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ABSTRACT  We have identified a region of the viral genome
required for the initiation of transcription in vitro from the major
late promoter of adenovirus 2. A fragment of the adenovirus ge-
nome containing the cap site of the major late transcripts was in-
serted into plasmid pBR322 and cloned. Deletions were then gen-
erated in vitro in and around the T-A-T-A-A-A-A sequence located
25-31 nucleotides (positions —25 to —31) upstream from the cap
site. DNAs with these deletions were tested for their ability to ini-
tiate transcription in vitro by the method of Manley et al. [Manley,
J. L., Fire, A., Cano, A., Sharp, P. A. & Gefter, M. L. (1980) Proc.
Natl. Acad. Sci. USA 77, 3855-3859]. Whereas removal of se-
quences upstream from position —47 or downstream from position
—12 did not abolish transcription, deletions extending into, or be-
yond, the T-A-T-A-A-A-A sequence reduced transcription to less
than 1/10th. Removal of the normal cap site slightly reduced, but
did not abolish, transcription. These results indicate that the re-
gion of the genome upstream of the cap site, with boundaries
within 15-17 nucleotides to either side of the T-A-T-A-A-A-A se-

uence, is required for the initiation of transcription in vitro from
the major late promoter of adenovirus 2.

Control of transcription constitutes an important step in the reg-
ulation of gene expression. Studies of prokaryotic systems indi-
cate that the initiation of mRNA synthesis requires interactions
between RNA polymerase and a specific region of DNA up-
stream from the gene to be transcribed, called the promoter (1).
Similar attempts to identify promoters for eukaryotic genes
have been handicapped by the lack of suitable genetic and bio-
chemical systems. Recently, however, developments in recom-
binant DNA technology and the advent of in vitro transcription
systems offer an approach to the study of the molecular mecha-
nisms of transcriptional controls in eukaryotic systems (2-5).
The major late transcription unit of adenovirus type 2 (Ad2) is
one of the best characterized in eukaryotes. During the late
stage of Ad2 infection, the major viral transcript is initiated at a
site around coordinate 16.5 and elongated toward the right end
of the genome (6, 7). This primary transcript is believed to be
processed into several families of cytoplasmic messenger RNAs
that all have the same capped 5’ end as the primary transcript
(7, 8). Twenty-five to 31 nucleotides upstream from the RNA cap
site, there is a stretch of A+T-rich sequence (T-A-T-A-A-A-A)
that appears to be conserved in a number of eukaryotic genes
transcribed by RNA polymerase II (9). The similarity of this
A+T-rich sequence and the “Pribnow box” of prokaryotic pro-
moters has been noted (10). We report here experiments de-
signed to determine the role of this A+T-rich sequence in the

initiation of transcription in vitro from the major late promoter
of Ad2.

MATERIALS AND METHODS

Enzymes and Reagents. Phage T4 DNA ligase and restriction
endonucleases Alu I and Ava I were purchased from New En-
gland BioLabs. Other restriction enzymes and nuclease BAL
31 were obtained from Bethesda Research Laboratories (Rock-
ville, MD). T4 polynucleotide kinase was obtained from P-L
Biochemicals and calf intestine alkaline phosphatase from Boeh-
ringer Mannheim. Synthetic EcoRI and HindIII linkers were
obtained from Collaborative Research (Waltham, MA). [y-
32P]ATP (>2000 Ci/mmol; 1 Ci = 3.7 X 10'° becquerels) was
purchased from Amersham and [a-**P]JUTP from ICN. All en-
zymatic reactions, unless otherwise stated, took place under
conditions specified by the manufacturer.

Construction of Late Promoter Clones. Ad2 DNA was iso-
lated from purified virions grown in HeLa cells (11). One mi-
crogram of Ad2 DNA was digested to completion with HindIII
and the fragments produced were ligated (15°C, 16 hr) to 1 ug
of HindIIl-cut DNA of plasmid pBR322. Transformation of
Escherichia coli x1776 was performed according to unpublished
procedures of D. Hanahan. Ampicillin-resistant colonies were
picked and screened for their plasmid inserts (12). Clones of all
internal HindIII fragments of Ad2 DNA were obtained. The
HindIII C clone (pAd6) contains adenovirus sequences from
coordinate 8 to 17. The cap site of the major late transcripts is
located 193 nucleotides from the HindIII site at 17. This clone
was used as one of the late promoter clones for the construction
of deletion mutants. Another late promoter clone, called p¢4,
was constructed by ligating the 430-base-pair (bp) Alu I frag-
ment of pAd6 to the large fragment of EcoRI-HindIII-cut
pBR322 DNA by using EcoRI and HindIII linkers (see Fig. 1).
This clone contains adenovirus sequence complementary to the
first 33 nucleotides of the major late transcript and about 400
bp upstream of the cap site. The structures of these clones were
determined by restriction endonuclease analysis and, in the case
of p4, by DNA sequencing.

Construction of Deletion Mutant Clones. Both pAd6 and
p@4 were used as starting materials for the construction of dele-
tions upstream from the cap site. Three micrograms of pAd6 or
pd4 DNA was linearized with Xho I and then digested with
nuclease BAL 31 (0.5 unit in a 50-ul reaction mixture) at 30°C
for 3-5 min. Nuclease reactions were stopped by dilution with
10 mM Tris-HCI, pH 7.9/1 mM EDTA followed by extractions
with phenol and chloroform and precipitation with ethanol. The
resulting fragments were ligated to 20-fold molar excess of
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polynucleotide kinase-treated EcoRI linkers and then redigest-
ed with EcoRI. The DNA fragments were separated from un-
ligated linkers by passage through a Sepharose 4B column
equilibrated with 0.15 M NaCl/10 mM Tris-HC), pH 7.9/1 mM
EDTA. Excluded fractions from the column were pooled and
the DNA was precipitated by ethanol. This DNA was religated
and used for the transformation of E. coli. Ampicillin-resistant
clones were selected and the clones with plasmids of appro-
priate sizes were identified (12). The extent of deletion was
estimated by the size of fragments produced by Hae III diges-
tion and resolved by electrophoresis in 7 M urea/8% acrylamide
gels. Exact endpoints of the deletions were located by the DNA
sequence determination method of Maxam and Gilbert (13).
The procedure is summarized in Fig. 1. Plasmid p$4 was used
as the starting material for the construction of deletions down-
stream from the cap site. The experimental design was analo-
gous to that for the construction of 5' deletions, except that
HindIII was used for the initial linearization of p¢4 and that,
after a brief digestion (0.5-1.5 min) with nuclease BAL 31,
HindIII linkers were used to recircularize the plasmid. Because
these deletions had different endpoints not only in the Ad2 se-
quences but also in pBR322, the Ad2 fragments were released
by digestion with EcoRI and HindIIl and reinserted into
pBR322 at the corresponding sites. Both the original and the
recloned DNAs were used in the experiments described below.
Methods of Tanaka and Weisblum (14) were used to prepare
plasmid DNA. All procedures were in accordance with the
National Institutes of Health guidelines (P2/EK2).

In Vitro Transcription Assay. Plasmid DNA was digested
with restriction enzymes. After extractions with phenol and
chloroform, and two precipitations with ethanol, resulting frag-
ments were used as templates in the in vitro transcription sys-
tems of Manley et al (3). Conditions for the preparation of cell
extracts, the in vitro transcription reaction, and the analysis of
RNA products by gel electrophoresis or RNA fingerprinting
were as described (3), except that transcription reaction mix-
tures contained 4 mM creatine phosphate.

RESULTS

To determine whether the Ad2 sequences contained in parental
clone p$4 were sufficient to bring about accurate transcription
initiation, samples of p¢4 DNA were first digested by restric-
tion enzymes that cut at various sites in the pBR322 sequence.
Run-off RNAs were then synthesized in vitro from these DNA

- EcoRI HindIIl

| | + EcoRI |

EcoRI HindIIl

EcoRI Hindlll

.
~< ‘Ligatg 4
~
~ /
~_

Proc. Natl. Acad. Sci. USA 78 (1981) 821

FiG. 1. Cloning of the Ad2 major
late promoter and the construction of
deletion clones. The left side of the fig-
ureillustrates the cloning of the region
of Ad2 genome containing the major
late promoter. Structure 1 represents

1 the parental clone, pAd6, used to con-
struct upstream deletion clones. Struc-
ture 2 represents pd4, an Alu I sub-
clone of Ad6, used to construct both
upstream and downstream deletion
clones. The scheme used to construct
upstream deletion clones from pAd6 is
illustrated on the right side of the fig-
ure. See text for details. Heavy solid
lines represent adenovirus genome.
Wavy lines represent pBR322 se-
quences. Restriction endonuclease sites

are indicated by upward or downward

s arrows. The relevant positions of

HindIIl HindIlI cleavage sites on Ad2 DNA are

indicated in % Ad2 map units. The po-
sition of the cap site and the direction
of major late transcripts are indicated
by open arrows.
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templates and analyzed on a 1.4% agarose gel (Fig. 2, lanes
3-7). Transcripts of lengths 4.36, 3.7, 1.43, 0.65, and 0.37 kil-
obases (kb) were observed for p¢4 DNA cut by EcoRI, Pst I,
Ava I, Hincll, and BamHI enzymes, respectively. These are
the sizes expected for transcripts that initiated at the Ad2 cap
site, continued into pBR322 sequences, and terminated at the
end of the DNA fragment. These results indicate that transcrip-
tion initiates accurately from the Ad2 major late promoter lo-
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F1G. 2. In vitro transcription from the Ad2 major late promoter in
pd4. Restriction fragments of plasmids pBal E (3) and p¢4 containing
the Ad2 major late promoter were used as templates for in vitro tran-
scription reactions. RNAs synthesized were extracted, denatured with
glyoxal, and resolved by electrophoresis in a 1.4% agarose gel. Sizes
are expressed in kb. The top of the panel corresponds to the origin of
electrophoresis. Lanes 1 and 2: pBal E DNA digested with BamHI and
Sma I, respectively. Lanes 3-7: p4 DNA digested with EcoRI,
HindIll, Ava I, Pst I, and BamHI, respectively. The structure of pp4
and the cleavage sites of the restriction enzymes used are shown at the
bottom. The coordinates of the Ad2 sequence present in pd4 are ex-
pressed in map units. Note the absence of any transcript from the IVa2
promoter, which, if active, would have given rise to RNAs of 0.94 and
4.2 kb in lanes 6 and 7, respectively.
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cated within the p¢4 template. Comparison between similar-
sized transcriptional products of p@4 and another late promoter
clone, pBal E (13), which contains Ad2 sequences from 14.7 to
21.5 map units, indicates that both clones initiate transcription
with comparable efficiencies (Fig. 2, lanes 1-2).

A sample of in vitro synthesized RNA made from p¢4 tem-
plate cut with HincllI was purified, digested with RNase T1, and
passed through a column of dihydroxylboryl cellulose as de-
scribed (8). The bound material was eluted and subjected to
two-dimensional chromatographic analysis (Fig. 3). The arrow
in the figure points to the predicted capped T1 undecanucleo-
tide that is found at the 5’ ends of Ad2 major late mRNAs. The
identity of this spot was confirmed by analysis of the digestion
products obtained after treatment of the oligonucleotide with
RNase A, RNase T2, or RNase U2 (results not shown). Fur-
thermore, the amount of the capped undecanucleotide obtained
from reaction mixtures that contained p4 DNA as template
was approximately the same as the amount obtained when pBal
E DNA was used as template (results not shown). Thus, we
conclude that no Ad2 specific sequences further downstream
than 33 nucleotides from the presumptive transcription start
site are required for either efficient initiation or capping.

We mapped the 5’ boundary of the region required for ac-
curate transcription initiation simply by testing whether pBal
E DNA that had been digested with the restriction enzyme Hpa
II could still serve as a template for transcription in vitro. This
enzyme cuts the Ad2 sequences at positions —52 and +507.
Fig. 4, lanes 1-3, shows that this DNA functions as a transcrip-
tion template, as does a pBal E template that contains 680 bp
of Ad2 DNA upstream from the cap site. These data thus suggest
that all the sequence information required to obtain transcrip-
tion initiation in vitro is contained within a region bounded by
nucleotides —52 and +33 from the RNA cap site.

i/

i . 2
1

FiG. 3. Two-dimensional chromatographic analysis of the RNA
synthesized in vitro from p¢4 templates. Plasmid p¢4 was digested
with Hincll and the resulting fragments were used for an in vitro tran-
scription reaction as described (3). RNA synthesized was purified and
then digested with RNase T1. Capped oligonucleotides were selected
on a dihydroxyboryl cellulose column, purified, and analyzed (8). The
first dimension was electrophoresis from right to left, and the second,
homochromatography from bottom to top. The arrow shows the capped
T1 undecanucleotide as found at the 5 end of Ad2 major late
transcripts.

Proc. Natl. Acad. Sci. USA 78 (1981)

To define the boundary of this region more precisely, we
tested the ability of several of the deletion mutant DNAs to
serve as templates for transcription initiation. All DNAs were
digested with Ava 1. Transcriptionally active deletion DNAs
constructed from pAd6 should give rise to transcripts of ap-
proximately 1.59 kb (193 nucleotides encoded by Ad2 DNA plus
1395 nucleotides encoded by pBR322). Transcriptionally active
deletion DNAs derived from p¢4 should give rise to transcripts
approximately 1.43 kb in length (33 Ad2 nucleotides plus 1395
pBR322 nucleotides, and, in the case of downstream deletions,
minus whatever nucleotides were deleted). The results of in
vitro transcription analysis of these deletion mutant DNAs are
shown in Fig. 5. As expected from the results shown above, a
mutant DNA with a deletion removing sequences upstream of
nucleotide —66 (Fig. 5A, lane 5) initiated transcription as ef-
ficiently as the parental DNA, pAd6 (Fig. 54, lane 1). Tran-
scription was reduced by as much as one-half for mutant DNAs
lacking sequences upstream of nucleotide —47 (Fig. 5B, lanes
2-4). However, mutant DNAs with deletions ending at posi-
tions —16, —17, or —22, which removed the T-A-T-A-A-A-A
sequence, reduced transcription to 1/10th (Fig. 5B, lane 5; Fig.
54, lanes 3 and 4); DNAs with deletions removing both the T-
A-T-A-A-A-A sequence and the cap site were also inactive (Fig.
5A, lane 2; Fig. 5B, lane 6). These results indicate that the up-
stream boundary of the region required for the initiation of tran-
scription is located between positions —47 and —22.

To locate the downstream boundary of the region required
for initiating transcription, we tested the ability of mutant DNAs
with downstream deletions to serve as templates for transcrip-
tion in vitro. As shown in Fig. 5C, lane 2, a deletion removing
sequences downstream of nucleotide +7 does not affect the
ability of that DNA to initiate transcription. Mutant DNAs with
deletion endpoints at +5 or at +2 not only are capable of ini-

1 2 3

530‘“—510

Cap—
+1 +507
1 1
J T T 1
—690 -270 -52 +536

F1G. 4. Localization of the upstream boundary of the region re-
quired for the initiation of transcription in vitro. RNA was synthesized
in standard reaction mixtures that contained as templates pBal E DNA
digested by restriction enzymes BamHI + Sma I (lane 1), Xho I + Xma
I (lane 2), or Hpa II (lane 3). Run-off transcripts were analyzed as de-
scribed in the legend to Fig. 2. The top of the panel corresponds to the
origin of electrophoresis. Sizes of transcripts are expressed in nucleo-
tides. Digestion of pBal E with BamHI and Sma I produces a fragment
from —680 to +530. Xko I cuts at position —270. Hpa II cuts at —52
and +507.
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F1G. 5. Invitro transcription of deletion clones. DNA was digested
with Ava I and was used as templates for in vitro transcription as de-
scribed (3). Run-off transcripts synthesized were extracted, denatured
with glyoxal, and resolved on a 1.4% agarose gel. An autoradiogram
of the dried gel was developed in the linear range of exposure without
using intensifying screens. A and B show results of upstream deletions
and C, downstream deletions. Lane 1 in each panel shows the RNA
synthesized on the parental wild-type clone. The top of each panel cor-
responds to the origin of electrophoresis. The lengths of the transcripts
from the major late promoter present in pAd6 and p¢4 are indicated
in numbers of nucleotides, to the nearest 10 nucleotides. The desig-
nations of the deletion clones and their deletion endpoints are indicated
above the panels. The locations of deletion endpoints, as determined
by the methods of Maxam and Gilbert (13), are indicated by the number
of nucleotides upstream (— numbers) or downstream (+ numbers) from
the cap site, which is +1.

tiating transcription but do so at a 2-fold higher level than does
parental clone pg4 (Fig. 5C, lanes 3 and 5, compared to lane
1). Mutant DNAs with a deletion removing the cap site and up
to 12 nucleotides upstream of that site are still able to initiate
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transcription, but at a rate half that of the parental DNA (Fig.
5C, lanes 4 and 6, compared to lane 1). Deletions removing
sequences downstream of nucleotide —29 reduced transcription
to 1/15th (Fig. 5C, lane 7). These results indicate that the
downstream boundary of the region required for initiation of
transcription is located between position —29 and —12. The
normal mRNA cap site is not required for the initiation of tran-
scription in vitro. However, this site does appear to be required
to obtain wild-type levels of initiation. All the downstream dele-
tions tested above had different deletion endpoints in the
pBR322 sequences as well as in the Ad2 sequence. To test the
possibility that the different levels of transcription were partly
due to the particular sequences of pBR322 present at the dele-
tion junctions, we recloned all the downstream deletion DNAs
in pBR322 as described in Materials and Methods. All the mu-
tant DN As now had identical endpoints in the pBR322 sequence
(i.e., the HindI1I site). When we tested the ability of these DNAs
to serve as templates for transcription in vitro, we obtained re-
sults (not shown) identical to those obtained with the original
clones, eliminating the possibility that the pBR322 sequence
at the deletion junction would affect the rate of transcription.
Accurate initiation of transcription in vitro is dependent on a
precise optimum of template concentration (3). We have re-
peated each transcription reaction at least twice with carefully
quantitated template and obtained reproducible levels of tran-
scription for each DNA tested. We also showed that none of the
DNA preparations contained nonspecific stimulator or inhibitor
of transcription by carrying out mixing experiments with other
promoter-containing DNAs.

Fig. 6 summarizes the results of the in vitro transcription
analysis of deletion DNAs.

DISCUSSION

The main conclusion drawn from this work is that a region of the
adenovirus genome upstream from the cap site, 15-17 nucleo-
tides to either side of the T-A-T-A-A-A-A sequence, is required
for the initiation of transcription in vitro from the major late pro-
moter of the virus. A similar conclusion was recently reached by
Corden et al. (15). These authors have shown that DNAs with
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upstream deletions removing sequences up to position —32 are
transcriptionally active, whereas DNAs with deletions remov-
ing sequences up to —29 are not. This result defines the 5’
boundary of the region required for the initiation of transcrip-
tion in vitro between nucleotides —32 and —29. Analyses of the
chicken conalbumin gene (16), the rabbit B-globin gene (G.
Grosveld, C. Shewmaker, and R. A. Flavell, personal commu-
nication) and the human B-globin gene (V. Parker, N. J. Proud-
foot, M. H. M. Shander, and T. Maniatis, personal communi-
cation) have also shown that an A+T-rich sequence 25-31
nucleotides upstream from the mRNA cap site is required for
the normal in vitro transcription of these genes. Concordantly,
the promoters for the IVa2 and the 72K genes of Ad2 (ref. 17; C.
C. Baker and E. Ziff, personal communication), which do not
have recognizable A+T-rich sequences upstream from the
mRNA cap sites, generally do not initiate specific transcripts
in vitro (Fig. 2; unpublished data). However, the late region
of simian virus 40 DNA, which lacks any recognizable A+ T-rich
sequence upstream from the mRNA cap sites (18, 19) is tran-
scribed efficiently in vitro (20). It is interesting to note that sim-
ian virus 40 late mnRNAs have extremely heterogeneous 5’ ends
(21), whereas the major late transcripts of Ad2 (7), the rabbit
B-globin mRNA (22), the human B-globin messengers (23), and
the mRNAs of the chicken conalbumin gene (24) all have pre-
dominantly one 5’ end. It is therefore possible that promoters
that direct the synthesis of transcripts with unique 5’ ends have
a more stringent requirement for the A+T-rich sequence to
function in vitro than those that give rise to transcripts with
heterogeneous 5’ ends.

The role of the A+ T-rich sequence has also been investigated
in vivo in two different systems, the simian virus 40 early region
(25, 26) and the sea urchin histone genes (27). Local deletions of
the A+T-rich sequences do not abolish the expression of these
genes, although more extensive deletions that remove se-
quences further upstream eliminate the expression entirely.
Results reported here indicate that no sequence upstream of po-
sition —47 is required for the in vitro transcription from the ma-
jor late promoter of Ad2 (Fig. 6). Whether any such sequence is
required for the expression in vivo from this promoter is not yet
determined.

It has been proposed that the cap site and the promoter for
the major late transcription unit of Ad2 are coincident (7). Our
present data show that the normal cap site is not required for the
initiation of transcription in vitro and therefore indicate that the
cap site is functionally separate from the promoter. This notion
is supported by similar findings in other systems in which dele-
tion of cap site does not abolish the synthesis of RNA (15, 26,
27). 1t is therefore not clear what role, if any, the sequence
around the cap site plays in the transcription process. However,
itis interesting to note that different levels of transcription were
obtained for plasmids that differ only by several nucleotides in
their extents of Ad2 sequences around the cap site (Fig. 5C,
lanes 2-6). Analysis of the 5’ ends of the transcripts synthesized
by these plasmids should be informative.

It is generally assumed that the mRNA cap site corresponds
to the site where transcription initiates (i.e., the start site). Al-
though this notion is supported by indirect evidence (e.g., ref.
7), it has never been shown directly. We have demonstrated that
afragment of Ad2 DNA spanning the major late promoter region
from —52 to +507 is sufficient for the accurate initiation of tran-
scription in vitro (Fig. 3). Our result provides direct evidence
that the transcriptional start site must be located within 52 nu-
cleotides upstream from the cap site. This corroborates the idea
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that the mRNA cap site and the transcriptional start site are
coincident.

Note Added in Proof. M. A. Anderson and S.-L.H. have recently con-
structed plasmids containing the T (tumor) antigen coding region of
simian virus 40 inserted downstream of both wild-type and deletion
derivatives of the Ad2 major late promoter. Expression of T antigen
under the control of the Ad2 promoter was assayed by indirect im-
munofluorescence after these plasmids had been microinjected into
simian cells. Results obtained substantiate the conclusion drawn from
in vitro studies.
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