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ABSTRACT The adenovirus IVa2 gene, which is ex-
pressed at an intermediate time in the viral infectious cycle, is
separated from the adenovirus major late promoter (MLP) 5’
start site by 210 base pair's and is transcribed from the opposite
strand. In contrast to the MLP, the IVa2 gene does not contain
a “TATA’” box upstream from its 5’ start sites. By using a
series of deletion mutants, two upstream control regions that
are rich in cytidine residues, one proximal to the cap site at
nucleotide positions —39 to 48 and a distal domain between
nucleotide positions —152 and —242 have been identified as
essential for Va2 transcription (IVa2 cap site is nucleotide
position + 1). Transcription efficiency is decreased by 70-90%
after the deletion of a proximal C-rich domain when either
linear or supercoiled DNAs were used as template. However,
distal sequences functioned as transcriptional control domains
only with covalently closed DNA templates. The deletion of
both the proximal and distal regions from covalently closed
DNA templates reduces the levels of IVa2 transcription by a
factor of 100-150. When the plasmid pAd242 that contains the
5’ start siteés of adenovirus MLP and IVa2 is transcribed, there
is essentially a complete suppression of transcription of the
adenovirus IVa2 gene. The transcription efficiency of IVa2 is
increased 10-fold after deletion of the MLP cap site. A model
based on a shared entry site for RNA polymerase II and
competition between major late and /Va2 promoters is pro-
posed to explain the in vitro transcriptional results.

Most genes transcribed by RNA polymerase II have pro-
moter regions that contain a ‘‘TATA” sequence located 30
base pairs upstream of the transcription initiation site (1).
When transcription is assayed in vitro, deletion of the TATA
box abolishes transcription, -and the introduction of point
mutations within it also reduces the efficiency of transcrip-
tion (2-6). In vivo, deletion of the TATA box leads to
heterogeneity in 5' start sites used for initiation, and the level
of transcription is also depressed (7-9). Mutants containing
base substitutions within the TATA box have been found to
occur in nature, and they also reduce thé efficiency of
transcription (10). Overall, the evidence establishes the
TATA box as one critical domain in control of eukaryotic
transcription.

Genes that do not have TATA-like sequences in their
promoters include polyoma and simian virus 40 (SV40) late
genes, the hepatitis surface antigen gene, and the adenovirus
1Va2 gene (11-14). Studies from our laboratory have dem-
onstrated that in the SV40 late promoter, the G-G-T-A-C-C-
T-A-A-C-C sequence present at the —30 region may have
similar functions both in vivo and in vitro as that of the TATA
box (13). A sequence with extensive structural homology to
this SV40 sequence has also been located in the same po-
sition relative to the 5' start site of the hepatitis B surface
antigen (14). Studies of other non-TATA-box-containing pro-
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moters will lead to a fuller understanding of recognition
signals that are important in the mechanisms of regulation of
transcription. We recently reported conditions for the effi-
cient transcription of adenovirus Va2 promoter in vitro (15).
The analysis of the control sequences of this promoter was
undertaken' by- construction of promoter deletion mutants
that were transcribed in vitro. In this paper, we report the
identification of two upstream sequences that are necessary
for efficient in vitro transcription. The distal control domain
only functions when the template is in a covalently closed
form. g

MATERIALS AND METHODS

Enzymes anpd Reagents. All restriction endonucleases used
in this study were purchased either from New England
Biolabs or from Bethesda Research Laboratories. T4 poly-
nucleotide Kinase and T4 DNA ligase were obtained from
Boehrmger ‘Mannheim. BAL-31 nuclease and T4 DNA poly-
merase. were obtained from Bethesda Research Laborato-
ries. [@-*>P]UTP and [y-*>P]ATP were obtained from Amer-
sham.- All enzymatic reactions were carried out as specified
by the manufacturer. ,

Construction of Adenovirus Va2 Promoter Deletion Mu-
tants (pAd- Series). The plasmid p¢4 (Fig. 1a) was used to
construct deletion mutants upstream of the IVa2 RNA ini-
tiation site. Twenty micrograms of p¢4 DNA was linearized
with- HindIII and treated with 3.5 units of BAL-31 exonu-
cleasé. Aliquots of this reaction were taken at 45 sec to 5
min, and they were pooled. After the DN A was digested with
EcoRI, fragments =< 433 base pairs that were generated from
the” EcoRI—HdeII adenovirus insert were purified by
agarose gel electrophoresis. pBR322 digested with EcoRI
and BamHI was ligated with the BAL-31-treated fragments
at the EcoRI site. This was then treated with T4 DNA

polymerase, followed by a blunt-end ligation. This DNA was
used to-transform the HB101 strain of Eschetichia coli, and
DNA isolated from ampicillin-resistant colonies was screen-
ed for deletions in the IVa2 promoter by using restriction
enzymes. The sequence of plasmids used in the transcription
studies was determined to identify the exact extent of the
deletion. For sequence analyses, the fragment between the
EcoRI and Nae I cleavage sites for the pAd plasmids (Fig.
1b) was cloned into the EcoRI and Hindll sites of plasmid
M13mp8, and the sequence was determined by the dideoxy
method (16). All plasmid DNAs used in transcription analy-
sis were amplified in minimal medium and purified by two
cesium chloride/ethidium bromide gradient centrifugations
(17). The pAd plasmid series designates the pBR322 plasmid
with the adenovirus Va2 promoter region. Each of the pAd
plasmids contains 200 base pairs downstream and various
lengths of DNA upstream fiom the Va2 cap site. The number
designation following pAd indicates the number of upstream

MLP, major late promoter; np, nucleotide
position(s); SV40, simian virus 40.
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Fic. 1. Construction of IVa2 promoter deletion mutants (a)
Structure of the p¢4 plasmid. The DNA fragment of adenovirus,
serotype 2 DNA, from map unit 15.3 to 16.5 was cloned in the
EcoRI and Hindlll sites of pBR322. This plasmid, p$4, was pro-
vided by J. Manley. The adenovirus DNA is represented by the
stippled bar, and pBR322 DNA is presented as a thin line. The rel-
evant restriction enzyme sites used in the study are indicated. The
arrows show the directions of transcription of the Va2 and the ma-
jor late promoters (MLP). (b) Structure of pAd plasmid. The con-
struction of the pAd plasmid series is described in Materials and
Methods. The thick line represents adenovirus DNA, while pBR322
is represented by a thin line. The position of the RNA start site and
the direction of transcription from the MLP and Va2 promoters are
indicated. The position of the TATA-box-like sequence present in
pBR DNA and the length of expected run-off transcripts are shown
when Hindll-digested DNA is used as the template for transcrip-
tion. A 200-base-pair length of Sl-nuclease-resistant DNA is ob-
tained when an EcoRI-HindIl probe is used in the Sl-nuclease
mapping of IVa2 RNA. Each of the pAd plasmids contain 200 base
pairs downstream and various lengths of DNA upstream from the
IVa2 cap site. The number designation following pAd indicates the
number of upstream base pairs.

base pairs. The plasmid pAd242 contains the same number of
nucleotides upstream from the Va2 §' start site [nucleotide
position (np) +1] as are contained in p¢4, which originally
was used as a transcription template, and it is considered the
wild type in this study.

In Vitro Transcription Assays. The whole cell extract (ex-
tract A) used in all of the transcription assays was prepared
as described (15) with one modification. During the prepa-
ration of extract A, a modified buffer A (50 mM Tris-HCI, pH
7.9/12.5 mM MgCl,/40 mM (NH,);SO4/0.1 mM EDTA/2
mM dithiothreitol/17% glycerol) was used for final dialysis.
The dialysis was carried out for 16 hr with a change of buffer
after 4 hr. The extract contained 10 mg of protein per ml as
estimated by a dye-binding assay (18). The DNAs of different
deletion mutants were digested with HindII prior to their use
as templates for run-off assays. Standard reaction mixtures
in a final total volume of 60 ul contained 25 mM Tris"HCI (pH
7.9); 6.25 mM MgCl,; 20 mM (NH,4),SOy4; 1 mM dithiothrei-
tol; 0.05 mM EDTA; 8.5% glycerol; 400 uM each ATP, CTP,
and GTP; 40 uM UTP; 10 uCi (1 Ci = 37 GBq) of [a-*?P]JUTP
(410 Ci/mmol); and 30 ul of whole-cell extract. The concen-
trations of DNA used are shown in the figure legends. The
reaction was incubated at 30°C for 60 min. The purification
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Fi1G. 2. In vitro transcription of pAd deletion mutants. (a and b)
Two separate experiments. The Hindll-digested templates (10
pg/ml) were transcribed, and purified RNA was denatured with
glyoxal and run on a 1.4% agarose gel as described (15). The po-
sition of transcripts initiating from a TATA sequence in pBR322
(designated pBR), RNA transcribed from adenovirus /Va2 pro-
moter (IVa2), or RNA transcribed from MLP are indicated. Lane
M had DNA markers, and the other lanes are designated by the pAd
construct used in the transcription. Transcription of pAd242 (242)
is shown in both panels for comparison with other mutants. With
pAd204, the run-off transcript from the MLP is expected to be 38
nucleotides shorter than from pAd242, and this is observed (a).

and characterization of RNAs were carried out as described
earlier (15). When RNAs were transcribed for S1-nuclease
mapping, the [a->*P]JUTP was omitted.

For Sl-nuclease mapping of the 5’ end of IVa2 RNA,
pAd242 was digested with EcoRI and 5'-end-labeled by using
[y-32PJATP and T4 polynucleotide kinase, and the fragment
from the EcoRlI to the HindlII site [np 650 (see Fig. 1b)] was
isolated. The conditions used for hybridization of this probe
to RNA and S1l-nuclease digestion have been described (15).
The S1-nuclease-protected DNA was fractionated by elec-
trophoresis on a denaturing polyacrylamide gel (19) (30 x 15
x 0.1 cm) at 250 V for 16 hr and was autoradiographed.

Quantitation of in Vitro Transcription. After gel electropho-
resis and autoradiography, the RNA bands were scanned
with a densitometer (BioMed Instruments, Fullerton, CA).
Autoradiograms of different exposures from at least two
different experiments were scanned to obtain an average
value.

RESULTS

A series of deletion mutants upstream of the adenovirus Va2
transcription S’ start sites were constructed by using the
BAL-31 exonuclease method as described. These DNAs
were digested with HindII and transcribed in vitro in a run-
off assay. The results of such an experiment are shown in
Fig. 2. If RNA initiates specifically from the in vivo IVa2
start sites (20), transcripts about 650 nucleotides long would
be expected in the run-off assay (Fig. 1b). Transcription from
pAd242 showed an RNA of the expected length (Fig. 2a).
This plasmid contains all of the adenovirus sequences that
are present in plasmid p¢4, which was used in previous in
vitro transcription studies of the IVa2 gene (15). The pAd242
also contains the adenovirus MLP initiation site, and the 305-
nucleotide-long RNA that is expected from this promoter
also was transcribed (Fig. 2 a and b). pBR322 also has a
TATA-box-like sequence that is recognized by the in vitro
transcription machinery (21). It was present in all of the pAd
constructs; with HindII-digested templates, it generated a
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FiG. 3. Sl-nuclease mapping of RNAs synthesized on linear
DNAs of different mutants. In vitro transcriptions of different mu-
tant DNAs (10 ug/ml) were carried out as in Fig. 2. The purified
RNA was used for S1-nuclease mapping as described. Lane M had
DNA markers. The other lanes are designated by the pAd con-
struct used as the template for transcription. The position of the 5'-
end-labeled DNA fragment protected by the 1Va2 transcript is in-
dicated.

1260-nucleotide-long RNA in the in vitro transcription sys-
tem. This RNA transcript was used as an internal control in
the run-off assays to determine the efficiency of IVa2 gene
transcription.

The level of transcription from the /Va2 promoter con-
taining upstream deletion mutations remained relatively con-
stant until the 11 base pairs between np —49 and — 38 were
deleted (Fig. 2 a and b), and this led to a 70% drop in
transcription efficiency (Fig. 2b). The sequence in this region
that controls the level of transcription, C-C-C-C-T-C-C-C-A-
C-T, has 8 cytidine residues and 10 pyrimidine residues out
of 11 nucleotides (see Fig. 5).

Other deletions between np —242 and —49 did not affect
the efficiency of IVa2 transcription in the run-off assay with
alinear DNA template (Fig. 2a). The mutant pAd204 had lost
38 nucleotides, including the MLP cap site, compared with
pAD242, and the transcription efficiency from the MLP of
pAd204 was decreased by 90%. However, this neither en-
hanced nor suppressed IVa2 promoter transcription (Fig.
2a). Results obtained in the run-off assay were confirmed by
the S1-nuclease-mapping method. If RN As were to initiate at
the specific initiation sites that are used in vivo, DNAs of
198- and 200-nucleotide length would be protected with the
5’-end-labeled DNA probe (Fig. 1b). The major band of 200
nucleotides that was observed (Fig. 3) could be further
resolved into two bands of 198 and 200 nucleotides, corre-
sponding to two in vivo initiation sites under more stringent
gel conditions (15). As noted previously in the run-off assay,
S1-nuclease mapping of RNA transcribed from linear tem-
plates also showed that the efficiency of transcription de-
creased by 70% when the C-rich region present between np
—49 and — 38 was removed.

Proc. Natl. Acad. Sci. USA 81 (1984)

a b
N ¢ O 9«
o ~ 10 o © o o
(\INT‘I'Clo <t ™
i =Y 1

IVa2-

8 i
. %
Il
I

FiG. 4. Sl-nuclease mapping of RNAs synthesized on super-
coiled DNA of the pAd deletion mutants. (¢ and b) Two separate
experiments. In vitro transcription of different mutants (12.5 ug/ml)
were carried out with supercoiled DNAs as templates. The purified
RNA was used for S1-nuclease mapping. The position of the 5'-end-
labeled DNA fragment protected by the Va2 transcript is shown.
The designation noted above the lanes indicate the pAd construct
used as the template for transcription. These results were re-
produced in repeated experiments, and the same results were ob-
tained with separate batches of whole-cell extract.

It has been reported that when supercoiled DNAs are used
in the in vitro transcription system, the role of sequences far
upstream of the initiation site became apparent with promot-
ers such as the adenovirus MLP (22) and the histone genes
(3). To investigate this possibility in the IVa2 promoter,
transcription of various deletion mutants were carried out
with supercoiled DN As as templates. The quantities of RNA
synthesized with different 5’ deletion mutants were then
estimated using the Sl-nuclease-mapping method. The re-
sults of such an experiment are presented in Fig. 4.

The results with supercoiled templates are in sharp con-
trast to those obtained with linear templates with deletions
between np —152 and —242. pAd204 and pAdl79 were
transcribed 10- to 15-fold more efficiently than was pAd242
(Fig. 4a), whereas pAd152 was 2- to 3-fold more efficient
than pAd242. pAd66 and pAd49 were transcribed with an
efficiency that is similar to that of pAd242. The results
obtained with supercoiled deletion mutants pAd49 and pAd38
were similar to those obtained with linear templates, where
the 11-base-pair deletion led to a 90% drop in the transcrip-
tion level of pAd38 as compared with pAd49. Thus, this 11-
base-pair region is important for efficient transcription with
both linear and supercoiled DNA.

DISCUSSION

In the present study, we demonstrated that two regions
upstream of the cap site are necessary for efficient in vitro
transcription of the IVa2 gene. One region is located between
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TG GCCCTCGCAG ACAGCGATGC GGAAGAGAGT GAGGACGAAC
<——l
—1|79 MLP —1'52
GCGCCCCCAC CCCCTTTTAT AGCCCCCCTT CAGGAACACC CGGTCACGTG
GCCTACACCT ATAAACCAAT CACCTTCCTT GATGCCGAAG AGGGCGACAT
~pe
GTGTCTTCAC ACCCTGGAGC GAGTGGACCC CCTAGTGGAC AACGACCGCT
BN iy
ACCCCTCCCA CTTAGCCTCC TTCGTGCTGG CCTGGACGCG AGCCTTCGTC
+1 IVa2
TCAGAGTGGT CCGAGTTTCT ATACGAGGAG GACCGCGGAA CACCGCTCGA

Fi1G. 5. The DNA sequence of the adenovirus /Va2 promoter region. The nucleotide sequence is from Baker and Ziff (20). The direction
and site of initiation of transcription of IVa2 and MLP are shown by rightward and leftward arrows, respectively. The 5’ end point of each
pAd construct is indicated with a corresponding number. The dotted underline shows the proximal control sequence of the IVa2 promoter.
The nucleotide sequence whose secondary structure has been studied (23, 24) is shown by an overline.

np —38 and —49, and the other is located between — 152 and
—242, and both are rich in cytidine residues (Fig. 5). The
efficiency of transcription is reduced by 70-90% when the
proximal domain is deleted with either linear or supercoiled
DNA as template.

It is only when the supercoiled DNAs of various deletion
mutants are added as templates in the transcription mixture
that the effect of the distal C-rich domain 152-242 base pairs
upstream from the 5’ start site is evident. Since this domain
is dispensable for transcription of linear DNA, where the free
ends of the DNA molecule can serve as the polymerase entry
site, we propose that this distal domain is required as an
entry site for the transcription machinery for covalently
closed DNA templates. Similar observations have been made
for the sea urchin histone gene promoter, which contains an
upstream domain between —111 and — 139 nucleotides from
the capsite that is necessary for in vitro transcription of this
gene when the template is in a supercoiled form but is
dispensable when linear DNA templates are used for tran-
scription (3). One interpretation of our data on the regulatory
role of distal sequences is that a stem-loop structure is
important for /Va2 gene expression. In adenoviruses, a
stem—loop structure has been proposed involving nucleo-
tides located between np —26 and +8 from the MLP RNA
initiation site (23). This site corresponds to np —185to —214
for the IVa2 promoter RNA initiation site (Fig. 5). Larsen
and Weintraub (25) have observed an S1-nuclease-sensitive
site in the MLP region when it is in a supercoiled config-
uration, which has been more precisely mapped by Goding
and Russell (24) to the —30 (TATA) region of the MLP,
corresponding to the — 180 region of the IVa2 promoter (Fig.
5). The presence or absence of nuclease-sensitive sites has
been related to differences in the secondary structure of
DNA (25). These findings provide experimental confirmation
that DNA in this region exists in a different conformational
form in supercoiled DNA. The region that exists in a dif-
ferent conformation in supercoiled DNA is part of the region
(np —152 to —242) that is necessary for IVa2 transcription.

Adenovirus MLP lies adjacent to the IVa2 promoter in the
adenovirus genome. The RNA initiation sites of these two
promoters that are separated by 210 base pairs are tran-
scribed in opposite directions (11, 15, 20). If DNA sequences
at np —242 to —152 interact with transcriptional machinery
and serve as an entry site for RNA polymerase II and/or
transcription factors, we propose that, because of the prox-
imity of this region to the MLP initiation site, this entry site
also would be used by MLP. This is consistent with the

suggestion advanced earlier by Ziff and Evans (23). The
MLP has been shown to be the strongest promoter in vitro
among the adenovirus promoters tested (11). The suppres-
sion of transcription from the IVa2 gene that is observed with
the pAd242 plasmid (see Fig. 4, lane 1) would result from
ineffective competition of the IVa2 promoter with the
stronger MLP. When the MLP cap site and TATA box are
deleted, there is a 10- to 15-fold enhancement of transcription
from the IVa2 promoter (pAd204 and pAd179), a finding that
would be predicted based on competition of the two promot-
ers. There are further decreases in transcription that occur
when pAd152 and pAd66 are compared with pAd204 and
pAd179. How the loss of these sequences could affect the
entry site with a consequently reduced efficiency in initiation
of transcription is presently not clear.

We have discussed regulation of transcription assuming
that DNA with superhelical turns was serving as the tem-
plate. However, when the whole cell extract is used to study
in vitro transcription, it has been reported that superhelical
DNA is converted within 5 min to a relaxed, covalently
closed structure (22). It has not been determined if formation
of a stable transcription complex occurs more or less rapidly
than the loss of superhelical turns from the DNA template. If
the transcription complex used a covalently closed template
that lacks superhelical turns, then specific nucleotide se-
quences, rather than secondary structural features, would
likely regulate the kinetics of formation and stability of a
transcription complex. To decide between these models, it
will be necessary to define the configuration of the template
during in vitro transcription.

We thank Dr. J. Manley for his generous gift of the p$4 plasmid
and acknowledge the valuable assistance of J. Carolan in the prepa-

ration of the manuscript.
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