
Vol. 9, No. 10MOLECULAR AND CELLULAR BIOLOGY, OCt. 1989, p. 4265-4271
0270-7306/89/104265-07$02.00/0
Copyright © 1989, American Society for Microbiology

Novel Regulation of Transcription Initiation of the Peptide IX
Gene of Adenovirus 2

TAKASHI MATSUI

Department of Molecular Biology, School of Medicine, University of Occupational and Environmental Health,
1-1 Iseigaoka, Yahatanishi-ku, Kitakyushu 807, Japan

Received 13 March 1989/Accepted 20 June 1989

cis-Acting elements involved in transcription of the peptide IX (pIX) gene of adenovirus 2 were identified by
using in vivo transient expression assays and two in vitro transcription systems. Deletion of either the sequence
between positions -45 and -70 or the TATA box abolished the initiation of pIX gene transcription in vivo and
transcription with HeLa cell nuclear extracts in vitro. These results initially suggested the presence of a positive
factor acting on the upstream element. However, when proteins in the nuclear extract were fractionated by
column chromatography and analyzed by reconstitution of transcription in vitro, it was found that a certain
fraction could direct TATA box-dependent transcription initiation even in the absence of the upstream element.
Furthermore, activity inhibiting TATA box-dependent transcription was found in the nuclear extract. In
contrast, inhibition of TATA box-dependent transcription was suppressed by deletion of a downstream
sequence between positions +33 and + 122. These results indicate that the TATA box of the pIX gene by itself
has the ability to direct initiation of constitutive transcription but that the function of this element is under
negative control by a repressor acting on a downstream sequence. Thus, the upstream element of the pIX gene
appears to have a novel function: suppression of the transcriptional repression exerted by a downstream
sequence, leading to a net transcription activation. Possible mechanisms for transcription initiation of pIX DNA
are discussed.

The promoter region of a eucaryotic gene consists of
several sequence elements usually localized upstream of the
transcription initiation site (cap site). The TATA box, the
element nearest the cap site, is found in most eucaryotic
protein-coding genes. A specific factor, called TFIID, has
been identified as binding to the TATA box (24). Its consen-
sus in sequence and position (30 base pairs upstream of the
cap site) suggests that this factor may be involved in the
regulation of all genes containing a TATA box. The elements
adjacent to the TATA box (the upstream elements) are more
varied than the TATA box in sequence and position. Several
factors specific for the upstream elements, which stimulate
transcription initiation directed by the TATA box, have been
identified (for reviews see references 4, 16, and 20). It has
recently been demonstrated that transcription initiation is
determined primarily by direct interaction between TFIID
and the upstream element-binding factor (8, 10, 11). These
two elements are thought to be the core of eucaryotic mRNA
gene promoters. In most eucaryotic genes, including viral
genes, promoters are controlled by other cis-acting ele-
ments, the enhancers. The enhancers are thought to be
involved in tissue- or cell-specific regulation of transcription
and are cis-acting activators that function independently of
orientation and distance from the coding sequences of the
genes. Several models to explain the mechanism of enhanc-
er-activated transcription have been proposed (for reviews,
see references 1 and 25). In addition to containing the
positive cis-acting elements, many eucaryotic genes are
known to contain negative cis-acting elements (5, 9, 13, 14,
21, 23, 28; reviewed in references 1 and 15). The importance
of negative regulation in the transcription of eucaryotic
genes is becoming increasingly apparent. The existence of
repressor molecules was suggested originally by use of cell
fusions between differentiated cell types and fibroblasts (2,
7, 12, 22, 30). Several lines of evidence indicate that negative
regulation of transcription is involved in tissue- or cell-

specific and inducible gene expression. For example, the
inducible enhancer element of the a-interferon gene consists
of two parts, the 5' part as a constitutive transcription
element and the 3' part as a negative element (6, 32). A factor
bound to the negative element is found to be present in
uninduced cells. Furthermore, induction leads to dissocia-
tion of the factor from the element and to the binding of a
different factor to a different region within the enhancer (31).
Thus, the on-off mechanism of transcription appears to be
controlled by the differential appearance of trans-acting
positive and negative factors.

I and others have previously reported that transcription of
the adenovirus 2 peptide IX (pIX) gene is activated by DNA
replication in a transient expression assay (19, 27). Tran-
scription of the pIX gene occurred only on DNA molecules
that had been replicated in transfected HeLa cells. This
observation led me to speculate that pIX DNA introduced
into cells is primarily repressed and that an active transcrip-
tion complex is constructed only after DNA replication. By
analysis of the fate of pIX DNA in transfected cells, super-
coiled DNA was found to be quickly relaxed in the cells.
After replicating, however, the relaxed DNA became super-
coiled. This change in DNA form was dependent on DNA
replication. Furthermore, supercoiling of pIX DNA seemed
to result from the formation of pIX DNA into nucleosome
structures (unpublished observation). Since the adenovirus
Ela gene was active irrespective of replication of its DNA, it
is not clear whether the formation of pIX DNA into nucle-
osome structures is involved directly in the activation of
transcription of the pIX gene via DNA replication. To
examine how transcription of the pIX gene is activated by
replication of its DNA, it is essential first to identify the
sequence elements that are involved in the initiation of pIX
gene transcription. In this study, it is shown by use of in vivo
and in vitro transcription systems that the level of transcrip-
tion of the pIX gene is determined by three cis-acting
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FIG. 1. Transcription of the pIX gene from various mutant DNAs. Transfection of DNA and in vitro RNA synthesis were performed as
described in Materials and Methods. The amount of pIX gene transcript was determined by densitometry of the autoradiograms and was
normalized by estimation of the amounts of cotransfected Ela gene transcript and simian virus 40 T-antigen transcript. The relative amount
of transcript from each DNA was estimated by calculating the amount of transcript from pSVIX DNA (100%). ND, Not detected.

elements: the TATA box, the upstream element, and the
downstream element. The first two elements were found to
be positive elements, as determined by the inactivation of
transcription that resulted from their deletion. The down-
stream element acted in a negative manner in the absence of
the upstream element. In addition, a trans-acting factor(s)
responsible for specific inhibition of transcription of pIX
DNA was found to be present in HeLa cells. Thus, the
upstream element of pIX DNA appeared to perform a novel
function: activating transcription by suppressing transcrip-
tional repression.

MATERIALS AND METHODS

Cell culture and transfection. Maintenance of HeLa cells
and DNA-mediated transfection were carried out as de-
scribed previously (19) except that the cells were exposed to
a DNA-DEAE-dextran solution for 60 min.

Plasmid construction. pSVIX plasmid DNA (19; Fig. 1)
was used as the wild type. To make a series of 5'-deletion
mutants, pSVIX DNA was first digested with BglII (-253)
and then with BAL 31. After ligation of the BamHI linker
(CGGATCCG) and extensive digestion with BamHI, the
DNA fragment purified through agarose gel electrophoresis
was self-ligated and used for transformation of Escherichia
coli HB101. pSVIX-1 DNA (Fig. 1) was digested with Sacl
and then with BAL 31 to make a series of 3'-deletion
mutants. Ligation of the BamHI linker, recovery of the DNA
fragment, and transformation were carried out as described
above. To construct mutant pIX DNA deleted of both
upstream and downstream regions, pSVIX5215 (Fig. 1) was
digested with BAL 31 at the Sacl site (+58). To construct
internal deletion (ID) mutant clones, appropriate 5'- and
3'-deletion clones were digested with BamHI and EcoRI,
and the digests were separated on a 1% agarose gel. The
fragments containing the 5' and 3' parts of pIX DNA were
ligated.

Preparation of HeLa cell extracts and fractionation of
proteins. Nuclear, whole-cell, and S100 extracts of HeLa
cells were prepared as described previously (3, 17, 29).
Nuclear extracts were applied on a phosphocellulose (P-li)
column equilibrated with buffer A (20 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.9],
25% [vol/vol] glycerol, 0.2 mM EDTA, 0.5 mM dithiothrei-

tol) containing 0.1 M KCl. The column was washed with the
same buffer, and the bound protein was eluted stepwise with
2 column volumes of buffer A containing 0.3, 0.6, and 1.0 M
KCl. In some experiments, nuclear extracts were applied on
a DEAE-cellulose column equilibrated with buffer A con-
taining 0.1 M KCl. The column was washed with the same
buffer, and the bound protein was eluted with buffer A
containing 0.4 M KCl. The appropriate flowthrough and
step-eluted fractions were pooled on the basis of A280 and
dialyzed for 4 h against buffer A containing 0.1 M KCl.

Analysis of in vivo and in vitro RNA by P1 nuclease
mapping. Total cytoplasmic RNA was prepared and ana-
lyzed by P1 nuclease protection mapping to determine the
transcription levels of mutant pIX gene clones as described
previously (19). In vitro RNA synthesis and analysis were
performed as described previously (18).

RESULTS

Structure of the pIX gene promoter. When pSVIX and
pSVIX-1 DNAs, containing 753 and 253 base pairs, respec-
tively, of upstream flanking sequences were transfected into
HeLa cells, almost identical levels of transcription of the
pIX gene were observed, indicating that the sequence ele-
ments necessary for maximal transcription lie at a certain
distance downstream from -253. To determine the regula-
tory sequences for the pIX gene, a series of 5'-deletion
mutant DNAs was constructed by removing the downstream
sequences from the Bglll site at -253 in pSVIX DNA. Each
deletion clone was then cotransfected with pHindG DNA
containing the adenovirus 2 ElA gene. The levels of tran-
scription of these deletion DNAs were analyzed by P1
nuclease mapping of total cytoplasmic RNA from the trans-
fectants. In these experiments, the Ela gene transcript was
used as an internal standard for quantifying the pIX gene
transcript.

Deletion of the sequences upstream of -92 did not change
the transcription levels in comparison with that of the
wild-type DNA (Fig. 1). However, when the deletion
reached -57, transcription decreased to about 40% of the
wild-type level. Further deletion to -45 caused almost
complete inactivation of pIX gene transcription. These re-
sults indicate that the sequence between -92 and -45 is
necessary for the initiation of pIX gene transcription. Next,
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to analyze whether a typical TATA box found at -30 is
involved in the initiation of transcription, three ID mutants
were constructed and the levels of transcription were ana-
lyzed. Clone ID1 has a deletion in the sequence from -23 to
-41 and thus is missing the TATA box. Clone ID2 has a
deletion in the sequence from -40 to -70. Clone ID3 has a
deletion in both the upstream and TATA box regions, from
-23 to -70. None of the three ID clone DNAs were
transcribed significantly. Therefore, both the upstream se-
quence between -45 and -70 and the TATA box were
required for maximal transcription of the pIX gene in tran-
sient expression assays. Either of these two sequence ele-
ments alone did not direct transcription of the pIX gene. The
effect of deletion of the downstream region was also ana-
lyzed in vivo; no region was found to significantly affect the
level of transcription of pIX DNA (see below).
Next, the effects of the upstream elements were examined

in vitro. The deletion mutants used in the in vivo assays were
assayed in an in vitro transcription system supplemented
with nuclear extracts. To avoid fluctuation in the efficiency
of transcription reconstitution, the level of transcription of
the pIX gene relative to that of the major late gene was
determined for each assay. Deletion of sequences located
between -253 and -92 had no effect on the level of
transcription (Fig. 1). Further deletion to -45 caused inac-
tivation of transcription. Three ID mutant DNAs were not
transcribed, as found in the in vivo assays. These results
from in vitro studies were consistent with those obtained in
vivo. Thus, the upstream element was required for the
transcription of pIX DNA in vitro as well as in vivo,
suggesting that the nuclear extracts from HeLa cells con-
tained a factor(s) that recognized the upstream sequences
located between -70 and -45 and activated transcription of
the pIX gene. The requirement of the upstream element for
transcription was observed reproducibly in reactions di-
rected with both whole-cell and S100 extracts.

Presence of a specific repressor. To examine the presence
of a factor specific for the upstream sequences of the pIX
gene, proteins in nuclear extracts were fractionated by
phosphocellulose column chromatography. Reconstitution
of pIX gene transcription was carried out by using various
combinations of the column fractions. A high level of tran-
scription of pIX DNA was observed in the reaction contain-
ing all column fractions (Fig. 2, lane b). Almost the same
level of transcription was obtained in the reactions lacking
either the flowthrough or the 0.35 M KCl fraction (lanes c
and d). No transcription of pIX DNA was observed in the
reaction lacking either the 0.6 or 1.0 M KCl fraction (lanes e
and f). This result might be attributable to the loss of a
general transcription factor, since the major late gene was
not transcribed either. Although a slight reduction in tran-
scription of pIX DNA was seen in the reaction lacking both
the flowthrough and the 0.35 M KCl fractions, this result was
not specific for transcription of pIX DNA, as seen by the
reduction in transcription of the major late DNA (lane g).
Since these results did not rule out the possibility that factors
specific for pIX DNA might have been recovered in the 0.6
or 1.0 M KCl fraction, similar assays were carried out for
pIX DNA deleted of the upstream element. In these exper-
iments, the level of transcription of the mutant pIX DNA
was expected to be much lower than that of the wild-type
DNA even in the reaction containing all column fractions.
Surprisingly, however, almost identical levels of pIX DNA
transcription were reconstituted for the mutant DNA rela-
tive to that for the wild-type pIX DNA by any combination
of the column fractions (Fig. 2, lanes h to n). These results
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FIG. 2. In vitro transcription by column fractions. HeLa nuclear
extracts were applied to a phosphocellulose column, and proteins
were eluted as described in the text. RNA synthesized in vitro was
analyzed by single-strand nuclease mapping. Lanes: a and h, nuclear
extracts; b and i, all column fractions; c andj, minus the 0.1 M KCI
fraction; d and k, minus the 0.3 M KCl fraction; e and 1, minus the
0.6 M KCI fraction; f and m, minus the 1.0 M KCl fraction; g and n,
minus the 0.1 and 0.3 M KCl fractions. DNA from pSVIX (lanes a
to g) or pSVIX5215 (lanes h to n) was used as the template.
Transcription of the major late gene served as the internal standard.

appeared to demonstrate that activity specifically affecting
transcription of pIX DNA was not present in any of the
fractions. The observed transcription of both types ofDNA
was dependent only on the TATA box. It should be noted
that the transcription level of the pIX gene relative to that of
the major late gene was significantly lower in the reaction
containing all of the column fractions than in that containing
nuclear extracts (Fig. 2, compare lanes a and b).
To examine whether the nuclear extracts contained activ-

ity specifically affecting transcription of pIX DNA, the
effects of adding nuclear extracts to the combined column
fractions were analyzed. When two transcription systems
were mixed, transcription was additive or stimulative with
respect to the wild-type pIX DNA template (Fig. 3). When
the mutant pIX DNA was used as template, however,
transcription directed by the column fractions was almost
completely inhibited by addition of nuclear extracts. These
results suggested that the nuclear extracts contained a fac-
tor(s) that specifically repressed transcription initiation in
the absence of the upstream sequences of pIX DNA.

Before identifying this inhibitory activity, it was essential
to rule out a possible artifact. In the experiments described
above, supercoiled circular DNA was used as the template.
If the inactive DNase in nuclear extracts is activated during
column chromatography and if the upstream element of the
pIX gene is an entry site for RNA polymerase II, nicks
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FIG. 3. Effects of mixing two in vitro transcription systems. In
vitro transcription was carried out with 12.5 ,u1 of nuclear extract
(lanes c and f), 12.5 ,u1 of the combined column fractions (lanes a and
d), or both (lanes b and e). Lanes a to c, pSVIX DNA; lanes d to f,
pSVIX5215 DNA.
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FIG. 4. Presence of a negative factor in nuclear extracts. Nu-
clear extracts were fractionated on a DEAE-cellulose column as
described in Materials and Methods. Transcription was carried out
with nuclear extracts (lanes a and b), with the flowthrough fraction
(lanes c and d), with the 0.4 M KCI fraction (lanes e and f), with the
flowthrough and 0.4 M KCI fractions (lanes g and h), with the
combined P-11 fractions (lanes i and j), with the flowthrough
fractions and the combined P-11 fractions (lanes k and 1), and with
the 0.4 M KCl fraction and the combined P-11 fractions (lanes m and
n). DNA from pSVIX (lanes a, c, e, g, i, k, and m) or pSVIX5215
(lanes b, d, f, h, j, 1, and n) was used as a template.

introduced within the template DNA in the reconstituted
system could provide artificial entry sites; in this case,
transcription of pIX DNA could occur in the absence of the
upstream element. This possibility was ruled out by the
finding that inhibition of transcription of the mutant pIX
DNA also occurred in nuclear extracts when linearized DNA
was used as a template (data not shown). The results
obtained in the mixing experiments shown in Fig. 3 also
ruled out this possibility.
Although the presence of inhibitory activity was demon-

strated in nuclear extracts, such activity was not detected in
any fraction from the phosphocellulose column. It was
essential to isolate the inhibitory activity in order to under-
stand how this activity represses transcription specifically of
pIX DNA deleted of the upstream element. When the
nuclear extract was fractionated by DEAE-cellulose column
chromatography, the 0.4 M KCI fraction by itself directed
transcription of both the wild-type pIX DNA and the major
late gene (Fig. 4, lanes c to f). Like the combined phospho-
cellulose column fractions, the 0.4 M KCI fraction directed
transcription of both the mutant pIX and the wild-type DNA
(lane f), the former somewhat less efficiently. When the
flowthrough fraction, which did not direct transcription of
pIX DNA, was added to the reaction containing the 0.4 M
KCI fraction, stimulation of transcription of the wild-type
pIX DNA was observed (compare lanes e and g). In con-
trast, transcription of the mutant pIX DNA was inhibited by
addition of the flowthrough fraction (compare lanes f and h).
The flowthrough fraction also inhibited transcription of the
mutant DNA directed by the combined phosphocellulose
column fractions (compare lanes j and 1). The activity
observed in the flowthrough fraction was recovered in the
0.6 to 1.0 M KCI fraction of the second phosphocellulose
column chromatography (data not shown). It is not known
why the inhibitory activity was not recovered when the
phosphocellulose column was used for the first column
chromatography. The inhibitory activity was also recovered
in the single fraction after centrifugation through a 30 to 50%
glycerol density gradient (data not shown). These results
indicated that nuclear extracts from HeLa cells contained an
activity inhibiting specifically the TATA box-dependent
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FIG. 5. Dose effects of template DNA or in vitro transcription.

Transcription was performed with increasing amounts of pSVIX or
pSVIX5215 DNA in a reaction containing 20 ,ul of nuclear extract.
The amount of transcript was determined by densitometry of the
autoradiograms and represented arbitrarily after normalization to
the amount of the major late RNA.

transcription of pIX DNA. This, in turn, suggested that the
upstream element of pIX DNA functions to suppress this
repression and consequently activates transcription.

Addition of nuclear extracts to the reaction containing the
column fractions caused stimulation of transcription of wild-
type pIX DNA (Fig. 3). Moreover, the flowthrough fraction
of the DEAE-cellulose column also stimulated transcription
directed by the 0.4 M KCl DEAE fraction or the phospho-
cellulose column fractions (Fig. 4, compare lanes e and g and
lanes i and k). Comparison of the relative levels of transcrip-
tion of pIX DNA and the major late DNA indicated that the
HeLa cell extract contained another activity that stimulated
transcription, depending on the presence of the upstream
element of pIX DNA. It is also possible, however, that the
stimulation resulted from complementation of limiting
amounts of a basic transcription factor(s).

Possible mechanism for control of transcription. Since
transcription was repressed by an inhibitory factor(s) only
when the upstream element was removed, interaction of the
factor with DNA would be expected at some region down-
stream of -41. To examine this possibility, the effects of
increasing amounts of template DNA on transcription were
analyzed. As the amount of wild-type pIX DNA increased,
the amount of pIX transcript increased, reaching a plateau at
12 pLg of template DNA per ml in 10 ,ul of nuclear extract
(Fig. 5). In contrast, transcription of the mutant pIX DNA
was not observed at low concentration of template DNA at
which transcription of the wild-type pIX DNA was easily
observed. However, at a higher template DNA concentra-
tion, the transcription level increased and approached that of
the wild-type pIX DNA. Obviously, more template DNA
was required when more nuclear extract was used. Since the
total DNA concentration in the reaction was adjusted with
pBR322 DNA, the observed suppression of transcriptional
repression resulted from the increase of the mutant pIX
DNA itself. These results, therefore, strongly suggest that an
inhibitory factor in the HeLa nuclear extracts interacted
with a certain region downstream from -41 of pIX DNA.
To identify the site responsible for repressing transcrip-

tion, effects of deletion of the 3' downstream region were
analyzed in vivo and in vitro. Preliminary studies showed
that deletion of the downstream region did not significantly
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FIG. 6. Effects of deletion of the downstream region on tran-
scription. In vitro transcription was carried out on DNA from
pSVIX (lanes a to c), pSVIX5215 (lanes d to f), pSVIX3201 (lanes g
to i), or pSVIX3201-1 (lanes j to 1). The DNA concentration was 6
(lanes a, d, g, and j), 12 (lanes b, e, h, and k), or 18 (lanes c, f, i, and
1) jig/ml. HeLa cells were transfected with pSVIX and pSVIX3201
(lane m) and pSVIX5215 and pSVIX3201-1 (lane n). After 48 h, RNA
was prepared and analyzed as for Fig. 1. The hybridization probe
used was a fragment covering -44 to +270. The transcripts from
pSVIX and pSVIX5215 or pSVIX3201 and pSVIX3201-1 were
expected to protect 270 or 158 nucleotides of the probe.

affect the level of transcription (Fig. 6, lane m, and data not
shown). In these experiments, effects of the deletion on
transcription of pIX DNA containing the upstream element
were analyzed. Since the function of the upstream element
might be to suppress transcriptional repression, pIX DNA
lacking the upstream element would be suitable for analyzing
the function of the downstream region. The level of tran-
scription of pSVIX3102 DNA, deleted of the sequence
between +33 and + 122, was higher than that of the wild-type
pSVIX DNA in vitro (Fig. 6, compare lanes a to c and lanes
g to i). Stimulation of transcription by deletion of the
downstream sequence was greater at low concentrations of
template DNA. Furthermore, pSVIX3102-1 DNA, deleted of
both the upstream and downstream sequences, was tran-
scribed as efficiently as the wild-type DNA even under
conditions in which pSVIX5215 DNA, deleted of the up-
stream element, was not transcribed (Fig. 6, compare lanes
a to c and lanes j to 1). When transcription of the same
deletion pIX DNA was analyzed in vivo, little enhancement
of transcription by deletion of the downstream sequence was
observed in the presence of the upstream element (lane m).
In contrast, in the absence of the upstream element, tran-
scription of pIX DNA was significantly activated by the
deletion (lane n). These results indicated that a sequence
element within the region from +33 to + 122 inhibited
transcription of pIX DNA deleted of the upstream element.
In light of these results, it was concluded that transcription
of pIX DNA was controlled negatively by interaction be-
tween a repressive factor and the downstream element and
that the upstream element was required for the suppression
of transcriptional repression.

DISCUSSION

In this work, transcription of the pIX gene of adenovirus 2
was shown to be controlled by three cis-acting elements.
Two of them, the TATA box and the upstream element, are
positive elements, since their deletion resulted in an inacti-
vation of transcription. The requirement of these two ele-
ments for transcription was also reproduced in an in vitro
transcription system directed by a HeLa nuclear extract. As
with other eucaryotic genes, the upstream element of pIX
DNA was initially expected to activate transcription simply
by interacting with a specific positive trans-acting factor.
However, this was not the case. Fractionation of proteins in

nuclear extracts by column chromatography revealed that
nuclear extracts contained an activity inhibiting transcrip-
tion specifically of pIX DNA lacking the upstream element.
In addition, the TATA box of pIX DNA by itself could direct
initiation of transcription in the reaction not containing such
an inhibitor. Therefore, inactivation of transcription in vivo
by deletion of the upstream element appears to be a mani-
festation of dormant repression of transcription. In other
words, activation of transcription by the upstream element
results from suppression of transcriptional repression. In
this sense, the function of the upstream element of pIX DNA
appears to be different from the functions reported for other
eucaryotic genes.

Consistent with this view, another cis-acting element of
pIX DNA was found to be a negative element responsible for
transcriptional repression. Deletion of the downstream se-
quence between +33 and + 122 resulted in stimulation of pIX
DNA transcription in vitro irrespective of the presence of
the upstream element. Analysis of transcription on other
3'-deletion mutants showed that such a negative element was
localized within the region from +45 to +117 (data not
shown), although the precise location has not been deter-
mined. The effect of deletion of the downstream element was
more apparent in the absence of the upstream element both
in vitro and in vivo. This result is in agreement with that
obtained in in vitro reconstitution experiments, suggesting
that the upstream element is a suppressor of transcriptional
repression.

Negative regulatory elements identified in eucaryotic
genes are often located adjacent to positive regulatory ele-
ments. Transcription of these genes is thought to be con-
trolled by competitive binding of two trans-acting factors,
positive and negative, to the elements (for a review, see
references 1 and 15). In contrast to such genes, the pIX gene
of adenovirus 2 was found to contain a negative element
located in a region downstream of the cap site. Although it is
not known whether this negative element functions in a
position- and orientation-independent manner, a character-
istic feature of the element is that it exerts its function when
the upstream positive element is removed. Since transcrip-
tion of pIX DNA containing the upstream element occurred
irrespective of the presence of the downstream element, the
upstream element appears to suppress transcriptional re-
pression by the downstream element. Generally, upstream
elements proximal to the TATA box are thought to facilitate
binding of factor TFIID to the TATA box so as to activate
transcription (8, 10, 11, 24). Preliminary experiments
showed that (i) activation of pIX DNA transcription by the
upstream element was inhibited by changing the distance
from the TATA box, suggesting a direct interaction between
these two elements, and (ii) a specific factor(s) bound to a
DNA fragment containing the upstream element (unpub-
lished observations). Given that no cis-acting element other
than the TATA box was found within the region between
-41 and +45, the results suggest that the downstream
element may inhibit binding of TFIID to the TATA box by
interacting with a negative factor (transcription repression)
and that the upstream element may negate this repression by
stimulating TFIID to bind stably to the TATA box (suppres-
sion of transcriptional repression). Alternatively, the down-
stream element, by binding with the negative factor, may
inhibit elongation of transcription. Since the level of tran-
scription of the wild-type pIX DNA was lower than that of a
mutant pIX DNA lacking the downstream element, it is
possible that transcription of pIX DNA is partially repressed
even in the presence of the upstream element and that this
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repression is due to inhibition of transcription elongation. In
this case, it is unclear how the upstream element negates the
effect of the downstream element. A direct interaction
between the two elements could be postulated. To analyze in
detail the mechanism of regulation of transcription initiation
of pIX DNA, it is essential to purify the factors binding to
each element.

Since the negative factor demonstrated in this study is
present in HeLa cells, there may be some other cellular
genes that are regulated by the same mechanism that regu-

lates the pIX gene. Most of the eucaryotic genes studied so

far appear not to have a negative element similar to that
identified in the pIX gene. In most genes, the upstream
element activates transcription by binding to the positive
trans-acting factor. The TATA boxes of these genes by
themselves appear not to direct transcription, and thus the
upstream activating element is essential for transcription. In
contrast, the TATA box of the pIX gene by itself could
efficiently direct transcription in the absence of a negative
factor. Therefore, genes with such a TATA box may need to
acquire a negative regulatory system for inhibiting constitu-
tive transcription by the TATA box, although the physiolog-
ical significance of this requirement is not known. If, as

discussed above, a direct interaction between the down-
stream element and the TATA box is responsible for tran-
scriptional repression, there should be some heterogeneity in
function among the TATA boxes. Simon et al. (26) recently
demonstrated that multiple, functionally distinct TATA
boxes can be distinguished by differences in inducibility of
the adenovirus ElA gene. It is important, therefore, to
determine whether the negative element identified within the
pIX gene can influence the TATA boxes of other genes. In
vitro-reconstituted transcription systems will be extremely
powerful tools for examining the possibilities discussed
above.
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