated by heavy
roman type, probes by italics, and markers by light roman type. Each RNA was analyzed with probe prepared from its own DNA. The
substrate for the dl716 probes was the dl716 Pstl-Bcll fragment (nt 2319 to 1825) cloned between the Pstl and BamHI sites of pSP64. The Bcll
probe was prepared by cleaving at the EcoRI site in the pSP64 polylinker before transcription. This probe contains 33 nt of pSP64 sequences,
15 nt at its 5' terminus, and 18 nt at its 3' terminus. The HpaII probe was prepared by cleaving at the HpaII site before transcription; it
contains 15 nt of pSP64 sequences at its 5' terminus. Lanes: a, markers; b, Bcll probe; c, Bcll probe versus d1716 RNA; d, HpalI probe; e,
HpaII probe versus tRNA; f, HpaII probe versus dl716 RNA; g, markers. For dl714, the same probes were used as for rec700 (Fig. 4), except
that they were prepared from d1714 DNA. Lanes: a, markers; b, HindIlI probe versus dn14 RNA; c, HindIlI probe versus tRNA; d, HindIll
probe; e, HpaII probe versus dn14 RNA; f, HpaIl probe versus tRNA; g, HpaII probe.
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FIG. 8. Nuclease-gel analysis of mRNA from cells infected by
rec700, d1713, or dn08. RNase-resistant fragments are indicated by
heavy roman type and by medium arrows in the gel. Markers are
indicated by light roman type. The same HindIlI and HpaII probes
were used as described for rec700 in the legend to Fig. 4, except that
they were prepared from mutant DNA as indicated. The SstI probe
was prepared by cleaving the plasmid substrate at the SstI (nt 954)
site before transcription with SP6 polymerase. Each RNA was
analyzed with its own cognate probe. Lanes: a, markers; b, rec700
HindIII probe; c, rec700 HindlIl probe versus tRNA; d, rec700
HindlIl probe versus rec700 RNA; e, rec700 HpaII probe; f, rec700
HpaII probe versus rec700 RNA; g, d1713 HindlIl probe; h, d1713
HindIIl probe versus tRNA; i, d1713 HindIll probe versus dM713
RNA; j, d1713 HpaII probe; k, d1713 HpaII probe versus d1713
RNA; 1, d1708 SstI probe; m, d1708 Ssil probe versus tRNA; n, d708
SstI probe versus d/708 RNA; o, dl708 HindlIl probe; p, dl708
HindlIl probe versus d1708 RNA; g, markers.

poly(A) addition site and that the actual sequence at the site
may not be crucial. However, they also suggested that
elements other than AATAAA might be involved in the 3'
end signal, because AATAAA is not unique to 3' end sites.

FIG. 9. Nuclease-gel analysis of mRNA from cells infected by
d1719. The HindIII and HpaII probes (see the legend to Fig. 4) were
prepared from d1719 DNA. These probes are the 1,029- and 473-nt
fragments, respectively, shown in lane a. Lanes: a, markers; b,
d1719 HindIII probe versus d1719 RNA; c, dn19 HpaII probe versus
dM19 RNA.

Sadofsky and Alwine (55) studied these same viable simian
virus 40 mutants and concluded that deletion of sequences
between 3 and 60 nt downstream from AATAAA decreased
the efficiency at which 3' ends were formed near the normal
site. Instead, extended transcripts occurred with 3' ends at a
number of distinct sites.

Several transcription units expressed in vivo in expression
vectors have also been shown to require sequences down-
stream from AATAAA or its analog for efficient or accurate
RNA 3' end formation or both. Hepatitis surface antigen
RNA required sequences between 30 and 45 nt downstream
from a TATAAA sequence (56). Ad E2A RNA required
AATAAA plus between 34 and 49 nt downstream sequences
(43). Bovine growth hormone RNA 3' ends formed normally
with AATAAA plus 103 nt of downstream sequences; how-

di
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ever, mutant genes with only 20, 29, or 32 base pairs of
sequences downstream from AATAAA, but retaining the
natural poly(A) addition site, formed 3' ends efficiently at
discrete sites either 5' or 3' to the natural site (65). Thus,
deletion of sequences immediately downstream from the
natural poly(A) addition site affected the site of 3' end
formation but not its efficiency. With rabbit 3-globin RNA,
AATAAA plus 51 nt downstream were sufficient for 3' end
formation, but a deletion that leaves 15 nt downstream from
AATAAA and removes the natural poly(A) addition site
abolished 3' end formation near this site (25). With a vector
containing a herpes simplex virus type 1 immediate early
RNA 3' end site, RNA 3' end formation occurred efficiently
with AATAAA plus 64 nt downstream; however, RNA 3'
end formation was reduced in efficiency by a deletion that
leaves 34 nt downstream, and it was abolished by a deletion
that removes the natural poly(A) addition site and leaves 20
nt downstream (42).

In our analyses with d1708, dl713, and dl719, we did not
observe cryptic poly(A) addition sites, either nearby the
AATAAA or at new sites downstream. Indeed, our prelim-
inary experiments indicate that the vast majority of tran-
scripts use the E3B 3' end site.
The studies discussed above, as well as our results re-

ported here, indicate that sequences downstream from
AATAAA (or its analog) are required for efficient 3' end
formation. However, the effects that have been observed
from the deletions varied somewhat. Some deletions re-
duced 3' end formation at the appropriate distance down-
stream from AATAAA (or its analog) to undetectable levels
(this paper; 25, 42, 43, 56). Other deletions in this region
appear to have had a less pronounced effect on the efficiency
of 3' end, formation, although many of them altered the
poly(A) addition site (17, 55, 65). These differences in results
suggest that the sequences downstream from AATAAA and
the poly(A) addition site may vary in the way that they
participate in RNA 3' end formation.

Sequences near Ooly(A) addition sites do not have pro-
foundly conserved sequence homologies or potentials for
RNA secondary structure. Nevertheless, similarities exist.
CAYTG is located immediately upstream from the poly(A)
addition site in some transcription units or immediately
downstream from the site in other transcription units (5, 6).
Berget (6) has presented a model in which both CAYTG and
AATAAA might form base pairs with U4 small nuclear RNA
to form a 3' end processing substrate. McLaughlan et al. (42)
reported that YGTGTTYY is located -24 to 30 nt down-
stream from AATAAA in 67% of transcription units. This
sequence is similar to that noted by Taya et al. (60). Le
Moullec et al. (36) pointed out that sequences of the form
(T)n (A)p (T)q (n, p, q >1) are found 4 to 24 nt beyond many
poly(A) addition sites. It is interesting that the sequences
deleted in d1719 (Fig. 5) contain an example of each of these
different consensus sequences. Regarding the CAYTG con-
sensus, TTCCTCG is found at nt 2177 to 2183 on the 5' side
of the major poly(A) addition site. This would be a class I
site as defined by Berget (6). Also, TATTG (nt 2195 to 2199)
and CCTTG (nt 2202 to 2206) are found in tandem immedi-
ately 3' to the three E3A poly(A) addition sites that have
been identified from cDNA clones (1, 36). Regarding the
YGTGTTYY consensus, CGAGTTCT is found at nt 2182 to
2189, which includes the major E3A poly(A) addition site.
Regarding the (T)n (A)p (T)q sequence, TTATATTATT is
found at nt 2189 to 2198, downstream from the major E3A
poly(A) addition site and including the sites found in cDNA
clones. Whether any of these consensus-related sequences

are indeed RNA 3' end signals remains to be established by
small deletion and point mutagenesis.

Several authors have suggested that secondary structure
could be important in RNA 3' end formation in eucaryotes.
There is strong evidence that this is true for histone 3' ends
(8). In those examples in which this question has been
examined for poly(A)4 RNAs, deletions that destroy the
potential for the postulated RNA secondary structures af-
fected the efficiency or specificity of 3' end formation (43, 55,
65). Although we are able to postulate certain imperfect
hairpin loop structures that could form in RNA coded from
the E3A site, it seems unlikely that they would be formed in
vivo unless stabilized by unknown RNA or protein factors or
both.

ACKNOWLEDGMENTS
S. Magie, N. Yacoub, and S. Deutscher isolated the plasmid

mutants, and C. Cladaras helped plan the RNA analysis. The virus
mutant plaques were isolated by N. Takemori. We thank M. Green
for comments on the manuscript.

This work was supported by Public Health Service grants
CA24710 and GM31276 from the National Institutes of Health and
by research career development award CA00650 to W.S.M.W.

LITERATURE CITED
1. Ahmed, C. M. I., R. Chanda, N. Stow, and B. S. Zain. 1982. The

sequence of 3' termini of mRNAs from early region III of
adenovirus 2. Gene 19:297-301.

2. Ahmed, C. M. I., R. S. Chanda, N. D. Stow, and B. S. Zain.
1982. The nucleotide sequence of mRNA for the Mr 19,000
glycoprotein from early gene block III of adenovirus 2. Gene
20:337-344.

3. Aho, S., V. Tate, and H. Boedtker. 1983. Multiple 3' ends of the
chicken pro a2(I) collagen gene. Nucleic Acids Res. 11:
5443-5450.

4. Baker, C. C., and E. B. Ziff. 1981. Promoters and heterogeneous
5' termini of the messenger RNAs of adenovirus serotype 2. J.
Mol. Biol. 149:189-221.

5. Benoist, C., K. O'Hare, R. Breathnach, and P. Chambon. 1980.
The ovalbumin gene-sequence of putative control regions. Nu-
cleic Acids Res. 8:127-141.

6. Berget, S. M. 1984. Are U4 small nuclear ribonucleoproteins
involved in polyadenylation? Nature (London) 309:179-182.

7. Berk, A. J., and P. A. Sharp. 1977. Sizing and mapping of early
adenovirus mRNAs by gel electrophoresis of S1 endonuclease-
digested hybrids. Cell 12:721-732.

8. Birchmeier, C., W. Folk, and M. L. Birnstiel. 1983. The terminal
RNA stem-loop structure and 80 bp of spacer DNA are required
for the formation of 3' termini of sea urchin H2A mRNA. Cell
35:433-440.

9. Birchmeier, C., D. Schumperli, G. Sconzo, and M. L. Birnstiel.
1984. 3' editing of mRNAs: sequence requirements and involve-
ment of a 60-nucleotide RNA in maturation of histone mRNA
precursors. Proc. Natl. Acad. Sci. USA 81:1057-1061.

10. Chinnadurai, G., S. Chinnadurai, and J. Brusca. 1979. Physical
mapping of a large-plaque mutation of adenovirus 2. J. Virol.
32:623-628.

11. Chow, L. T., T. R. Broker, and J. B. Lewis. 1979. Complex
splicing patterns of RNAs from the early regions of adenovirus-
2. J. Mol. Biol. 134:265-303.

12. Citron, B., E. Falck-Pedersen, M. Salditt-Georgieff, and J. E.
Darnell, Jr. 1984. Transcription termination occurs within a
1000 base pair region downstream from the poly(A) site of the
mouse P-globin (major) gene. Nucleic Acids Res. 12:8723-8731.

13. Cladaras, C., B. Bhat, and W. S. M. Wold. 1985. Mapping the 5'
ends, 3' ends, and splice sites of mRNAs from the early E3
transcription unit of adenovirus 5. Virology 140:44-54.

14. Cladaras, C., and W. S. M. Wold. 1985. DNA sequence of the
E3 transcription unit of adenovirus 5. Virology 140:28-43.

15. Cole, C. N., and G. M. Santangelo. 1983. Analysis in Cos-1 cells
of processing and polyadenylation signals by using derivatives

VOL. 5, 1985



3192 BHAT AND WOLD

of the herpes simplex virus type 1 thymidine kinase gene. Mol.
Cell. Biol. 3:267-279.

16. Favoloro, J., R. Treisman, and R. Kamen. 1980. Transcription
maps of polyoma virus-specific RNA: analysis by two-
dimensional nuclease Si gel mapping. Methods Enzymol.
65:718-749.

17. Fitzgerald, M., and T. Shenk. 1981. The sequence 5'-AAUAAA-
3' forms part of the recognition site for polyadenylation of SV40
late mRNAs. Cell 24:251-260.

18. Fraser, N. W., C. C. Baker, M. A. Moore, and E. B. Ziff. 1982.
Poly(A) sites of adenovirus serotype 2 transcription units. J.
Mol. Biol. 155:207-233.

19. Fraser, N. W., and M.-T. Hsu. 1980. Mapping of the 3' terminus
of the large late Ad-2 transcript by electron microscopy. Virol-
ogy 103:514-516.

20. Fraser, N. W., J. R. Nevins, E. Ziff, and J. E. Darnell, Jr. 1979.
The major late adenovirus type-2 transcription unit: termination
is downstream from the last poly(A) site. J. Mol. Biol.
129:643-656.

21. Frayne, E. G., E. J. Leys, G. F. Crouse, A. G. Hook, and R. E.
Kellems. 1984. Transcription of the mouse dihydrofolate
reductase gene proceeds unabated through seven polyadenyla-
tion sites and terminates near a region of repeated DNA. Mol.
Cell. Biol. 4:2921-2924.

22. Frost, E., and J. Williams. 1978. Mapping temperature-sensitive
and host-range mutations of adenovirus type 5 by marker
rescue. Virology 91:39-50.

23. Galli, G., H. Hofstetter, H. G. Stunnenberg, and M. L. Birnstiel.
1983. Biochemical complementation with RNA in the Xenopus
oocyte: a small RNA is required for the generation of 3' histone
mRNA termini. Cell 34:823-828.

24. Georgiev, O., and M. L. Birnstiel. 1985. The conserved
CAAGAAAGA spacer sequence is an essential element for the
formation of 3' termini of the sea urchin H3 histone mRNA by
RNA processing. EMBO J. 4:481-489.

25. Gil, A., and N. J. Proudfoot. 1984. The sequence downstream of
AAUAAA is required for rabbit P-globin mRNA 3' end forma-
tion. Nature (London) 312:473-474.

26. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

27. Green, M., and W. S. M. Wold. 1979. Preparation of human
adenoviruses. Methods Enzymol. 58:425-435.

28. Hagenbuchle, O., P. K. Wellauer, D. L. Cribbs, and U. Schibler.
1984. Termination of transcription in the mouse a-amylase gene
amy-2a occurs at multiple sites downstream of the polyadenyla-
tion site. Cell 38:737-744.

29. Hdrissk, J., G. Courtois, and F. Galibert. 1980. Nucleotide
sequence of the EcoRI D fragment of adenovirus 2 genome.
Nucleic Acids Res. 8:2173-2192.

30. Higgs, D. R., S. E. Y. Goodbourn, J. Lamb, J. B. Clegg, and
D. J. Weatherall. 1983. a-Thalassaemia caused by a poly-
adenylation signal mutation. Nature (London) 306:398-400.

31. Hofer, E., R. Hofer-Warbinek, and J. E. Darnell, Jr. 1982.
Globin RNA transcription: a possible termination site and
demonstration of transcriptional control correlated with altered
chromatin structure. Cell 29:887-893.

32. Kitchingman, G. R., and H. Westphal. 1980. Structure of
adenovirus 2 early nuclear and cytoplasmic RNAs. J. Mol. Biol.
137:23-48.

33. Krieg, P. A., and D. A. Melton. 1984. Formation fo the 3' end of
histone mRNA by post-transcriptional processing. Nature (Lon-
don) 308:203-206.

34. Lee, D. C., R. G. Roeder, and W. S. M. Wold. 1982. DNA
sequences affecting specific initiation of transcription in vitro
from the EIII promoter of adenovirus 2. Proc. Natl. Acad. Sci.
USA 79:41-45.

35. LeMeur, M. A., B. Galliot, and P. Gerlinger. 1984. Termination
of the ovalbumin gene transcription. EMBO J. 3:2779-2786.

36. Le Moullec, J. M., G. Akusjarvi, P. Stalhandske, U. Pettersson,
B. Chambraud, P. Gilardi, M. Nasri, and M. Perricaudet. 1983.
Polyadenylic acid addition sites in the adenovirus type 2 major
late transcription unit. J. Virol. 48:127-134.

37. Manley, J. L., P. A. Sharp, and M. L. Gefter. 1982. RNA
synthesis in isolated nuclei: processing of the adenovirus 2
major late mRNA precursor in vitro. J. Mol. Biol. 159:581-600.

38. Manley, J. L., H. Yu, and L. Ryner. 1985. RNA sequence
containing hexanucleotide AAUAAA directs efficient mRNA
polyadenylation in vitro. Mol. Cell. Biol. 5:373-379.

39. Mason, P. J., M. B. Jones, J. A. Elkington, and J. G. Williams.
1985. Pplyadenylation of the Xenopus 1P globin mRNA at a
downstream minor site in the absence of the major site and
utilization of an AAUACA polyadenylation signal. EMBO J.
4:205-211.

40. Mather, E. L., K. J. Nelson, J. Haimovich, and R. P. Perry.
1984. Mode of regulation of immunoglobulin ,u- and b-chain
expression varies during B-lymphocyte maturation. Cell
36:329-338.

41. Maxam, A., and W. Gilbert. 1980. Sequencing end-labeled DNA
with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

42. McLauchlan, J., D. Gaffney, J. L. Whitton, and J. B. Clements.
1985. The consensus sequence YGTGTTYY located down-
stream from the AATAAA signal is required for efficient forma-
tion of mRNA 3' termini. Nucleic Acids Res. 13:1347-1368.

43. McDevitt, M. A., M. J. Imperiale, H. Ali, and J. R. Nevins. 1984.
Requirement of a downstream sequence for generation of a
poly(A) addition site. Cell 37:993-999.

44. Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

45. Monteli, C., E. F. Fisher, M. H. Caruthers, and A. J. Berk. 1983.
Inhibition of RNA cleavage but not polyadenylation by a point
mutation in mRNA 3' consensus sequence AAUAAA. Nature
(London) 305:600-605.

46. Moore, C. L., and P. A. Sharp. 1984. Site-specific polyadenyla-
tion in a cell-free reaction. Cell 36:581-591.

47. Mount, S. M. 1982. A catalogue of splice junctions. Nucleic
Acids Res. 10:459-472.

48. Nevins, J. R. 1983. The pathway of eukaryotic mRNA forma-
tion. Annu. Rev. Biochem. 52:441-466.

49. Orkin, S. J., T.-C. Cheng, S. E. Antonarakis, and H. H.
Kazazian, Jr. 1985. Thalassemia due to a mutation in the
cleavage-polyadenylation signal of the human 1-globin gene.
EMBO J. 4:453-456.

50. Perricaudet, M., J. M. LeMoullec, P. Tiollais, and U. Pettersson.
1980. Structure of two adenovirus type 12 transforming
polypeptides and their evolutionary implications. Nature (Lon-
don) 288:174-176.

51. Price, D. H., and C. S. Parker. 1984. The 3' end of drosophila
histone H3 mRNA is produced by a processing activity in vitro.
Cell 38:423-429.

52. Proudfoot, N. J., and G. G. Brownlee. 1976. 3' non-coding
region sequences in eucaryotic messenger RNA. Nature (Lon-
don) 263:211-214.

53. Reddy, V. B., P. K. Ghosh, P. Lebowitz, M. Piatak, and S. M.
Weissman. 1979. Simian virus 40 early mRNA's. I. Genomic
localization of 3' and 5' termini and two major splices in mRNA
from transformed and lytically infected cells. J. Virol.
30:279-296.

54. Rohrbaugh, M. L., J. E. Johnson III, M. D. James, and R. C.
Hardison. 1985. Transcription unit of the rabbit ,13 globin gene.
Mol. Cell. Biol. 5:147-160.

55. Sadofsky, M., and J. C. Alwine. 1984. Sequences on the 3' side
of hexanucleotide AAUAAA affect efficiency of cleavage at the
polyadenylation site. Mol. Cell. Biol. 4:1460-1468.

56. Simonsen, C. C., and A. D. Levinson. 1983. Analysis of proc-
essing and polyadenylation signals of the hepatitis B virus
surface antigen gene by using simian virus 40-hepatitis B virus
chimeric plasmids. Mol. Cell. Biol. 3:2250-2258.

57. Stalhandske, P., H. Persson, M. Perricaudet, L. Philipson, and
U. Pettersson. 1983. Structure of three spliced mRNAs from
region E3 of adenovirus type 2. Gene 2:157-165.

58. Strub, K., G. Galli, M. Busslinger, and M. L. Birnstiel. 1984.

MOL. CELL. BIOL.



POLY(A)+ mRNA 3' END MUTANTS

The cDNA sequences of the sea urchin U7 small nuclear RNA
suggest specific contacts between histone mRNA precursor and
U7 RNA during processing. EMBO J. 3:2801-2807.

59. Sutcliff, J. G. 1979. Complete nucleotide sequence of the
Escherichia coli plasmid pBR322. Cold Spring Harbor Symp.
Quant. Biol. 43:77-90.

60. Taya, Y., R. Devros, J. Tavernier, H. Cheroutre, G. Engler, and
W. Fiers. 1982. Cloning and structure of the human immune
interferon-y chromosomal gene. EMBO J 1:953-958.

61. Whitlaw, E., and N. J. Proudfoot. 1983. Transcriptional activity
of the human pseudogene qia globin compared with a globin, its
functional counterpart. Nucleic Acids Res. 11:7717-7733.

62. Wickens, M., and P. Stephenson. 1984. Role of the conserved
AAUAAA sequence: four AAUAAA point mutants prevent

messenger RNA 3' end formation. Science 226:1045-1051.
63. Wold, W. S. M., M. Green, K. H. Brackmann, M. A. Cartas,

and C. Devine. 1976. Genome expression and mRNA maturation
at late stages of productive adenovirus type 2 infection. J. Virol.
20:465-477.

64. Woo, S. L. C., W. G. Beattie, J. F. Catterall, A. Dugaiczyk, R.
Staden, G. G. Brownlee, and B. W. O'Malley. 1981. Complete
nucleotide sequence of the chicken chromosomal ovalbumin
gene and its biological significance. Biochemistry 20:6437-
6446.

65. Woychik, R. P., R. H. Lyons, L. Post, and F. M. Rottman. 1984.
Requirement for the 3' flanking region of the bovine growth
hormone gene for accurate polyadenylation. Proc. Natl. Acad.
Sci. USA 81:3944-3948.

VOL. 5, 1985 3193


