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The downstream stimulatory segment of the adenovirus type 2 IVa, promoter includes a TA-rich sequence
that binds recombinant TATA-binding proteins (TBP) in vitro. We now demonstrate that when placed
upstream of the IVa, initiator, this TA-rich sequence operated as a TATA element but exhibited significantly
lower transcriptional and TBP-binding activities than did the TATA box of the adenovirus major late (ML)
promoter. In sharp contrast, changing the IVa, TA-rich sequence in its natural, intragenic context to the ML
TATA sequence increased the activity of the IVa, promoter only slightly. In view of this discrepancy, we
examined the effects of single, double, and clustered point mutations in the downstream sequence on the activity
of a minimal IVa, promoter. Mutations between positions +21 and +29 inhibited IVa, transcription, in some
cases to the very low level directed by the IVa, initiator alone. By contrast, substitutions within the TA-rich
sequence increased the efficiency of IVa, transcription. These results indicated that the downstream, TA-rich
sequence does not function as an intragenic TFIID-binding site but rather is included within a negative
regulatory element. Electrophoretic mobility shift and methylation interference assays using wild-type and
mutated, intragenic promoter sequences identified a HeLa cell component whose binding to the sequence +11
to +27 correlated with repression of IVa, transcription, suggesting that a negative regulatory element is

superimposed upon the intragenic sequence required for efficient transcription from the I'Va, initiator.

Among the several types of eukaryotic RNA polymerase
IT (pol II) promoters that can be defined are those that lack
upstream TATA elements yet direct initiation at one or a few
closely spaced sites. The subgroup C adenovirus type 2
(Ad2) IVa, promoter is a member of this class (4-6, 16),
which also includes the promoters of the terminal deoxynu-
cleotidyltransferase (TdT) (33), ribosomal protein (15), por-
phobilinogen deaminase (2), and c-mos (23) genes. The
mechanisms by which transcription initiates from such pro-
moters are not fully understood but must differ from those
operating at prototypical pol II promoters, which contain
TATA elements 20 to 35 nucleotides (nt) upstream of initia-
tion sites: binding of the TATA-binding protein (TBP)-
containing complex TFIID (10, 36) to the TATA boxes of
such promoters is an early, and committing, step in the
assembly of initiation complexes (26, 29, 38).

During productive adenovirus infection, the IVa, gene is
transcribed only during the late phase of infection (11).
Nevertheless, this viral late promoter can be transcribed
accurately and efficiently by the cellular transcriptional
machinery in vitro (16, 18, 21). Previous studies (5, 16) have
established that the IVa, promoter, like other pol II promot-
ers that both lack and possess TATA elements (22, 33),
contains an autonomous initiator element that directs spe-
cific initiation from the major in vivo initiation site. The
sequence of the IVa, initiator element exhibits some simi-
larity to those of the TdT and major late (ML) promoters (4),
and it can therefore be defined as a member of the class
termed InR (22). A number of factors that bind specifically at
or near initiator elements have been described (2, 8, 20, 27,
30, 31). Although some, such as YY-1 and TFII-1, bind
specifically to initiators of the InR class (27, 30), factors
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interacting specifically with the IVa, InR have not been
identified. This element has, however, been reported to be
weakly recognized by pol II (5). Although InR-directed
transcription is specific, it is inefficient unless stimulated via
upstream binding sites for any one of several sequence-
specific factors, such as TFIID or Spl (22, 25, 33, 34, 38).
The IVa, promoter includes an upstream stimulatory ele-
ment centered on position —47 (16, 21), but this plays a
relatively minor role both in vitro (16) and in adenovirus-
infected cells (11a). Rather, efficient IVa, transcription de-
pends on intragenic promoter sequences that activate InR-
dependent transcription by more than a factor of 10 (4-6, 16)
but do not influence initiation specificity (6).

Analysis of the activities of mutated and synthetic IVa,
promoters has established that the major activating element
lies between the InR and position +31. This region contains
the TA-rich, TATA-like sequence TATAGAA oriented to-
ward the InR in the noncoding strand (see Fig. 2), which
specifically binds recombinant yeast or human TBP (4, 16).
It is now clear that transcription of all class II promoters
requires TFIID, regardless of whether they contain up-
stream TATA elements to which this factor can bind (25, 34,
40). In the case of the IVa, promoter, however, the proper-
ties of mutant templates suggested that the TA-rich sequence
represented an intragenic binding site for TFIID: certain
mutations that improved the resemblance of the TA-rich
sequences to canonical TATA sequences increased IVa,
promoter activity (4), whereas substitutions altering the
TA-rich sequence inhibited IVa, transcription (4, 16).

The hypothesis that the downstream, TA-rich element of
the IVa, promoter serves as a TFIID-binding site implies
that this sequence should function as an upstream TATA
element. We now show that this prediction is correct.
Nevertheless, some observations are difficult to reconcile
with the notion that the TA-rich sequence comprises an
intragenic TFIID-binding site in the IVa, promoter. In
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particular, a single-base-pair substitution that converted this
element to the sequence of the ML TATA stimulated IVa,
transcription by less than a factor of 2, despite an increase of
at least fivefold in the affinity with which human TBP bound
(6). Furthermore, IVa, promoter derivatives carrying the
mutation to the ML TATA sequence supported initiation of
pol II transcription from heterogeneous sites in the IVa,
noncoding strand, 29 to 34 nt downstream of the TATA
element (6). By contrast, the TA-rich sequence of the
wild-type IVa, promoter exhibited no such activity, even
when InR function was eliminated by mutation (6). Such
observations prompted us to examine the functional organi-
zation of the downstream region of the IVa, promoter in
greater detail.

MATERIALS AND METHODS

Preparation and partial fractionation of HeLa WCE. HelLa
cells were grown in SMEM medium supplemented with 5%
calf serum (GIBCO) and 1% glutamine and harvested at a
density of 4 x 10° to 5 x 10° cells per ml. Whole cell extracts
(WCE) (17) were prepared from 3 x 10° to 4 x 10° freshly
harvested cells as described previously (16) and dialyzed
against buffer A (20 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [HEPES; pH 7.9] containing 100 mM
KCl, 5 mM MgCl,, 0.1 mM EDTA, 2 mM dithiothreitol
[DTT], and 17% glycerol). Protein concentrations were
determined by the method of Bradford (3), and extracts were
stored at —85°C in small portions. To fractionate WCE
proteins, extracts were loaded onto Affi-Gel heparin-agarose
(Bio-Rad) columns preequilibrated with buffer A and washed
with 5 column volumes of the same buffer. Bound proteins
were eluted successively with buffer A containing 0.15, 0.2,
0.3, and 1 M KCl. Peak fractions were collected, pooled, and
dialyzed into buffer A.

Plasmid and mutant construction. The construction of
plasmids pIVInr-TC, pIVInr-TA, and pIVInr-TC12 (see Fig.
2 and 3) has been described elsewhere (6). To construct 3’
deletion mutants, successive nucleotides were removed
from the 3’ end of the Ad12 IVa, promoter in plasmid
pIVInr-TC12 (6), using T4 DNA polymerase and mung bean
nuclease. All substitutions of intragenic promoter sequences
were introduced into the Ad2 IVa, promoter by insertion of
synthetic oligonucleotides carrying the desired mutations
and Avall and BamHI sites at their 5’ and 3’ ends, respec-
tively, into plasmid pIVInr-TC, from which the Avall-
BamHI (positions +8 to +31) fragment had been removed.
The spacing mutant pIVInr-TC5S* was constructed by
ligating a synthetic oligonucleotide carrying a 5' Avall site
and a 3’ BamHI overhang to position +8 of IVInr-TC. The
resulting clone had an impaired BamHI site at the 3’ end of
the inserted IVa, sequence (position +32) and an internal
BamHI site immediately 5’ to the TA-rich element. Plasmid
pIVInr-TC10S* was created by insertion of an extra 5 bp
into this internal BamHI site of pIVInr-TC5S*. All IVa,
promoter mutants were sequenced by the dideoxy-chain
termination method (28) and prepared for transcription by
CsCl gradient centrifugation of plasmid DNA followed by
Bio-Gel A150m gel filtration to eliminate trace amounts of
RNA.

In vitro transcription reactions. In vitro transcription reac-
tions were carried out as described previously (6) except for
those shown in Fig. 1B, in which only 400 ng of template and
125 pg of WCE were used. All gels were dried and exposed
to Kodak XAR film at —85°C. The relative quantities of
radioactivity incorporated into specific transcripts were de-
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termined with a model 400E PhosphorImager (Molecular
Dynamics). The concentrations of IVa, transcripts measured
in this way were corrected by using the ML internal control
included in all reactions and were expressed relative to the
value for the wild-type control in each experiment.

Expression and purification of human TBP. Plasmid pRset-
TFIID containing the complete coding sequence of human
TBP (24) under T7 promoter control (35) was transformed
into Escherichia coli BL21(DE3). Bacteria were grown in
LB medium to an optical density at 600 nm of 0.5, and TBP
expression was induced by addition of isopropylthiogalacto-
pyranoside (IPTG) to a final concentration of 0.4 mM. After
incubation for 1 h at 37°C, cells were harvested and resus-
pended in 50 ml of K100 buffer (25 mM HEPES-KOH buffer
[pH 7.9] containing 100 mM KCl, 0.1 mM EDTA, 2 mM
EGTA, 12.5 mM MgCl,, 2 mM DTT, 17% glycerol, 1 mM
phenylmethylsulfonyl fluoride, and 1 mM sodium met-
abisulfite). Lysozyme (20 mg) was then added, and the
mixture was incubated for 20 min in ice-water prior to
sonication at 4°C for a total of 1 min at maximal output. The
supernatant was collected following centrifugation at 15,000
rpm in a Sorvall RG-5B centrifuge for 15 min and adjusted to
300 mM KCI. Polymin-P and Nonidet P-40 (NP-40) were
then added to final concentrations of 0.25% (vol/vol) and
0.1% (vol/vol), respectively. The mixture was stirred for 20
min at 4°C, and aggregated nucleic acids and cell wall debris
were then removed by centrifugation for 15 min at 15,000
rpm. Solid (NH,),SO, was gradually added to the superna-
tant to 50% saturation, and the mixture was then stirred for
30 min at 4°C. After centrifugation for 15 min at 15,000 rpm,
the pellet was resuspended in 30 ml of K100 buffer contain-
ing 0.1% NP-40. The conductivity of the solution was
adjusted to that of K400 buffer, and the extract was applied
to a 12-ml DEAE column preequilibrated in K400 buffer. The
flowthrough fraction was loaded directly onto a 15-ml phos-
phocellulose column preequilibrated with K400 buffer. TBP
was eluted with K1000 buffer. Peak fractions were pooled
and dialyzed into K100 buffer containing 0.1% (vol/vol)
NP-40. TBP, which was about 60% pure, as judged by
Coomassie blue staining, was stored at —85°C in small
portions.

DNase I footprinting assays. Footprinting probes were
prepared by EcoRI digestion of plasmids containing the ML
TATA or IVa, TA-rich sequences in the context of ML
TATA flanking sequences inserted 31 nt upstream of the
IVa, InR (Fig. 1). The digested plasmids were 3’ end labeled
with the Klenow fragment of DNA polymerase I and
[@->2P]dATP (3,000 Ci/mmol; NEN-Dupont) and then di-
gested with Drdl, to generate labeled fragments of some 600
bp. These fragments were purified by electrophoresis in 1%
low-melting-point agarose gels. Footprinting reactions mix-
tures (50 pl) contained 36 mM HEPES-KOH buffer (pH 7.9),
57 mM KCl, 9 mM MgCl,, 0.1% (vol/vol) NP-40, 10%
(volivol) glycerol, 1 mM DTT, 1.2 x 10* cpm (about 0.5 ng)
of probe, 50 ng of poly(dG-dC) - (dG-dC), and various con-
centrations of TBP. After incubation at 30°C for 30 min,
reaction mixtures were incubated with 0.1 U of RQ DNase I
(Promega) for 1 min at room temperature. DNase I digestion
products were purified by phenol-chloroform extraction,
ethanol precipitated, and analyzed by electrophoreses in 6%
polyacrylamide sequencing gels.

Electrophoretic mobility shift and methylation interference
assays. A synthetic, double-stranded oligonucleotide span-
ning the IVa, }Jromoter sequence from —2 to +36 was
labeled with [y->’P]JATP (6,000 Ci/mmol; NEN-Dupont) and
T4 polynucleotide kinase (New England Biolabs) and used in



678 CHEN ET AL.

electrophoretic mobility shift assays (12, 13). Binding reac-
tion mixtures (15 pl) contained 12 mM HEPES-KOH buffer
(pH 7.9), 60 mM KCl, 5 mM MgCl,, 0.1 mM EDTA, 1 mM
DTT, 10% glycerol, 3 x 10* cpm (approximately 0.5 ng) of
probe, 1 pg of poly(dl-dC), and empirically determined
concentrations of proteins. For competition experiments,
the concentrations of double-stranded competitor oligonu-
cleotide DNA indicated in the figures were added to reaction
mixtures before addition of proteins. After incubation for 15
min at room temperature, the mixtures were loaded onto 4%
polyacrylamide gels cast in 0.5x TBE (1x TBE is 0.098 M
Tris-borate buffer [pH 8.3] containing 2 mM EDTA) and
electrophoresed at 4°C for 2 h in the same buffer. Gels were
dried and exposed to Kodak X-ray film.

For methylation interference, the IVa, probe was labeled
at the 5’ end of either the coding or the noncoding strand and
partially methylated by exposure to 1 pl of dimethyl sulfate
in a total volume of 210 pl for 5 min at room temperature.
The probe was purified and used in mobility shift assays as
described above. Bound and free DNAs were excised from
gels, eluted onto DEAE paper (1), and finally subjected to
G+A cleavage (26). Cleaved DNA was precipitated and
separated by electrophoresis in 16% polyacrylamide-8 M
urea gels. Gels were dried and exposed to Kodak X-ray film.

RESULTS

The intragenic TA-rich sequence of the IVa, promoter can
function as an upstream TATA element. We have previously
shown that the downstream TA-rich sequence of the IVa,
promoter, TATAGAA, is bound by bacterially synthesized,
human TBP with lower affinity than the canonical ML TATA
box, TATAAAA. However, IVa, promoters carrying the
wild-type TATAGAA sequence or the canonical TATAAAA
sequence of the Ad2 ML promoter are transcribed with
similar efficiencies in vitro (6). One explanation for this
paradox could be that the IVa, TATAGAA sequence, while
binding TBP under in vitro conditions (see the introduction),
cannot fulfill TATA element function in transcription. To
investigate this possibility, we exploited the fact that intro-
duction of a TATA element about 30 bp upstream of the IVa,
or TdT initiator element results in a dramatic (up to approx-
imately 50-fold) stimulation of transcription (6, 33, 34).
Therefore, we built promoters in which the downstream
sequences +5 to +30 of both the wild-type IVa, promoter
and its ML TATA box-containing derivative were placed at
position —31 with respect to the IVa, InR in an orientation
consistent with the transcription direction (Fig. 1A). Typical
results obtained when the activities of these two templates
were analyzed in vitro are shown in Fig. 1B. The IVa, InR
alone (plasmid pIVInr) was very poorly transcribed under
the conditions used in these experiments (Fig. 1B, lane 1).
The efficiency of transcription was, however, increased
some 10-fold in the presence of an upstream IVa, TA-rich
sequence and more than 50 times over control levels when
an ML TATA element was placed upstream of the InR (Fig.
1B, lanes 2 and 3, respectively).

This stimulatory effect was not due to IVa, sequences
flanking the TA-rich element, for the difference in transcrip-
tional activities exhibited by the two templates was the result
of a single-base-pair change in the TA-rich sequence (Fig.
1A). Moreover, the same difference in activity was observed
when IVa, TA-rich and ML TATA sequences were built into
analogous promoters in the context of the sequences that
flank the ML TATA element (data not shown). Furthermore,
the greater stimulatory activity of the ML TATA sequence
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(Fig. 1B) was matched by its better binding by human TBP:
as illustrated in Fig. 1C, bacterially expressed, human TBP
specifically protected both the IVa, TA-rich and the ML
TATA sequences from DNase I cleavage, but a fivefold-
higher concentration of TBP was required for protection of
the former sequence. A similar difference in the affinity of
TBP for the IVa, TA-rich and ML TATA sequences has
been observed previously in mobility shift competition as-
says (6). Thus, the results shown in Fig. 1 indicated that the
IVa, TA-rich sequence can be defined as a TATA element by
virtue of its ability to stimulate InR-dependent transcription.
Nevertheless, substitution of the G of the IVa, TATAGAA
sequence at its natural, intragenic position in the IVa,
promoter with an A stimulated IVa, transcription to only a
very modest degree (6), a result in sharp contradiction to
those obtained when the same change was made in the
context of an upstream TATA sequence (Fig. 1). This
difference strongly suggested that the downstream TA-rich
sequence of the IVa, cannot be a functional TATA element,
capable of stimulating transcription from the IVa, promoter
through interaction with the TBP-containing complex
TFIID.

Interaction between the InR and downstream stimulatory
elements exhibits a strict spacing requirement. We previously
observed that insertion of 11 bp between the InR and
TA-rich sequences of the IVa, promoter reduced transcrip-
tion to undetectable levels (16). Direct assays of RNA
stability established that the reduced quantities of IVa,
transcripts detected when transcription reaction mixtures
contained this template or other templates carrying large
alterations of the IVa, sequence transcribed into RNA were
not the result of instability of the mutated, compared with
wild-type, transcripts (16). Before embarking upon further
mutational analysis of the downstream sequence, we there-
fore investigated whether this inhibitory effect were the
result of altered spacing between the InR and downstream
stimulatory elements. In these experiments, insertions or
deletions were made at position +14 or +13, respectively,
immediately adjacent to the 3’ end of the initiator element
used in our previous experiments (6). Substitution of posi-
tion +13 (and +12) did not alter the activity of the IVa,
promoter (Fig. 2B).By contrast, deletion of the base pair
occupying position +13 resulted in a greater than threefold
reduction in promoter activity (Fig. 2C, lanes 6 and 7).
Similarly, insertion of 5 or 10 bp immediately 3’ to this
position severely inhibited IVa, transcription (Fig. 2C, lanes
3 to 5): the predicted transcripts of 86 and 92 nt, respec-
tively, were present at low concentrations, similar to that of
the 63-nt transcript generated by a promoter that contained
only the IVa, InR (compare lanes 2, 4, and 5 in Fig. 2C).
Concomitantly, utilization of upstream (presumably nonspe-
cific) initiation sites at position —10 or —11 in the wild-type
sequence was increased (Fig. 2C, lanes 3 to 5). As precise
substitutions within the analogous region (i.e., +14 to +19)
stimulated rather than inhibited IVa, transcription (see be-
low), these results suggested that functional interactions
between the IVa, initiator and activating downstream ele-
ment(s) are very sensitive to the distance that separates the
elements. All mutant promoters subsequently constructed
therefore contained only precise substitutions of the wild-
type sequence.

Downstream positive and negative regulatory elements de-
termine the efficiency of IVa, transcription. The results de-
scribed in a previous section indicated that the downstream
TA-rich sequence of the IVa, promoter did not behave as a
TATA element. To identify the element(s) located between
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A.

pInr-ivTATA
CTTCGTCTCAGAGTGGTCCGAGGATCC

pInr-ml1TATA
CTTCGTCTCAGAGTGGTCCGAGGATCC

3 c-

TBP(ng) -

-«—63nt

| <—ML,36nt

CONTROL OF TRANSCRIPTION FROM THE IVa, INITIATOR 679

AAGCTTGCATGCCGATCCGTCCTCCTCGTATAGCAAACTCGGACCAGTCGA

AAGCTTGCATGCCGATCCGTCCTCCTCGTATAAAAVACTCGGACCAGTCGA

12 25 TBP (ng) -
203 ]

25 50 100
1. 2.3 4

TATAAAA

jITATAGAA

- - e - i

FIG. 1. The IVa, TA-rich sequence can function as TATA element. (A) Sequences of the two synthetic templates used in the experiment
shown in panel B. The IVa, InR sequences are in boldface type and underlined. Sequences shown in bold and larger face are from the IVa,
downstream sequence +5 to +31 inserted into position —31 with respect to the transcription initiation sites, which are indicated by arrows
drawn in the direction of transcription. The TATA elements are indicated in open face. (B) In vitro transcription assays were as described
in Materials and Methods. IVa, transcripts and transcripts of the ML promoter used as internal control were detected, using the Pneo and
ML primers described previously (6), which yielded the cDNAs of 63 and 36 nt, respectively, indicated at the right. Transcription reaction
mixtures contained pIVInr, which comprised the IVa, InR alone (6) (lane 1), or template pInR-ivTATA (lane 2) or pInR-mITATA (lane 3),
shown in panel A. (C) DNA fragments containing the upstream promoter regions were excised from pInR-ivTATA or pInR-mITATA DNA
and used in DNase I protection assays as described in Materials and Methods. Binding reaction mixtures contained 0 (lane 1 in each panel)
or the quantities listed of bacterially expressed human TBP purified as described in Materials and Methods. Lane M contained end-labeled,

Mspll fragments of pBR322 DNA.

positions +14 and +31 responsible for stimulation of InR-
directed transcription (6), additional mutations were intro-
duced into this region. To define the promoter-distal bound-
ary of the segment required for efficient transcription from
the IVa, InR, 3' deletions were introduced into the pro-
moter. In these experiments, the construct pIVInR-TC12,
which contains the Ad12 IVa, promoter segment —9 to +32
(6) (Fig. 3A), was used, as it facilitated introduction of 3’
deletions (see Materials and Methods). This subgroup A
adenovirus IVa, promoter and that of Ad2 are transcribed
with efficiencies that differ by less than a factor of 2 (Fig. 3A,
lanes 1 and 2) (6). Typical results obtained upon in vitro
analysis of the transcriptional activities of three of these
mutants are shown in Fig. 3A. Template TC12-d1, from
which sequences downstream of +30 had been removed,
was transcribed almost as well as the wild type (Fig. 3A,
lanes 2 and 3), but deletion of an additional 2 bp (TC12-d2)
reduced transcriptional activity to the basal level exhibited
by the IVa, InR alone (compare lanes 2 and 4 in Fig. 3A).
Removal of additional sequences did not weaken the pro-
moter further (Fig. 3A, lane 5), although a novel primer

extension product of some 60 nt was observed. This ap-
peared to represent transcripts initiated at position +10: the
5-bp sequence centered at position +10 of the Adl12 IVa,
promoter is identical to that centered on position +1 (Fig.
3A). The properties of these deleted IVa, promoters indi-
cated that the sequence mediating transcription activation
included a region downstream from the TA-rich sequence
and identified positions +29G or +30A in the coding strand,
conserved in the Ad12 and Ad2 promoters (6), as part of the
intragenic activating element of the IVa, promoter. To define
this element more precisely, we introduced the series of
single-, double-, and multiple-base-pair substitutions shown
in Fig. 3C into the +20 to +30 region of the Ad2 IVa,
promoter. Typical results obtained when the effects of these
mutations were assessed in in vitro transcription assays are
shown in Fig. 3B.

Substitution of position +30 (dsm-4) did not alter IVa,
promoter activity, but changing either of positions +29 and
+28 (dsm-6 and dsm-7, respectively) reduced activity to less
than 50% of the wild-type value (Fig. 3B, lanes 1, 3, 4, and
8; Fig. 3C). The requirement for bp +28 and +29 was
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A.

pIVInr-TC
pIVInr-TA
pIVINr-TC5S+
pIVInr-TC10S+
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FIG. 2. Functional interaction between the IVa, initiator and
downstream activation sequence is distance dependent. Transcrip-
tion reactions were carried out as described in Materials and
Methods. Reaction mixtures contained the IVa, templates listed
above each lane and illustrated in panel A. Sequences altered by
substitution (PIVInr-TCm) or insertion (pIVInr-TC5S+ and pIVInr-
10S+) are underlined. The pIV—-80/+48, pIVInr, and pIVInr-TA
templates comprised the —80 to +48 segment of the IVa, promoter,
the —9 to +13 initiator (6), and the —9 to +31 sequence with the
TA-rich segment altered to a canonical ML TATA element (6),
respectively. The 63-, 82-, and 36-nt primer extension products
generated by pIVinr, pIVInr-TC, and ML transcripts are indicated
at the left (B) or right (C), as is the 86-nt cDNA predicted for the
5S+ template (C). The pIV—80/+48 cDNAs, 91 and 93 nt (C, lane 1)
provided markers for the predicted product of the 10S+ template.
Sequencing ladders used as size markers were loaded in lane M.

confirmed by the severe inhibition of IVa, transcription
observed when both were replaced: the resulting template,
dsm-12, displayed a level of transcription comparable to that
observed when transcription was directed by the InR alone
(Fig. 3B, lane 10; Fig. 3C). In conjunction with the proper-
ties of deleted templates described previously, these results
place the 3’ boundary of the downstream activating element
at position +29. The identity of base pairs between positions
+25 and +27 appeared relatively unimportant: substitution
of position +27 (dsm-5) or of positions +25 to +27 (dsm-17)
did not significantly alter the efficiency of IVa, transcription
(Fig. 3B, lanes 2 and 15; Fig. 3C). However, transversion at
position +26 (G in the wild-type coding strand) in dsm-10
modestly but reproducibly impaired promoter activity (Fig.
3B, lane 7; Fig. 3C). As transition at this same position was
without effect (dsm-17; Fig. 3C), a purine at position +26 in
the coding strand was more favorable than a pyrimidine. A
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similar preference was observed at other positions. For
example, transversion of +24A to C (dsm-8) inhibited IVa,
transcription by at least 50%, whereas transition to G
(dsm-16) had no effect (Fig. 3B, lanes 5 and 14, respectively;
Fig. 3C). Similarly, a template in which the sequence occu-
pying positions +24 to +30 in the wild type was replaced by
an unrelated sequence (dsm-14) was reproducibly more
active than the dsm-12 template in which only bp +28 and
+29 were substituted (Fig. 3B, lanes 12 and 10, respectively;
Fig. 3C): the former template retained a purine at position
+28, whereas the latter did not. Replacement of +21A by G
in the coding strand (dsm-9) also failed to inhibit IVa,
transcription, but a triple substitution spanning this position
(dsm-15) reduced the efficiency of IVa, transcription by a
factor of 5 (Fig. 3B, lanes 6 and 13, respectively; Fig. 3C). As
substitution of position +22 was without effect (data not
shown) and a substitution that included position +20 but not
position +21 or +22 reduced promoter activity by 50% (6),
the inhibitory effect of the dsm-15 mutation can largely be
attributed to the transversion at position +21.

The results summarized in Fig. 3 therefore indicate that
the downstream element activating transcription directed by
the IVa, InR, designated DSE-s, extends from at least
position +21 to position +29. Activation by the downstream
stimulatory element depends on the presence of purines in
the coding strand (or pyrimidines in the noncoding strand) at
the specific positions shown in Fig. 3C. Although the iden-
tities of the base pairs indicated as N in this sequence were
not important, deletion of even one, such as that occupying
position +23, reduced the efficiency of IVa, transcription by
a factor of 3 to 4 (data not shown), suggesting that correct
spacing among the purine residues shown in Fig. 3C may be
necessary for stimulation of transcription from the IVa, InR.

To investigate whether the TA-rich, intragenic sequence
were partially or wholly included within the activating
element, additional, precise substitutions were introduced
into the Ad2 IVa, promoter between positions +14 and +23.
When the TA-rich segment +14 to +19 was replaced with
two unrelated sequences, the efficiency of IVa, transcription
was significantly increased (templates pIVdsm-2 and
pIVdsm-3; Fig. 4, lanes 1, 3, and 4). The greatest increase,
five- to sevenfold, was induced by the dsm-2 mutation (Fig.
4, lanes 3 and 7). Substitution of positions +17 to +19 and
+20 to +23 (template pIVdsm-18) also increased the effi-
ciency of IVa, transcription (Fig. 4, lanes 5 and 6), as, by a
small degree, did a single substitution, of the C in the coding
strand at position +17 with a G (dsm-1; Fig. 4, lane 2). The
latter increase was similar in magnitude to that observed
when the same C was replaced by T, so that the resulting
plasmid (pIVInr-TA) carried the canonical ML TATA ele-
ment (6). The unexpected, elevated transcriptional activity
displayed by these templates could be attributed to neither
the creation of canonical TATA elements nor inadvertent
introduction of a specific activation sequence: no TATA-like
sequences were present in pIVdsm-2 or pIVdsm3, and the
substitutions that they contained were unrelated (Fig. 4).
The results shown in Fig. 4 therefore indicated that bp +14
to +19 of the IVa, promoter are included within a negative
regulatory element.

A HeLa cell factor that binds specifically to an intragenic
sequence of the IVa, promoter. The properties of the IVa,
promoters carrying altered sequences between positions
+14 and +30 described above indicated that this segment of
the IVa, transcription unit contains closely juxtaposed, or
overlapping, negative and positive regulatory elements. In a
first attempt to construct a more detailed picture of the
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dsm-6 TACGAGGAGTA 0.4 0.05

— dsm-7 TACGAGGACGA 0.4 +0.05

dsm-8 TACGCGGAGGA 0.4 0.05

dsm-9 TGCGAGGAGGA 1.1 0.1
& dsm-10 TACGAGGAGGA 0.9 0.05

pIVINr-TC: CTTCGTCTCAGAGTGGTCCGAGITTCTATACGAGGAGGA 1.0

dsm-11 TGCGCGGAGGA 0.49 #0.05
dsm-12 TACGAGGACTA 0.1 #0.05
dsm-13 TACGAGGCGGT 0.91 #0.02
dsm-14 TACCTAACACT 0.2 0.05

dsm-15 GCTGAGGAGGA 0.26 #0.1

dsm-16 TACCGTGAGGA 1.3 0.1

dsm-17 TACGATACGGA 1.3 0.1

+21 +29
Functional DSE-s: PuNNPuNPuNPuPu

FIG. 3. The element responsible for stimulation of IVa, transcription is located between positions +20 and +30. (A) Transcription reaction
mixtures were as described in Materials and Methods and contained the Ad2 or Ad12 IVa, templates listed at the top. After deletion of
CCGGA from plasmid pIVInr-TC-12 (wild type; see reference 6), a new site for BamHI cleavage was created in the resulting plasmid,
pIVInr-TC-12-d1, which served as the parent for creation of pIVInr-TC12-d2 by removal of 4 nt by BamHI cleavage followed by mung bean
nuclease digestion. The resulting plasmid, pIVInr-TC-12-d2, carried a new restriction site for Sacll, which was used to construct plasmid
pIVInr-TC-12-d3 in a similar way. The deleted nucleotides are indicated by dashes and plasmid sequences are underlined. The predicted
primer extension products from each 3’ deletion mutant are indicated at the right. (B) Transcription reaction mixtures contained 750 ng of the
IVa, templates carrying base substitutions indicated above the lanes. The control wild-type IVa, promoter, pIVInr-TC, is shown in larger
letters. The lengths of IVa, (82 nt) and control ML (36 nt) primer extension products are indicated at the right. (C) The sequences of the mutant
templates used in the experiment shown in panel B are compared with that of the wild-type IVa, promoter, drawn in the middle. Mutated
positions are indicated in boldface and underlined. The transcription (TXN) activity of each template (right) was determined by direct
quantitation of specific transcripts, using a Molecular Dynamics model 400E PhosphorImager as described in Materials and Methods. The
relative activities shown are the means of at least two independent measurements with each template. The sequence of the functional DSEs

deduced from these results (see text) is shown at the bottom.

organization of this potentially complex, intragenic control
region, we investigated whether HeLa cells contained pro-
teins that specifically bound to the IVa, intragenic promoter
segment. Accordingly, a DNA fragment comprising the IVa,
sequence —2 to +36 (DSE in Fig. 5B) was incubated with
fractions obtained from HeLa cell WCE by chromatography
on heparin-agarose (Fig. 5A), to increase the likelihood of
detecting more than one factor. Specific DSE-binding activ-
ity, assessed in electrophoretic mobility shift assays, was
recovered only in the 0.15 M KCI fraction: this fraction
contained an activity whose binding to the DSE oligonucle-
otide was severely inhibited by a 10-fold molar excess of
unlabeled DSE DNA (Fig. 5B, lanes 1 to 4), whereas
nonspecific competitor DNAs were all unable to compete at
80-fold molar excess concentrations (Fig. 5B, lanes 5 to 12).
Methylation interference assays (see Materials and Meth-
ods) were then used to define at higher resolution the
intragenic IVa, promoter sequences necessary for formation
of the specific complex illustrated in Fig. 5B. Methylation of
guanines at positions +11, +23, and +26 in the coding strand

or at positions +17 and +22 in the noncoding strand inter-
fered with formation of the specific complex (Fig. 6; com-
pare lanes B and F), as did methylation of A’s at positions
+27, +21, and +19 in the coding strand or at positions +18
and +20 in the noncoding strand. By contrast, A methylation
at position +24 in the coding strand or +15 in the noncoding
strand enhanced binding (Fig. 6).

The results shown in Fig. 5 and 6 established that the
HelLa cell extracts used in our transcription assays contain a
protein that makes extensive contact with intragenic se-
quences of the Ad2 IVa, promoter to form a specific com-
plex. Purines located at specific positions within the se-
quence +11 to +27 of the promoter, that is, within both the
promoter-proximal, negative and promoter-distal, positive
regulatory regions described previously, are required for
formation of this specific complex (Fig. 6). To investigate
whether this HeLa cell DNA-binding activity might mediate
the repression and stimulation of IVa, transcription, respec-
tively, ascribed to these elements, we examined the effects
of mutation of the two regions on the DNA-binding activity.



682 CHEN ET AL.

—

pIVInr-TC 5' -CTTCGTCTCAGAGTGGTCCGAGTTTCTATACGA

dsm-1 5
dsm-2 5
dsm-3 5 3
dsml8 5' -CTTCGTCTCAGAGTGGTCCGAGTTTGGCTGTAAGGAGGAC-3 "

o plVInr-TC
dsm2

o dsm-18

~

[3)
L7
E
=
Y
1

N dsm-1
© dsm-2
& dsm-3

| <—s82nt

i
'
&

ML,36nt — i S &8

. .

FIG. 4. The IVa, downstream TA-rich sequence is not required
for stimulation of IVa, transcription. Transcription reactions were
performed as described in Materials and Methods, and mixtures
contained the templates indicated above the lanes. The positions of
ML (36 nt) and IVa, (82 nt) primer extension products are indicated
at the right or left. Templates carrying mutations of the TA-rich
sequence (bold) of the IVa, promoter are shown at the top, with
mutated sequences underlined and in larger face.

The 2-bp substitution of positions +28 and +29 that elimi-
nated stimulation of InR-directed IVa, transcription (tem-
plate dsm-12 in Fig. 3B and C) had no effect on binding of the
HelLa cell protein: an oligonucleotide containing this muta-
tion (DSE-m) inhibited formation of the specific complex at
least as efficiently as did the wild-type DNA fragment (Fig.
7A). Furthermore, identical interference patterns were ob-
tained when the DSE and DSE-m DNA fragments were
compared in methylation interference assays (Fig. 6 and data
not shown). Thus, binding of the HeLa cell protein did not
correlate with stimulation of IVa, transcription by intragenic
promoter sequences. By contrast, mutations of the TA-rich
sequence that stimulated IVa, transcription resulted in re-
duced binding: in competition assays, the wild-type se-
quence, DSE, was an effective inhibitor of specific complex
formation when added to binding reaction mixtures at five-
fold molar excess (Fig. 7B, lanes 1 to 4). However, the dsm-2
mutation, which increased the efficiency of IVa, transcrip-
tion some fivefold (Fig. 4), did not compete as well until
added at at least a fourfold-higher concentration (Fig. 7B,
lanes 5 to 7). An oligonucleotide containing the dsm-18
mutation, which also increased I'Va, promoter activity (Fig.
4), also inhibited binding to the wild-type sequence less
efficiently than did the wild-type DNA (Fig. 7B; compare
lanes 8 to 10 with lanes 1 to 4).
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HelLa WCE

Affi-Gel Heparin
KClI elution

I I I I |
0.1M  0.15M  02M  0.3M ™

ML105 IVa2
DSE MLTF PA 135 .80-50

0 5 10 20 40 80 40 80 40 80 40 80
-

Competitor

Molar Excess

-—Complex

PV VIV IeIY

e b e b

—<—NsS.

—-—Free

1 2 3 4 5 6 7 8 9 10 11 12

Probe DSE:
5'-TCAGAGTGGTCCGAGTTTCTATACGAGGAGGACCGCGGCTCGAG-3'

FIG. 5. A HeLa cell protein that binds specifically to the IVa,
DSE. (A) Partial fractionation of HeLa WCE proteins on heparin-
agarose was performed as described in Materials and Methods. (B)
Binding reaction mixtures were as described in Materials and
Methods section and contained 7 pl of 0.15 M fraction protein
(approximately 1 p.g) and 2 x 10* cpm (0.5 ng) of DSE DNA. Reaction
mixtures contained no competitor (lane 1) or the concentrations
listed at the top of the competitors indicated. The sequence of the
DSE DNA fragment used as the probe is shown at the bottom. The
nontranscribed strand sequences of the other (double-stranded) com-
petitors were as follows: MLTF, 5'-AGGTGTAGGCCACGTGAC
CGGGTGTTCCTG-3';PA,5’'-CCACTATAATGTGCTGGTAAG
GATCTATAAAT GACA-3'; ML+105/+135,5'-AGGAGGATTTG
ATATTCACCTGGCCCGCGG-3'; and IVa2—-80/—50, 5'-GTGGAC
CCCTAGTGGACAACGACCGCTAC-3'. The positions of free
probe and the specific complex discussed in the text are indicated at
the right. N.S., nonspecific.

DISCUSSION

Efficient InR-directed initiation of transcription from the
Ad2 IVa, promoter requires intragenic sequences located
between the major initiation site (+1) and position +31 (see
the introduction). This region contains the TA-rich sequence
TATAGAA in the noncoding strand, with which TBP inter-
acts specifically (see the introduction). The results shown in
Fig. 1 provide strong support for the conclusion that, in an
appropriate promoter context, this TA-rich sequence can
serve as a functional TATA box: the abilities of the IVa,
TATAGAA and the ML TATAAAA sequences to stimulate
transcription when placed upstream of the IVa, InR corre-
lated quantitatively with the affinities with which they were
bound by human TBP. The IVa, TA-rich sequence thus
resembles the many variant TATA box sequences that have
been shown to function effectively (14, 32, 37). Despite its
activity as a TATA element when placed at an appropriate
upstream position (Fig. 1), the results presented here indi-
cate that the intragenic TA-rich sequence of the wild-type
IVa, promoter is not responsible for activation of IVa,
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FIG. 6. Methylation interference mapping of the HeLa cell pro-
tein-binding site. (A) Methylation interference assays were per-
formed as described in Materials and Methods. The coding strand is
shown at the left, and the noncoding strand is shown at the right,
with free DNA and DNA recovered from the specific complex
shown in Fig. 5 run in lanes F and B, respectively. The nucleotides
whose methylation prevented binding are indicated by bars at the
side of each panel. (B) The bases of the wild-type 1Va, sequence
whose methylation interfered with formation of the specific complex
are indicated by asterisks, and those whose methylation enhanced
complex formation are indicated by carets.

transcription: substitutions within this sequence result in a
stimulation of IVa, transcription (Fig. 4). Moreover, se-
quences essential for efficient transcription from the IVa,
InR are located further downstream in the IVa, promoter
(Fig. 3). The lack of conservation of the Ad2 IVa, TATA-like
sequence in other adenovirus serotypes (6) and the proper-
ties of mutant IVa, promoters in which the TA-rich sequence
was inverted or precisely replaced with the canonical TATA
sequence of the Ad2 ML promoter (6) (see the introduction)
reinforce the conclusion that this IVa, sequence does not
function as an intragenic TATA element to stimulate InR-
dependent transcription.

The inhibition or stimulation of IVa, transcription by
mutations altering the TA-rich sequence reported previously
(6, 16) can now be interpreted in terms of the unexpectedly
complex, functional organization of the short intragenic
region required for efficient IVa, transcription. The TA-rich
sequence itself forms part of a negative regulatory element
for its substitution (by at least two sequences unrelated to
one other) increased the activity of the IVa, promoter (Fig.
4). Uninfected HeLa cells contain an activity that binds
specifically to an intragenic region spanning the TA-rich
sequence (Fig. 5 and 6). The relationship between the site to
which this cellular protein binds and the repressing element
of the IVa, remains to be precisely established: whether
substitution of the G at +11 in the coding strand, whose
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FIG. 7. Effects of mutation of IVa, intragenic promoter se-
quences on specific HeLa cell DNA-binding activity. Binding com-
petition reaction mixtures were as described in the legend to Fig. 5
and contained the molar excess concentrations of the wild-type
(DSE) or mutant oligonucleotide competitors listed at the top of
each panel. The DSE-m oligonucleotide (A, lanes 5 to 7) contained
the +28 and +29 substitutions present in the dsm-12 template whose
activity is illustrated in Fig. 3B, whereas the DSE-dsm 2 and
DSE-dsm 18 competitors (B) contained the mutations present in the
dsm-2 and dsm-18, respectively, templates shown in Fig. 4.

methylation partially inhibited binding (Fig. 6), stimulates
IVa, transcription is not yet known. Moreover, functional
definition of the 3’ boundary of the repressing element is
complicated by its probable overlap with the promoter-distal
element required for efficient IVa, transcription, which
extends from at least position +21 to position +29 (Fig. 3).
Despite such uncertainties about boundaries, mutations at
internal positions of the binding site for the HeLa cell
protein, defined by methylation interference mapping (Fig.
6), inhibited binding and stimulated IVa, transcription to
comparable degrees (Fig. 4 and 7). Furthermore, two differ-
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ent substitutions of the CG base pair at position +17 in the
Ad2 IVa, promoter, which is clearly involved in binding of
the HeLa cell protein (Fig. 6), increased IVa, promoter
activity (Fig. 4) (6); the dsm-3 mutation, which reproducibly
stimulated IVa, transcription to a lesser degree than did the
dsm-2 mutation, retained the wild-type base pair at position
+15, whereas the dsm-2 mutation did not (Fig. 4), and
substitution of purine residues at positions +12 and +13 in
the coding strand, within the binding site for the protein
defined by methylation interference assays, but whose meth-
ylation did not interfere with binding (Fig. 6), did not alter
IVa, promoter activity (Fig. 2). Such inverse correlation
between the binding of the HeLa cell protein and activity of
the IVa, promoter, together with the failure of mutations
that eliminated stimulation of IVa, transcription by the
promoter-distal sequence to inhibit DNA binding (Fig. 7),
suggest that the cellular DNA-binding activity reported here
is responsible for repression of IVa, transcription. In pre-
liminary experiments, the HeLa cell heparin-agarose frac-
tion that contains this DNA-binding activity inhibited tran-
scription from the IVa, promoter but not from a mutant
template substituted from positions +14 to +19 (dsm-2) or
from a control, ML template (5a), consistent with this
conclusion. It will clearly be important to purify this cellular
DNA-binding activity, so that its contribution to repression
of IVa, transcription, which might be important for the late
phase-specific activity of the IVa, promoter during adenovi-
rus productive infection, may be established unequivocally.

The presence of a repressing element accounts for the
properties of a IVa, template previously designed to replace
the IVa, TA-rich sequence with the canonical TATA ele-
ment of the Ad2 ML promoter: this template carried substi-
tutions at positions +14 and +17 (4), within the segment
whose substitution by sequences that are completely unre-
lated to TATA element stimulated IVa, transcription (Fig.
4). The purine members of both of these base pairs in the
wild-type sequence are, moreover, contacted by the cellular
DNA-binding protein described here (Fig. 6), suggesting that
the increased activity of this mutant promoter (4) may be
éxplained by lower affinity of the repressor for the mutated
sequence. Other mutations previously introduced into the
TA-rich region (4, 16) resulted in insertions, as well as
substitutions, of the wild-type sequence or alteration of
sequences within the promoter-distal, intragenic element
essential for efficient IVa, transcription, alterations whose
inhibitory effects (4, 16) can now be ascribed to properties of
the IVa, promoter (Fig. 2 and 3, respectively) that have
nothing to do with binding of TFIID.

The properties of IVa, promoters carrying 3' deletions or
single or clustered point mutations within the segment +21
to +29 (Fig. 3) mapped an activation element to this region.
This element appears to account for the stimulatory activity
of downstream promoter sequences (see the introduction),
for certain mutations, for example, dsm-12, reduced IVa,
transcription to the low level supported by the InR alone
(Fig. 3B and C). The promoter-distal boundary of this
stimulatory element has been located at position +29, but
definition of the left-hand limit based on the activities of
mutated promoters is not yet possible: all transcription
assays performed to date included the putative repressor
whose binding site extends into the stimulatory element.
Thus, some of the mutations of most interest in this regard
might alter the activity of both repressing and stimulatory
elements. Although the importance of specific base pairs
within the +21 to +30 segment, for example, those at
positions +24, +28, and +29, was clearly established, the
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presence of a purine in the coding strand (or a pyrimidine in
the noncoding strand) at several positions was more impor-
tant than the absolute identify of the base pair (Fig. 3). Such
a requirement is somewhat surprising, for the sequence
between positions +20 and +30 is, with the exception of
position +25, perfectly conserved in the Ad2, Ad7, and
Ad12 IVa, promoters (6). However, we cannot yet exclude
the possibility that the nature of the purine at critical
positions contributes to optimal activity of this element.

The simplest interpretation of the activity of the intragenic
IVa, activation element is that it binds a sequence-specific
factor that interacts with other components required for IVa,
transcription, such as that mediating InR function. The
inhibitory effects of deletion of DSE-s base pairs whose
identity is not important (see Results) and the exquisite
sensitivity of promoter activity to the distance between the
InR and the stimulatory element (Fig. 2) support this inter-
pretation. Indeed, the latter result might point to a critical
interaction between transcriptional components bound at the
InR and the stimulatory element. Alternatively, it is possible
that this intragenic activating sequence is recognized by a
component of the general transcriptional machinery or that
mediating the critical function of the InR. The use of IVa,
templates lacking a functional repressing element and the
development of defined transcription systems lacking the
repressor of IVa, transcription should permit elucidation of
the mechanism whereby this intragenic element stimulates
InR-dependent transcription so effectively.

ACKNOWLEDGMENTS

We thank Chris Parks for advice on footprinting assays and
Georgia Guan for excellent technical assistance.

This work was supported by grants to S.J.F. from the American
Cancer Society and National Institutes of Health.

REFERENCES

1. Baldwin, A. S., Jr. 1989. Methylation interference assay for
analysis of DNA-protein interactions, p. 1231-1236. In F. M.
Ausubel, R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl (ed.), Current protocols in
molecular biology, 2nd ed. John Wiley Sons, Inc., New York.

2. Beaupain, D., J. F. Eleouet, and P. H. Romeo. 1990. Initiation of
transcription of the erythroid promoter of the porphobilinogen
gene is regulated by a cis-acting sequence around the cap site.
Nucleic Acids Res. 18:6509-6515.

3. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

4. Carcamo, J., L. Buckbinder, and D. Reinberg. 1991. The initia-
tor directs the assembly of a transcription factor IID-dependent
transcription complex. Proc. Natl. Acad. Sci. USA 88:8052-
8056.

5. Carcamo, J., E. Maldonado, P. Cortes, M.-H. Ahn, L.-Ha, Y.
Kasai, S. J. Flint, and D. Reinberg. 1990. A TATA-like sequence
located downstream of the transcription site is required for
expression of an RNA polymerase II transcribed gene. Genes
Dev. 4:1611-1622.

5a.Chen, H. Unpublished data.

6. Chen, H., and S. J. Flint. 1992. Mutational analysis of the
adenovirus 2 IVa, initiator and downstream elements. J. Biol.
Chem. 267:25457-25465.

7. Davison, B. L., J. M. Egly, R. Mulvihill, and P. Chambon. 1983.
Formation of stable preinitiation complexes between eukaryotic
class B transcription factors and promoter sequences. Nature
(London) 301:680-686.

8. Du, H., A. L. Roy, and R. G. Roeder. 1993. Human transcription
factor USF stimulates transcription through the initiator ele-
ments of the HIV-1 and the Ad-ML promoter. EMBO J.
12:501-511.

8



VoL. 14, 1994

9.

10.

11.

Dynan, W. S., and R. Tjian. 1983. Isolation of transcription
factors that discriminate between different promoters recog-
nized by RNA polymerase II. Cell 32:669-680.

Dynlacht, B. D., T. Hoey, and R. Tjian. 1991. Isolation of
coactivators associated with the TATA-binding protein that
mediate transcriptional activation in Drosophila. Cell 66:563—
576.

Flint, S. J. 1986. Regulation of adenovirus mRNA formation.
Adv. Virus Res. 31:169-228.

11a.Flint, S. J., M. Reach, and C. S. H. Young. Unpublished data.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

24.

Fried, M., and D. Crothers. 1981. Equilibrium and kinetics of lac
repressor-operator interactions by polyacrylamide gel electro-
phoresis. Nucleic Acids Res. 9:6506-6525.

Garner, M., and A. Revzin. 1981. A gel electrophoresis method
for quantifying the binding of proteins to specific DNA regions:
application to components of the E. coli lactose operon regula-
tory system. Nucleic Acids Res. 9:3047-3060.

Hahn, S., S. Buratowski, P. A. Sharp, and L. Guarente. 1989.
Yeast TATA-binding protein binds to TATA elements with both
consensus and non-consensus DNA sequences. Proc. Natl.
Acad. Sci. USA 86:5718-5722.

Hariharan, N., and R. P. Perry. 1990. Functional dissection of a
mouse ribosomal protein promoter: significance of the polypy-
rimidine initiator and an element in the TATA-box region. Proc.
Natl. Acad. Sci. USA 87:1526-1530.

Kasai, Y., H. Chen, and S. J. Flint. 1992. Anatomy of an unusual
RNA polymerase II promoter containing a downstream TATA
element. Mol. Cell. Biol. 12:2884-2897.

Manley, J. L., A. Fire, M. Samuels, and P. A. Sharp. 1983. In
vitro transcription: whole-cell extract. Methods Enzymol. 101:
568-582.

Matsui, T. 1982. In vitro accurate initiation of transcription on
the adenovirus type 2 IVa, gene which does not contain a TATA
box. Nucleic Acids Res. 10:7089-7101.

Maxam, A. M., and W. Gilbert. 1977. A new method for
sequencing DNA. Proc. Natl. Acad. Sci. USA 74:560-564.
Means, A. J., and P. J. Farnham. 1990. Transcription initiation
from the dihydrofolate reductase promoter is positioned by
HIP1 binding at the initiation site. Mol. Cell. Biol. 10:653-661.
Natarajan, V., M. J. Madden, and N. P. Salzman. 1984. Proxi-
mal and distal domains that control in vitro transcription of the
adenovirus IVa, gene. Proc. Natl. Acad. Sci. USA 81:6290-
6294.

O’Shea-Greenfield, A., and S. T. Smale. 1992. Roles of TATA
and initiator elements in determining the start site location and
direction of RNA polymerase II. J. Biol. Chem. 267:1391-1402.

. Pal, S. K., S. S. Zinkel, A. A. Kiessleig, and G. M. Cooper. 1991.

c-mos expression in mouse oocytes is controlled by initiator-
related sequences immediately downstream of the transcription
initiation site. Mol. Cell. Biol. 11:5190-5196.

Peterson, M. G., N. Tanese, B. F. Pugh, and R. Tjian. 1990.
Functional domains and upstream activation properties of

CONTROL OF TRANSCRIPTION FROM THE IVa, INITIATOR

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

685

cloned human TATA binding protein. Science 248:1625-1630.
Pugh, B. F., and R. Tjian. 1991. Transcription from a TATA-
less promoter requires a multisubunit TFIID complex. Genes
Dev. 5:1935-1945.

Roeder, R. G. 1991. The complexities of eukaryotic transcrip-
tion initiation: regulation of preinitiation complex assembly.
Trends Biochem. Sci. 16:402-408.

Roy, A. L., M. Meisterernst, P. Pognonec, and R. G. Roeder.
1991. Cooperative interaction of an initiator-binding transcrip-
tion initiation factor and the helix-loop-helix activator USF.
Nature (London) 354:245-248.

. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-

ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Sawadogo, M., and A. Sentenac. 1990. RNA polymerase B (II)
and general transcription factors. Annu. Rev. Biochem. §9:711-
754.

Seto, E., Y. Shi, and T. Shenk. 1991. YY1 is an initiator
sequence-binding protein that directs and activates transcription
in vitro. Nature (London) 354:241-245.

Shi, Y., E. Seto, L.-S. Cheng, and T. Shenk. 1991. Transcrip-
tional repression by YY1, a human GLI-Kriippel-related pro-
tein, and relief of repression by adenovirus E1A protein. Cell
67:377-388.

Singer, V. L., C. R. Wobbe, and K. Struhl. 1990. A wide variety
of DNA sequences can functionally replace a yeast TATA
element for transcriptional activation. Genes Dev. 4:636-645.
Smale, S. T., and D. Baltimore. 1989. The ‘‘initiator’’ as a
transcription control element. Cell §7:103-113.

Smale, S. T., M. C. Schmidt, A. J. Berk, and D. Baltimore. 1990.
Transcriptional activation by Spl as directed through TATA or
initiator: specific requirement for mammalian transcription fac-
tor IID. Proc. Natl. Acad. Sci. USA 87:4509-4513.

Studier, F. W., A. H. Rosenberg, J. J. Dunn, and J. W.
Dubendorff. 1990. Use of T7 RNA polymerase to direct expres-
sion of cloned genes. Methods Enzymol. 185:60-89.

Tanese, N., F. B. Pugh, and R. J. Tjian. 1991. Coactivators for
a proline-rich activator purified from the multisubunit human
TFIID complex. Genes Dev. 5:2212-2224.

Wobbe, C. R., and K. Struhl. 1990. Yeast and human TATA-
binding proteins have nearly identical DNA sequence require-
ments for transcription in vitro. Mol. Cell. Biol. 10:3859-3867.
Zawel, L., and D. Reinberg. 1992. Advances in RNA poly-
merase II transcription. Curr. Opin. Cell Biol. 4:488-495.
Zenzie-Gregory, B., A. O’Shea-Greenfield, and S. T. Smale.
1992. Similar mechanisms for transcription initiation mediated
through a TATA box or an initiator element. J. Biol. Chem.
267:2823-2830.

. Zhou, Q., P. M. Lieberman, T. G. Boyer, and A. J. Berk. 1992.

Holo-TFIID supports transcriptional stimulation by diverse
activators and from a TATA-less promoter. Genes Dev. 6:1964—
1974.



