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Adenovirus early region 1A (ElA) is the first transcription unit expressed after
infection. It encodes a protein which controls the expression of all other early
viral genes. The ElA mRNAs have one major capped 5' terminus which maps 31
nucleotides downstream from a T-A-T-A sequence (C. Baker and E. Ziff, J. Mol.
Biol. 149:189-221, 1981). In addition, a minor set of ElA mRNAs are observed
during the early phase of infection which have 5' termini mapping at approximate-
ly -160, -185, and -230 relative to the major cap site (Osborne et al., Cell
29:139-148, 1982). Here we report the occurrence of another set of minor ElA
mRNAs which were observed exclusively after the initiation of viral DNA
replication. These late specific ElA mRNAs had cap sites which mapped at
approximately -300, -325, -360, and -375 relative to the major cap site. The
appearance of these minor late ElA mRNAs was blocked by the DNA synthesis
inhibitor cytosine arabinoside. These same late specific ElA mRNAs were
synthesized from ElA-containing plasmids which replicate in monkey cells. This
demonstrated that neither late specific adenovirus proteins nor adenovirus-
specific chromatin structure was required for the production of the late specific
ElA mRNAs. Adenovirus mutants in which the ElA T-A-T-A box region had
been deleted also synthesized the corresponding deleted forms of the late specific
mRNAs after initiation of DNA replication. These results indicate that the process
of DNA replication alters the specificity of EtA transcription initiation in a
promoter region which is at least 375 nucleotides in length.

The biosynthesis of mRNA from small mam-
malian DNA viruses has been studied extensive-
ly in the hope of elucidating control mechanisms
which regulate gene expression in higher eucary-
otes. The human adenoviruses have been partic-
ularly amenable to both genetic and biochemical
manipulation and analysis (32). Adenovirus ear-
ly region 1A (E1A) encodes a 289-amino acid
phosphoprotein which induces the expression of
all other early viral genes (2, 6, 14, 19, 25).
Because of the crucial role of ElA expression in
controlling the course of infection, we are en-
gaged in a detailed study of these mRNAs and
the regulation of their synthesis. Adenovirus
ElA mRNA synthesis begins very early during a
productive infection of HeLa cells and continues
throughout the course of infection (21, 27). The
steady-state level of ElA mRNA increases ap-
proximately five-fold after the onset of DNA
replication; however, the number of viral DNA
molecules increases by a factor of 104 to 105 (27),
indicating that the level of EIA mRNA is regu-
lated. The major start site for the ElA messages

at both early and late times in infection maps at
nucleotide 498 from the left end of the adenovi-
rus type 2 (Ad2) genome (1; Fig. 1). In addition,
there is a set of minor ElA mRNAs observed
during the early phase of infection which have 5'
termini that map upstream from the major ElA
cap site (23; Fig. 1). These minor wild-type
species are the major 5' ends of ElA mRNA
transcribed from viral mutants in which the ElA
T-A-T-A box region has been deleted (23). In
this communication we report the observation of
a late-phase-specific set of ElA mRNAs with 5'
termini that map still further upstream from
those mentioned above. We show that the syn-
thesis of these mRNAs occurs from templates
which are replicating or were newly replicated
and does not require late adenovirus functions.

MATERIALS AND METHODS

Cells and virus. HeLa spinner cells were grown and
infected as described previously (3, 23). Multiplicities
of infection were 10 PFU per cell in all experiments.
COS cells (10; from Mia Horowitz) were grown on 10-
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FIG. 1. E1A mRNA structure and organization.
The open bar in the middle corresponds to the left
terminus of the Ad2 genome marked off from nucleo-
tides 1 to 1,700. The triangle denotes the synthetic
EcoRI site and common endpoints of ElA deletion
mutants discussed in the text. The structure of the
three major ElA mRNAs is shown above the open
bar. Each mRNA differs by the amount of sequence
removed by RNA splicing (indicated by the carets).
The 12S and 13S species are the predominant mRNAs
during the early phase of infection (3) and the 9S
mRNA predominates late in infection (29). Below the
center bar are the structures of the 5' end-labeled
probes from wild type (Sau3A) or d11503 (EcoRI) used
in this study. The thick arrow represents the 5' end of
the major ElA mRNAs with their 5' termini at nucleo-
tide 498. The 5' ends of the minor species observed
early or late in infection (23; this work) are dia-
grammed at the bottom of the figure.

cm plates in Dulbecco modified minimal essential
medium plus 10% newborn calf serum and transfected
as described below. Total cytoplasmic RNA was pre-
pared from cells infected for the indicated times by the
Nonidet P-40 lysis-phenol-chloroform extraction
method (3, 26). RNA was stored at -20°C in 10 mM
Tris (pH 7.4)-i mM EDTA-0.1% sodium dodecyl
sulfate.

Nuclease S1 analysis of EIA mRNA. Nuclease S1
mapping of the 5' termini of wild-type or mutant RNA
was as described previously (23, 36), with minor
modifications. Briefly, the left terminal Sau3A frag-
ment (1 to 630 base pairs in wild-type Ad2) of a

plasmid homologous to wild type or a particular mu-

tant was 5' end labeled with [-y-32P]ATP and T4 poly-

nucleotide kinase, and the ElA-coding single strand
was purified by gel electrophoresis (17). The labeled
probe was hybridized to total cytoplasmic RNA isolat-
ed from cells infected with the homologous virus at the
indicated times after infection. Hybridization in 1 M
NaCl-10 mM Tris (pH 7.4)-i mM EDTA was at 68°C
for 1 h in DNA excess. This was followed by a 60-min
room temperature digestion of the RNA-DNA hybrid
mixture with 15 to 50 Vogt units (35) of nuclease S1
(Miles Laboratories). The S1-resistant material was
denatured and subjected to electrophoresis on 13-cm-
long, 1.5-mm-thick gels composed of 5% polyacryl-
amide-0.8% bisacrylamide with 8.3 M urea in Tris-
borate-EDTA (16). Electrophoresis was for 400 to 600
V-h, after which the gels were soaked in cold 5%
trichloroacetic acid for 1.5 h to remove the urea, dried,
and exposed for autoradiography.

Insertion of ElA into SV40 and transcriptional analy-
sis in COS cells. The large EcoRI-KpnI fragment from
BE5, a plasmid containing the BglII-E fragment ofAd2
(1 to 3,329 base pairs inserted into the PstI site of
pBR322), was ligated to the large EcoRI-KpnI frag-
ment of simian virus 40 (SV40). BE5 was a gift from
Nigel Stow. A plasmid clone was identified by restric-
tion enzyme cleavage analysis, isolated, and propagat-
ed in Escherichia coli C600. Plasmid DNA was isolat-
ed from large cultures of bacteria by Brij 58-
deoxycholate lysis-ethidium bromide-CsCl gradient
equilibrium centrifugation (22) and used to transfect
COS cells (10). The calcium phosphate procedure (33)
as modified by Mellon et al. (18) was used with minor
variations. Supercoiled plasmid was added to 10-cm
plates of COS cells subcultured 1:3 from confluent
plates 24 to 36 h before transfection. A 10-s±g portion
of plasmid DNA was used for each plate ofCOS cells,
and a glycerol shock was performed 4 h after transfec-
tion. After an additional incubation of 40 to 44 h at
37°C, total cytoplasmic RNA was harvested and ana-
lyzed for ElA-specific mRNA as described above,
except that the hybridization was performed with the
double-stranded left terminal Sau3A fragment 5' end
labeled at nucleotide 630, with 100 ,ug ofRNA in 50 ,ul
of 80% formamide-0.4 M NaCl-0.04 M PIPES [pipera-
zine-N,N'-bis(2-ethanesulfonic acid)] (pH 6.4)-i mM
EDTA at 44°C for 14 h.

RESULTS
Adenovirus ElA mRNA 5' termini exhibit a

shift during lytic infection. To accurately map the
5' termini of adenovirus ElA mRNAs synthq-
sized at various times throughout the course of
infection, total cytoplasmic RNA was harvested
from Ad2-infected HeLa cells at different times
after infection and hybridized to a single-strand-
ed DNA probe. This probe corresponds to the
coding strand of EiA mRNA, 5' end labeled
with 32P at nucleotide 630 in the viral genome
(Fig. 1). The DNA-RNA hybrids were digested
with nuclease Si, and the Si-resistant material
was denatured, subjected to electrophoresis,
and detected by autoradiography (Fig. 2). The
major 5' end of the EiA mRNAs does not
change throughout the course of infection (1)
and yields an Si-resistant fragment of approxi-
mately 130 nucleotides (Fig. 2). However, a set
of minor 5' termini mapping further to the left
and producing longer Si-resistant fragments is
also evident before DNA replication begins (4
and 6 h). The occurrence of these minor species
during the early phase of infection has been
reported earlier (23). After viral DNA replica-
tion begins (approximately 8 h postinfection),
another set of 5' termini which correspond to
RNA transcripts beginning still further upstream
is synthesized. These transcripts are most visi-
ble at 16 and 32 h after infection and map at
approximately -300, -325, -360, and -375. In
the Si mapping analysis shown (Fig. 2), these
late specific ElA RNAs yield Si-protected frag-
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FIG. 2. Time course of appearance of E
5' termini. Total cytoplasmic RNA extra
HeLa cells after infection with Ad2 for the
times (hours) was analyzed for ElA mRI
scribed in the text. The marker (M) is a Hini
pBR322 end-labeled with 32P and denatured
indicated are in nucleotides. The largest bai
the lanes corresponds to the undigested,
probe.

ments of approximate lengths 435, 460,
510. The 495- and 510-nucleotide S1-l
fragments are not well resolved on
shown. However, the 5' ends of ti

*.

specific ElA RNAs were more accurately
mapped with a probe which generated shorter
Si-protected fragments (data not shown). This
observation is in agreement with the results of
Pettersson et al., who noted that more of the
DNA sequence near the left end of the Ad2
genome is transcribed late in infection than
before the onset of viral DNA replication (24). In
addition, minor late specific Si-protected frag-
ments of lengths 255, 190, and 110 were repro-
ducibly observed, which result from ElA RNAs
with 5' ends mapping at approximately -125,
-60, and +25. The 160-nucleotide Si-protected
fragment seen in Fig. 2 was not reproducibly
observed and may represent an artifact.

Viral mutants with deletions of the ElA
T-A-T-A box also show the shift. The construc-
tion and analysis of Ad2/Ad5 mutants with small
deletions engineered into the 5' region of ElA
were reported earlier (23). Mutants d11501
through d11504 all have deletions beginning at
-44 with respect to the major ElA cap site at +1

1A mRNA and extend to the right to -39, -24, +21, and
.cted from +62, respectively. The three largest deletion
- indicated mutants lack the EtA T-A-T-A box region and
NA as de- cannot utilize the major wild-type start site (23).
fI digest of In addition, the steady-state level of ElA mRNA
. The sizes transcribed from these mutant templates is one-
nd in all of fifth to one-tenth the level observed during a
full-length wild-type infection. Nonetheless, they all grow

with nearly wild-type kinetics in HeLa cells,
where ElA functions are essential for growth.

495, and The major ElA mRNA 5' ends synthesized by
protected these mutant viruses during the early phase of
the gel infection correspond to the minor wild-type spe-

hese late cies (23; Fig. 3A). When RNA is harvested

- we

4:

FIG. 3. Analysis of 5' termini of ElA mRNA synthesized from deletion mutants. (A) Fragments protected
from Si digestion by RNA isolated 6 h postinfection; (B) pattern at 16 h postinfection. The marker (M) is the
same as in Fig. 2. 6h denotes wild-type Ad2 RNA harvested at 6 h postinfection. Lanes 1, 2, 3, and 4 indicate
RNA isolated from mutants d11501 through d11504, respectively. Again, the largest band in every track
represents the full-length probe.
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during the late phase of infection with each
mutant virus and the ElA mRNA 5' termini are
analyzed and displayed as described above, it is
apparent that the mutants synthesize late specif-
ic ElA mRNAs with the same 5' termini ob-
served during the late phase of a wild-type
infection (Fig. 3B). Note that the Si-protected
fragment sizes decrease as the size of the dele-
tions in the mutants increases. These results
confirm the late specific shift and indicate that
synthesis of the late specific 5' termini is not
dependent on the sequence between -44 and
+62.

Utilization of the late specific start sites is
dependent on DNA replication. To determine
whether synthesis of the late specific ElA
mRNAs requires viral DNA replication, HeLa
cells were infected with wild-type Ad2 in the
presence or absence of the inhibitor of DNA
synthesis, cytosine arabinoside (ara-C). The
drug was added every 8 to 10 h, and each culture
was harvested 32 h after infection. Total cyto-
plasmic RNA was extracted and analyzed as in
Fig. 2 and 3. Figure 4 shows that ara-C very
effectively prevents the synthesis of the late
specific ElA mRNAs. Since blocking DNA rep-
lication also prevents the expression of late viral
functions (30), it is not clear from this experi-
ment whether the effect of ara-C was due to the
inhibition of DNA replication directly or to the
failure to express a late viral function.

Late specific mRNA start sites are observed in
the absence of late adenovirus functions. The
large EcoRI-KpnI fragment of SV40 was cloned
into a pBR322-derived plasmid which has a copy
of ElA and part of the neighboring transcription

44.
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FIG. 4. ElA mRNA 5' termini in the absence of
DNA replication. See text for details. The marker (M)
is a Hinfl digest of pBR322. (+) and (-) denote RNA
harvested 32 h postinfection in the presence or ab-
sence, respectively, of ara-C. 6h represents wild-type
ElA mRNA isolated at 6 h after infection.

A X - >

;,J:
v

BMI

344-

98S

FIG. 5. Transcriptional analysis in COS cells. (A)
Structure of ElA SV40 plasmid (BE5-SV40). Its con-
struction is described in the text. The large SV40
EcoRI-KpnI fragment is shown as a small line bracket-
ed by EcoRI and KpnI restriction sites. The origin of
SV40 replication (o) and the direction of early (E) and
late (L) SV40 transcription are shown. Ad2 DNA from
nucleotide 1 at the left end of the genome to the KpnI
site at nucleotide 2,048 is represented by the curved
open bar (bottom left). The direction of EtA transcrip-
tion is shown. Plasmid pBR322 DNA is represented by
the thin line connecting the SV40 DNA to the adenovi-
rus sequence, and the tetracycline resistance gene (tc)
is indicated. (B) The marker (M) is a Hinfl digest of
pBR322. Lane 1, Sl-protected fragments generated by
RNA isolated from cells infected with wild-type Ad2 at
6 h after infection; lane 2, S1-protected fragments
generated by RNA isolated 44 h after DNA transfec-
tion of COS cells with BE5-SV40 (shown in A).

unit ElB (Fig. 5A). This plasmid molecule con-
tains the SV40 replication origin and therefore
can replicate to high copy number after DNA
transfection into COS cells (10, 20). Forty-four
hours after transfection, when the plasmid was
replicated to high copy number, EtA-specific
mRNA was analyzed. Figure 5B shows that the
EtA mRNAs synthesized from the plasmid rep-
licating in COS cells have the same 5' termini as
EtA mRNAs synthesized after the initiation of
viral DNA replication in adenovirus-infected
HeLa cells (Fig. 2). Therefore, late viral func-
tions are not required for synthesis of the late
specific EtA mRNAs.

DISCUSSION
The major 5' terminus of the EtA mRNAs

does not change from the early to late stage of
infection in HeLa cells (1). In addition to these
major EtA mRNAs, there is a minor set of EtA
mRNAs which are synthesized throughout the
course of infection and have 5' ends that map
upstream from the major cap site (23; this work).
Here we show that another set of minor EtA
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mRNAs are observed specifically after the onset
of viral DNA replication (Fig. 1). These late
specific ElA mRNAs have 5' termini which map
still further upstream from those mentioned
above. The data presented here indicate that
synthesis of these late specific mRNAs is direct-
ly dependent on replication of the template
DNA: (i) they are not observed in RNA isolated
from infected cells in which viral DNA replica-
tion has been prevented by the addition of ara-C
(Fig. 4), and (ii) the late specific ElA mRNAs
are synthesized from an El A-containing plasmid
replicating in COS cells (Fig. 5). The latter
observation indicates that no late specific adeno-
virus function is required for the synthesis of
this class of ElA mRNAs. However, we have
observed (Osborne and Berk, unpublished data)
that the late-phase-specific ElA splice which
generates a 9S mRNA (29) occurs in transfected
COS cells. Therefore, we cannot rule out that a
protein translated from the 9S mRNA is in-
volved in the shift. Since transcription initiation
probably occurs at the mRNA cap site (4, 9, 12),
these observations suiggest that transcription ini-
tiation is altered on templates undergoing repli-
cation or on templates that have been recently
replicated. Perhaps such replicating templates
have a structure which makes the 5' region of
ElA accessible to RNA polymerase and other
factors involved in transcription initiation. This
could lead to the recognition of weak transcrip-
tion initiation signals present in the DNA se-
quence, but masked in nonreplicating mole-
cules. This suggestion is supported by the
observation that initiation in this region occurs
during in vitro transcription of naked DNA
templates (5). Although the DNA sequence (34)
shows the presence of adenine-thymine-rich re-
gions approximately 30 base pairs upstream
from the late specific starts at -300, -325, and
-360, these sequences show little homology to
the canonical T-A-T-A-A-A sequence. The se-
quence approximately 30 bases upstream from
the -375 late specific start is in fact guanine-
cytosine rich.
A similar observation has been made for the

early mRNAs of SV40. The 5' termini of early
SV40 mRNAs are heterogeneous, with major
initiation occurring approximately 30 nucleo-
tides downstream from the early T-A-T-A ho-
mology (7, 11, 15). However, during the late
phase of an SV40 infection the major 5' termini
shift 35 to 40 nucleotides upstream from the
early major 5' termini (7, 13). This shift to the
utilization of upstream start sites is blocked
during infection at the nonpermissive tempera-
ture with a temperature-sensitive (ts) mutant of
SV40 large-T antigen (7). Also, the shift can be
mimicked in vitro by addition of the T-antigen
derivative, D2T protein (13). Therefore, it was

postulated that T-antigen binding (possibly to
site I, which is very close to the early transcrip-
tion start sites [13, 31]) was involved in the shift.
However, because the tsA mutation prevents
DNA replication and since an SV40 mutant
which lacks T-antigen binding site I nonetheless
shows the shift in vivo (13), it is possible that the
utilization of the upstream sites is in some
manner directly coupled to DNA replication.
An important question is whether or not the

minor ElA mRNAs encode distinct, functional-
ly significant proteins. Translation of the identi-
fied ElA proteins begins with the first AUG
triplet in the major ElA mRNAs at nucleotide
559 in the Ad2 sequence (28). In the mRNAs
containing the early minor 5' termini, this same
AUG is the first AUG from the 5' end. Thus, the
early minor mRNAs probably translate the same
ElA proteins as the major ElA mRNAs. On the
other hand, whereas the viral DNA sequence
(34) predicts that other AUG triplets occur near
the 5' ends of the late specific ElA mRNAs, all
of these are closely followed by termination
codons. It therefore seems unlikely that these
minor late specific mRNA species encode func-
tional proteins initiated at their first AUG co-
dons.
The chief significance of the minor upstream

starts documented in this work is their potential
role in the regulation of region ElA expression.
This potential is underscored by the observation
that when the T-A-T-A box region for the major
ElA start site is deleted, the virus compensates
by turning up the level of transcription initiation
from the upstream start sites (23). This allows
production of sufficient essential ElA proteins
to permit a full burst of infectious virus. Thus, in
this situation transcription initiation from the
upstream start sites appears to be regulated.
Perhaps these alternative start sites are utilized
in other specific physiological situations, such as
the infection of certain differentiated cell types
during the replication of the virus in its normal
host, the upper respiratory tract of humans, or in
transformed cells.
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