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Specific protein binding on the Ela-inducible adenovirus Ella early (EIIaE) promoter was analyzed by the
sensitive electrophoretic band-shift assay and by protection against DNase I digestion. Three factors were
identified, and precise mapping of the cognate-binding sites revealed their correspondence to promoter
elements essential for constitutive EIIaE transcription. One binds to the major upstream element located
between —82 and —64 (with respect to the major EIIaE cap site), another appears to interact with sequences
on either side of this region, and the last one binds to an element located further upstream. Comparison of the
binding activities of the factors present in extracts from cells infected with wild-type adenovirus (adenovirus
type 5) or with the Ela deletion mutant dI312 did not reveal striking differences. Not only were the general
binding patterns indistinguishable, but the concentration of each of the identified factors as well as their affinity
for the cognate-binding sites were unchanged. Our results suggest that the EIa-mediated activation of the EIlaE
transcription complexes involves appropriate interactions between transcription factors, rather than their

increased binding to DNA.

The understanding of the control mechanisms of gene
pattern transcription during the development of eucaryotic
organisms and in terminally differentiated cells is a major
goal of molecular biology. At least a portion of this regula-
tion appears to be achieved through the interaction of
trans-acting proteins with cis-acting DNA promoter ele-
ments, resulting in positive or negative transcriptional ef-
fects (10, 47, and 50). Transcriptional activation of the
adenovirus early genes by the viral immediate-early Ela
gene products (44) provides an attractive model system for
the study of the molecular mechanisms involved in eucary-
otic gene induction. Ela-mediated stimulation is not re-
stricted to adenoviral promoters since endogenous host
genes such as the hsp70 heat shock (45) and B-tubulin genes
(52) as well as other cellular or viral genes introduced into
cells by transfection or infection (8, 16, 18) are also stimu-
lated. Similarly, genes transcribed by RNA polymerase III
are expressed at higher levels when cotransfected in the
presence of the Ela transcription unit (2, 15).

With the exception of the adenovirus EIb promoter, in
which the integrity of the TATA box is essential for the
Ela-mediated induction (58), no discrete element could be
delineated in the other adenovirus early-gene promoters
which would be uniquely involved in the Ela-trans-
activation process (3, 21, 35). This has been most thoroughly
documented in the case of the adenovirus types 2 and 5
(Ad5) Ella early (EIIaE) promoter, in which an extensive
series of deletion and linker-scanning mutations (5, 11, 26,
31, 42, 60) have been analyzed in different transcription
assays. No unique sequence element was identified that
depressed Ela responsiveness without also decreasing con-
stitutive promoter activity. These results strongly suggest
that the stimulation of transcription induced by the Ela
proteins involves the same host cell DNA-binding transcrip-
tion factors as those used for uninduced transcription. The
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mechanism of Ela-mediated induction implies, therefore,
that the Ela products do not act by binding directly to
promoter sequences, but rather by interacting with or mod-
ifying preexisting host cell transcription factors. In the case
of genes transcribed by RNA polymerase III, Ela trans-
activation results in the increased accumulation of active
transcription factor IIIC (24, 59). The mechanism of Ela-
dependent induction of polymerase II-transcribed genes is
still poorly understood. For the EIIaE transcription unit,
Kovesdi et al. (32) have reported that the concentration or
binding activity of a host cell transcription factor is increased
in adenovirus-infected cells, while Siva Raman et al. (51) in
a comparable study found no significant difference, although
the factors identified in each study may be different.

Using both the electrophoretic band-shift assay and
DNase I footprinting we characterized proteins which spe-
cifically bind to all the promoter elements previously shown
to be critical for efficient and accurate transcription from the
major EIIaE start site (+1). The binding activities of these
proteins to the promoter were identical when assayed in
extracts from HeLa cells infected with either wild-type AdS
or with the Ela deletion mutant d/312. Our results suggest,
therefore, that the Ela products do not stimulate EllaE
promoter activity by altering the capacity of these host cell
transcription factors to bind to their corresponding promoter
elements, but rather by inducing new protein-protein inter-
actions.

MATERIALS AND METHODS

Crude cell extracts and partially purified protein fractions.
HeLa cells were grown in Eagle minimal essential suspen-
sion culture medium (GIBCO Laboratories, Grand Island,
N.Y.) supplemented with 7% newborn calf serum, collected
by centrifugation at a density of about 4 X 10° cells per ml,
suspended at about 5 X 107 cells per ml in 50 mM Tris
hydrochloride (pH 7.9)-10 mM a-thioglycerol-30% glycerol
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(final concentration), and frozen in liquid nitrogen. In some
experiments the cells were infected at a multiplicity of
infection of 100 PFU of virus per cell with either mutant
di312 (29) or wild-type AdS as described previously (57), in
the presence of 10 mM hydroxyurea to prevent DNA repli-
cation. Cells were harvested 6 h postinfection and further
processed or frozen as described above. The nuclear ex-
tracts were prepared as described by Dignam et al. (9) with
the modifications introduced by Wildeman et al. (56). Nuclei
were extracted at 0.42 M (NE0.42), 0.25 M (NEO0.25), or 0.55
M (NEO.55) NaCl. Whole-cell extracts (WCE) were obtained
by the procedure of Natarajan et al. (43), except that the final
dialysis buffer (buffer A) contained 6 mM instead of 12.5 mM
MgCl,, resulting in type A WCE. Alternatively, extracts
were prepared in which the ammonium sulfate precipitation
step was omitted (type B WCE). In the latter case, the
supernatant obtained after the 3-h high-speed centrifugation
was frozen in liquid nitrogen, concentrated twofold by
lyophilization (about 1 h), and dialyzed as above. Extracts
prepared from fresh or frozen cells gave identical results
(unpublished observation). Subsequent fractionation of the
WCE by chromatography on heparin-Sepharose and DEAE
columns has been previously described (41). Briefly, tran-
scription factors present in the WCE were adsorbed on
heparin-Sepharose and eluted with 0.6 M KCl, yielding the
HO.6 fraction. These proteins were further fractionated on
DEAE-cellulose by stepwise elution with buffers containing
0.15, 0.20, 0.25, and 1.00 M KCl, giving the DE0.15, DEO0.20,
DEO.25, and DE1.00 fractions, respectively. Protein concen-
trations were determined with the Pierce BCA reagent,
following the instructions of the manufacturer.

Gel electrophoresis DNA binding assay. All DNA fragments
(5’ end labeled with 32P [36]) were purified by polyacryl-
amide gel electrophoresis and recovered by electroelution as
described by Wildeman et al. (56). Unless indicated other-
wise, 2 pg of protein from the WCE, nuclear extract, or H0.6
fraction or 0.4 pg from the DE fractions was used per assay.
The optimum quantity of poly(dI-dC) (Pharmacia, Uppsala,
Sweden) added to the binding reaction as nonspecific com-
petitor DNA was determined empirically for each protein
sample, but was generally 0.4 pg for WCE or NE and 0.8 pg
for the H0.6 and DE fractions. Typically, about 5,000 cpm
(~0.3 ng) of the labeled DNA fragments were mixed with the
poly(dI)-poly(dC) in a buffer containing 20 mM Tris hydro-
chloride (pH 7.9), 70 mM KCl, 2 mM MgCl,, 0.04 mM
EDTA, 0.2 mM dithiothreitol, 12% (vol/vol) glycerol, and
the protein fractions in a total volume of 10 pl. The mixtures
were incubated for 25 min at 25°C and loaded directly onto
4.5% polyacrylamide gels (160 by 120 by 1.5 mm;
acrylamide/bisacrylamide ratio, 80:1). Gels were always
prerun for at least 1.5 h before sample loading and electro-
phoresed for about 2 h at 150 V and 18°C. Marker dyes
(xylene cyanol and bromophenol blue), which destabilize the
complexes, were omitted from the samples but run in
parallel. The electrophoresis buffer (pH 7.5), which con-
tained 6.7 mM Tris base, 3.3 mM sodium acetate, and 1 mM
EDTA (53), was constantly recirculated. The gels were fixed
for 10 min in 10% acetic acid-10% methanol and vacuum
dried before autoradiography.

For quantitative purposes the retarded and free-running
DNA bands were scanned on nonsaturated exposures of the
gels. The corresponding amounts of DNA were deduced
from standard curves constructed with the densities of
known quantities of the same probe DNA, run along with the
binding reactions. The quantification of specific binding
factor and the apparent equilibrium constant of the binding
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reaction for each complex were determined (see Results) as
described by Baker et al. (1).

Methylation interference experiments. The DNA probes,
kinased at one end or the other, were methylated with
dimethyl sulfate (38). About 2 X 10° cpm of the methylated
probes were incubated with the WCE or DEO(.15 fraction
under the standard binding conditions and electrophoresed
as described above, except that the gel was neither fixed nor
dried before exposure. The DNA fragments were then
electroeluted from the gel, phenol-chloroform extracted, and
ethanol precipitated twice. Equal amounts of radioactivity of
the different samples were treated with piperidine and ana-
lyzed on 8% polyacrylamide-8 M urea gels (38).

DNase I protection. The original DNase I footprinting
assay (13) as modified by Boeuf et al. (5) was used.

RESULTS

Identification of three different nucleoprotein complexes
within the EIIaE promoter region. To detect specific binding
of HeLa cell proteins to the promoter sequence of the
adenovirus EIIaE transcription unit, we used the electropho-
retic mobility shift assay. As similar results were obtained
with DNA fragments extending from positions —280 or —169
to +37 with respect to the major start site, we used the
shorter fragment in the following experiments (Fig. 1). In an
attempt to optimize the release of the specific DNA-binding
factors when preparing the extracts, a preliminary survey
was performed with a standard WCE (WCE type A) and
nuclear extracts prepared in the presence of 0.25, 0.42, or
0.55 M NaCl (NE0.25, NE0.42, and NE0.55, respectively;
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FIG. 1. Detection and fractionation of proteins that bind to the
Ad2 EIIaE promoter region. (A) End-labeled fragment F (see Fig.
2B) was incubated without (@, lane 1) or with (lanes 2 to 5) the
indicated extracts in standard gel electrophoresis DNA binding
assays (see Materials and Methods). Unbound probe DNA is
referred to as F (O), while retarded bands corresponding to the
slowest-, intermediate-, and fastest-migrating complexes are re-
ferred to as Cx 1 (W), Cx 2 (&), and Cx 3 (N), respectively. The
arrowhead points to the top of the gel. (B) Binding assays with probe
F in the absence (lane 1) or in the presence of WCE (lane 2) or
chromatographic subfractions (see Materials and Methods) as indi-
cated (lanes 3 to 7) were performed as described above.
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see Materials and Methods). Equal quantities of protein from
each extract yielded very similar band patterns in the retar-
dation assay with the EIlaE fragment, revealing the pres-
ence, at roughly equivalent concentrations, of the same
specific DNA-binding proteins in each extract (Fig. 1A).

A typical result of such an experiment is presented in Fig.
1. Three major sets of bands were found consistently. The
complex with the lowest mobility (Cx 1) appears as a cluster
of weak bands, while complex 2 (Cx 2) corresponds to a
single strong band. Complex 3 (Cx 3), the faster-migrating
band, appears as a doublet of intermediate intensity. For the
sake of simplicity, the components responsible for this band
shifting are called hereafter the Cx 1, 2, and 3 factors,
respectively.

As a first attempt to separate and concentrate these
factors, a WCE was fractionated according to a previously
established chromatography procedure (40, 41). After ad-
sorption of the extract on heparin-Sepharose, a majority of
the loaded band-shifting activity was then eluted at 0.6 M
KCI (H0.6 in Fig. 1B; compare lanes 2 and 3). Further
chromatography of this fraction on DEAE-cellulose resulted
in complete separation of factors Cx 1 and 3 from factor Cx
2. The Cx 1 and Cx 3 proteins were eluted together at 0.15 M
KCl (Fig. 1B, DEO0.15, lane 4), while the Cx 2-specific
proteins were recovered essentially in the 0.20 M fraction
(DEO0.20, lane S), with some residual activity eluting at still
higher salt concentrations (DE0.25 and DE1.00, lanes 6 and
7). The specific activities of the factors which form Cx 1 and
Cx 3 were significantly increased after DEAE chromatogra-
phy (compare lanes 2 and 4).

To map the binding sites corresponding to these com-
plexes, we performed DNA template competition experi-
ments with a set of overlapping EIIaE fragments (Fig. 2).

EllaE1 EllaE2
Pvull Sau3A EcoRV, Smal
71 | 19 N ( -

7+62 +37 (+1) (-26) -245 -250 ’/
(75.2mu) (76.0mu)

Pl % F
© — Ell-A3'-61
-100

b {Ell-A3'-100
B En-a3-129
-146
— Ell-A5'-146
} Ell-A5'-111
b 9 EN-A5'- 87
?2 Ell-A5'- 62
FIG. 2. Physical map of EIlaE promoter region and origin of the
DNA fragments used in the binding experiments. The Ad2 region
between the Smal (76.0 map units [mu)) and the Pvull (75.2 map
units) sites is schematically represented (A), with the major
(EllaEl, +1) and minor (EllaE2, —26) start sites and direction of
transcription indicated by the arrows. The EIlaE promoter frag-
ments used in the electrophoretic retardation experiments are
shown in panel B. Fragment F corresponds to the BamHI (—169)-
Sau3A (+37) fragment of pBX—169 (11) subcloned into the BamHI1
site of M13mpll and reexcised by Xbal-Smal. The A3’ series of
molecules were EcoRV-Xbal fragments prepared from the corre-
sponding Mp9EII3’ recombinants (60). The A5'—146 and AS’'—111
fragments were generated as was fragment F after subcloning of the
appropriate BamHI-Sau3A segments. The AS'—87 and AS5'—62
fragments were isolated from the pGD—87 and pGD—-62 recombi-
nants, respectively (28), by EcoRI-Xhol digestion.
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DNA-protein complexes were formed with either the WCE
(Fig. 3A and B) or the DEO.15 fraction (Fig. 3C and D) in the
presence of a fixed amount of the labeled EIIaE fragment (F,
Fig. 3) and increasing concentrations of the cold competitor
fragments. In these experiments, either the WCE or DE0.15
fraction was used to preferentially reconstitute Cx 2 or Cx 1
and Cx 3, respectively.

Since both A3’ —61 and A5’ —146 Ella fragments competed
for the formation of all three complexes with the same
efficiency as the fragment F itself, it was concluded that the
binding sites for these complexes are located between posi-
tions —146 and —61. Similarly, because the A3'—61 fragment
and all AS’ fragments, except AS'—62, competed for the Cx
1 factor, the corresponding complex (Cx 1) must be posi-
tioned between —87 and —62. The region between —129 and
—111 can then be assigned to Cx 2 since these positions
correspond to the closest 3’ and 5’ boundaries of the
noncompeting A3’ and AS’ fragments, respectively. Finally,
the localization of Cx 3 between —146 and —129 is deduced
from the observation that all A3’ fragments and the A5'—146
fragment compete for its formation.

It is noteworthy that the formation of each of these
complexes is essentially independent of the others. The
formation of complex Cx 1 or 3 can indeed be competed
separately from the two others with appropriate competitor
DNA fragments (Fig. 3). Furthermore, Cx 2 can form in the
absence of either Cx 1 or Cx 3 (Fig. 3A, lanes 11 to 13; Fig.
1B, lanes S to 7). These observations, together with the fact
that the Cx 2 factor can be separated from the Cx 1 and 3
factors (Fig. 1B) and that the latter two factors can also be
resolved by further chromatography on a sulfopropyl col-
umn (data not shown), strongly suggest that the proteins
involved in each of these complexes are different.

Precise localization of the three binding sites by methylation
interference studies. To refine the location of the nucleo-
protein complexes on the EIIaE promoter and to determine
the G residues in direct contact with the factor, we per-
formed methylation interference experiments. Fragment F,
5" end labeled at either end, was submitted to random
dimethyl sulfate treatment before specific complex forma-
tion with the crude WCE or the DEO0.15 protein fraction. The
bound fraction of the labeled probe (corresponding to Cx 1,
2, and 3) was then separated from the unbound molecules (F)
by the gel retardation assay. The fragments were extracted
from the gel and further processed to produce the G ladders
on DNA sequencing gels (Fig. 4A and B). Those G residues
whose methylation interfered with factor binding were re-
vealed on the sequence ladders corresponding to the re-
tarded fragment as weaker or absent bands. Taking the first
unaffected G residues flanking the protected region as the
upper limits of the binding sites, a maximal contact area for
each complex on the EIlaE promoter could be delineated
(see boxed sequences in Fig. 4C). The recognition sequences
of these complexes are thus located within the regions
between —82 and —64 for Cx 1, —127 and —112 for Cx 2, and
—142 and —129 for Cx 3, in perfect agreement with the
deletion mapping.

Interaction of a factor recognizing the proximal Ella pro-
moter region with the distal Cx 2-binding site. In the experi-
ments described above, probe F, which spans the entire
EIlaE promoter (Fig. 2), allowed the identification of factor-
binding sites only on the most upstream portion of this
promoter. To screen more specifically for protein interac-
tions with proximal elements, we used a shorter probe
(EII-AS'—62, or F') lacking the three upstream binding sites.
In the experiment shown in Fig. SA (lane 1), a major shifted
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FIG. 3. Mapping of the protein-binding site on the EIIaE promoter by DNA competition experiments. Increasing amounts of the selected
EllaE unlabeled promoter fragments (Fig. 2B) were included as indicated in standard binding assays, in the presence of labeled fragment F
and either WCE (A and B) or DEQ.15 fraction (C and D). The competitor DNA was added at molar ratios of 1, 10, and 100 with respect to
the amount of labeled probe present. The effects on specific complex formation of the addition of 3’ (A and C)- and 5'-(B and D)-deleted
fragments were compared with that of the addition of the unlabeled probe F itself (lanes 2 to 4 in panels A and C), and to the pattern obtained

in the absence of any EllaE competitor DNA (lanes 1).

band (Cx 4) appeared after incubation of the truncated probe
with the WCE. Methylation interference mapping of this Cx
4-binding site (Fig. 5B) pointed to a 5-nucleotide motif on the
noncoding strand (between —44 and —40; Fig. 5C). Interac-
tions with the coding strand involved the residues at —42 and
—40; however, the boundaries (especially the 5’ limit) are
less well defined on this strand owing to the absence of G
residues. It is striking that the nucleotide sequence of the
minimal binding site thus revealed for Cx 4 around position
—42 (5'-GGCGC-3’) is identical to the sequence correspond-
ing to Cx 2 around position —117. That this latter sequence
element can also bind the Cx 4 factor was confirmed by
competition experiments. While EII-A3’'—129 (Fig. 2) was a

very poor competitor for Cx 4 (Fig. SA, lanes 5 to 7), a
fragment comprising the Cx 2-binding site (EII-A3’'—100;
Fig. 2) competed efficiently (Fig. SA, lanes 2 to 4). These
findings strongly support the possibility that the same or a
closely related factor is involved in the formation of both Cx
2 and Cx 4 complexes. The binding activity of the Cx 4
factor, however, appeared much weaker than that of the Cx
2 factor, since higher protein concentrations were required
for the Cx 4 complex to be visualized. Furthermore, while
the Cx 2-binding site readily competed for the binding of
factor Cx 4 (Fig. 5A, lanes 2 to 4), the reverse was not true
(Fig. 3B, lanes 5 to 7). If both complexes consist of the same
factor, the proximal binding site is recognized with a much
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FIG. 4. Fine mapping of Cx 1, 2, and 3 binding sites by methylation interference. DNA binding assays were performed under standard
conditions, except that probe F (5’ end labeled either on the coding [C] or the noncoding [N.C] strand) was treated with dimethyl sulfate
before incubation with the WCE (A) or the DEOQ.15 fraction (B). After electrophoresis, the DNA present in each band (F, Cx 1, 2, and 3, Fig.
1) was extracted, treated with piperidine, and analyzed on sequencing gels (see Materials and Methods). Numbers on the left of the G
sequence ladders of probe F denote the positions of the corresponding G residues on the EllaE promoter, with respect to the major start site
(+1). The boxes (B, Cx 1; [, Cx 2: @ Cx 3) span those G residues whose methylation prevents the formation of the respective complexes.
The sequence of the relevant portion of the EIlaE promoter is provided in panel C. The G residues which are involved in the formation of
specific nucleoprotein complexes are shaded, and the maximal interaction sequence is framed. The boxes below the sequence delimit the
binding area for each complex with their corresponding symbols. The bars marked B and C span the sequences involved in constitutive

EllaE1 promoter function (4, 60).

lower affinity. Divergence between the sequences which
flank the conserved motif may account for their unequal
binding capacities. This is further supported by the observa-
tion that the bound fraction of probe F’ is hypermethylated
on the G residue (position —45) just next to the conserved
sequence of Cx 4 (Fig. 5B, lane 4), indicating that modifica-
tion of that residue facilitates complex formation.

Binding of factors Cx 1, 2, and 3 to promoter sequences of
other adenovirus early genes. To determine whether the
nuclear factors which, in this band shift assay, bind to the
EIIaE promoter also interact with other adenovirus early
genes, we performed additional competition experiments.
Increasing amounts of DNA fragments spanning the pro-
moter region of each of the other early transcription units
(Ela, EIb, EIII, and EIV) were added to standard binding

assays. Either the WCE (Fig. 6A) or the DE0.15 fraction
(Fig. 6B) was used to examine their effect on Cx 2 or Cx 1
and Cx 3 formation, respectively.

Under these conditions, both Ela and EIV promoter
sequences strongly competed for the Cx 1, 2, and 3 factors
(Fig. 6, lanes 2 to 4 and 11 to 13). The EIb fragment
efficiently competed for Cx 2, but did not significantly affect
Cx 1 and 3 formation (Fig. 6, lanes 5 to 7), while the EIII
fragment did not impair Cx 2 or Cx 3 formation, but
moderately competed for Cx 1 (Fig. 6, lanes 9 and 10).
However, this latter effect seems specific since it was not
observed when equivalent concentrations of random pBR
fragments were used (data not shown). These results sug-
gest, therefore, that the promoter regions of both Ela and
EIV transcription units contain binding sites for Cx 1, 2, and
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FIG. 5. Mapping of the protein-binding site in the EIlaE proxi-
mal promoter region. The EII-A5’—62 DNA fragment (Fig. 2B) was
used as the labeled probe (F’) with 6 pg of type A WCE and 1.2 pg
of poly(dI-dC) in the binding reaction (A), either alone (lane 1) or in
the presence of 1, 10, or 100 molar excess of cold EII-A3’'—100
(lanes 2 to 4) or EII-A3'—129 (lanes 5 to 7) competitor DNA. Cx 4
refers to the major retarded band observed in this assay. Methyla-
tion interference mapping of the Cx 4 binding site is shown (B) on
both coding (C) and noncoding (N.C) strands. The G residues
involved in Cx 4 complex formation are shaded on the correspond-
ing nucleotide sequence of the EIIaE promoter (panel C), where the
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FIG. 6. DNA binding competition experiments with adenovirus
heterologous promoter fragments. Factors involved in specific com-
plex formation on fragment F were titrated in WCE (A) or DE0.15
(B) by increasing amounts of competitor DNA fragments, as de-
scribed in legend to Fig. 3. The following Ad2 promoter fragments
were used: Ela, between nucleotides 0 (position —497) and 451
(—47); EIb, between nucleotides 1569 (—130) and 2045 (+347); EIII,
between nucleotides 27372 (—237) and 27634 (+26); EIV, between
nucleotides 35360 (+250) and 35937 (—327). The values in parenthe-
ses refer to the positions of the cleavage sites with respect to the
start site of the corresponding transcription unit; the other values
give the coordinates of the sites on the Ad2 genome. Symbols are as
described in the legend to Fig. 1.

framed sequences represent the maximal interaction site. The
dashed lines extending to the next unaffected 3’ G residue on the
coding strand delimit a less probable binding region. The boxes with
the circles ([) span the regions corresponding to Cx 4 in each panel.
The bar marked A delimits a sequence element involved in consti-
tutive promoter activity (60).
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FIG. 7. DNase I comparative footprinting of Ad5- and di312-infected HeLa cell extracts on the EIlaE promoter region. DNase I protection
provided by type A (lanes 9 to 12) or type B (lanes 1 to 8) WCE prepared 6 h postinfection from HeLa cells infected with Ad5 or di312 virus
is shown on the noncoding (A) and coding (B) strand of the Smal (—250)-Pvull (+62) EIlaE fragment. Type A and B WCEs, respectively,
correspond to extracts precipitated or not precipitated by ammonium sulfate as described in Materials and Methods. The amount of proteins
(in micrograms) used in each assay is indicated on the top. The DNase I digestion pattern of the naked probe is shown under —. The
corresponding G+ A sequence ladder is given in lanes S. The strongest protections are marked with solid bars, weaker ones are marked with
dotted bars, and hypersensitive sites are shown with heavy dots. Positions on the EIIaE promoter are indicated with respect to the major start
site (+1). The nucleotide sequence of the relevant EllaE promoter region is provided (C), with the horizontal arrow indicating the major start
site (EIlaE1l, +1) and direction of transcription. G residues involved in Cx 1 and 4 complex formation are shaded. DNase I-protected areas
are spanned by closed or dashed boxes next to the corresponding DNA strand, the dashed box showing the weaker interaction. Vertical
arrows point to DNase I-hypersensitive sites (stars refer to sites observed in either type A or B WCE). The bars below the sequence represent

the promoter elements (T1, A, and B) essential for efficient constitutive transcription from EIlaE1 (60). C, Coding; N.C, noncoding.

3 factors, while EIb and EIII sequences are recognized only
by Cx 2 and Cx 1 or related factors, respectively.
Abundance and binding activity of Cx 1, 2, and 3 factors in
cell extracts are not affected by Ela gene products. The
experiments presented above were all performed with ex-
tracts or fractions derived from uninfected HeLa cells. Since
the EIIaE transcriptional unit, like the other early genes of
adenovirus, is subjected to transcriptional activation by the
Ela gene products, it was of interest to examine the binding
properties of extracts prepared from adenovirus-infected
cells. The patterns of specific nucleoprotein complexes
formed on the EIlaE promoter with extracts from HeLa cells
infected with either dI312, a mutant adenovirus lacking the
Ela region, or the parental wild-type adenovirus (AdS) were
compared. The cells were harvested 6 h postinfection, a time
at which EllaE gene transcription is maximal with AdS, but

undetectable with dI312 (data not shown). Extracts were
then prepared either by following the usual procedure (see
Materials and Methods), which includes an ammonium sul-
fate precipitation (type A WCE), or by omitting this step
(type B WCE) to avoid potential inactivation or loss of
unprecipitable components.

A comparison of dI312- and Ad5-infected cell extracts was
first undertaken by DNase I footprinting experiments. The
protection pattern conferred to the EIIaE promoter fragment
by Ela-lacking (Fig. 7A and B, lanes 1 to 4, 9, and 10) and
Ela-containing (lanes 5 to 8, 11, and 12) extracts appeared
essentially indistinguishable, regardless of the type of WCE
extract used (type A or B). Detailed analysis of the digestion
patterns, summarized in Fig. 7C, revealed a strong protec-
tion on both strands between —83 and —68. A weaker
protection observed only on the coding strand (Fig. 7B)
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FIG. 8. Effect of Ela gene products on concentration and binding activity of the factors involved in Cx 1, 2, and 3 complexes. A probe
saturation experiment (A) was performed by adding increasing amounts of protein (0.1 to 0.8 pg as indicated) from either dI312 (lanes 1 to
4)- or AdS5 (lanes 5 to 8)-infected cell extracts (type A WCE) to a fixed amount (5,000 cpm) of 32P-labeled probe F (Fig. 2B). The binding and
retardation analyses were as described in Materials and Methods except that the amount of poly(dI-dC) was adjusted with respect to the
amount of total protein used. Panel B shows binding reactions containing increasing amounts of probe F (2.5 x 103 to 40 x 10? cpm, as
indicated) which were done in the presence of 1 ug of type A WCE prepared from d/312 (lanes 1 to 5)- or Ad5 (lanes 6 to 10)-infected cells.
The amount of bound and unbound probe DNA was determined for each sample (see Materials and Methods), and the data from this and an
identical, but separate, experiment were analyzed (C) as described by Baker et al. (1). Co corresponds to the molar concentration of each
factor in the binding reaction, as loaded on the gel, assuming a mole-to-mole relation of factor to probe.

occurred between —50 and —38. Clear interactions also
appeared further downstream, between —25 and —8 on the
coding strand (Fig. 7B) and between —32 and —4 on the
opposite strand (Fig. 7A). This latter protection appeared
slightly stronger with type A Ad5-infected cell extract (com-
pare lanes 12 and 10, Fig. 7A and B). However this differ-
ence was not found reproducibly and, as it was never
observed with type B extracts, may be related to variations
in the ammonium sulfate precipitation step. Each of these
binding areas is flanked with DNase-hypersensitive sites. An
additional site was also often observed around position —60
on both strands. As previously noted (5), there appears to be
a close correspondence between the localization of these
footprints and the sequence elements essential for constitu-
tive EIlaE promoter function: the pseudo TATA-box T1 and
the upstream elements A and B (Fig. 7C). The hypersensi-
tivity at —60 may correspond to an interaction with the
pseudo TATA box T2, located between —60 and —52, and
corresponding to an essential promoter element for tran-
scription from the minor start site at —26 (5, 60). Further-
more, a striking correlation existed between these DNase I
protections and the methylation interference mapping of the
gel-retarded complexes. These results strongly suggest that
the factors visualized by the two upper footprints (—83 to
—68 and —50 to —38) correspond to the Cx 1 and Cx 4
factors, respectively.

Surprisingly, no clear protection over the most-upstream
EIlaE promoter element (element C), comprising the Cx 2-
and Cx 3-binding sites (Fig. 4C), could be visualized with
any of the WCE preparations, while nuclear extracts or
partially purified fractions generate strong footprints on
element C (5). This discrepancy may reflect a lower concen-
tration of the relevant DNA-binding factors in the WCE
and/or the presence of additional proteins in this extract
which interfere with the specific binding in the protection
assay. On the other hand, this assay reveals specific protein

binding to the T1 region (5) (Fig. 7). However, under various
experimental conditions, we did not succeed in visualizing
such an interaction with the electrophoretic band-shift as-
say. It is likely that the T1 factor is stabilized by association
with the upstream-binding factors on the EIIaE promoter in
the protection experiments and that such cooperative inter-
actions are not visualized in the retardation assay, which
essentially reveals single protein-DNA interactions.

As a second approach, we compared the gel retardation
profiles generated on the EIIaE promoter region by type A
WCE:s prepared from di312-and AdS-infected cells. Under
standard conditions, the patterns of retarded bands pro-
duced by the two extracts (Fig. 8A) were undistinguishable,
and in addition, identical results were obtained when type B
extracts were used (data not shown). A recent report has
demonstrated that the dissociation rates of nucleoprotein
complexes are not altered by the migration through a
nondenaturing polyacrylamide gel and are identical to the
solution values (48). Therefore, we used the gel retardation
assay to examine whether the concentrations or affinities or
both of the Cx 1, 2, and 3 factors were altered in the presence
of the Ela products. Since the complexes were fully formed
after a 5-min incubation at 25°C and were stable for several
hours (data not shown), the reaction mixtures were system-
atically incubated at 15 min before electrophoresis to ensure
binding equilibrium. Analysis of probe saturation curves,
obtained for each complex by adding increasing amounts of
extracts from di312- or AdS-infected cells to a fixed amount
of labeled probe (Fig. 8A), revealed that the complex forma-
tions followed a first-order reaction; indeed, plotting the
logarithm of the fraction of probe retarded for each complex
(Cx 1 to 3) as a function of the logarithm of the amount of
total protein present in the reaction mixture yielded straight
lines with, in each case, a slope value close to 1.0 (data not
shown). This observation rules out any cooperativity in the
binding of the three factors (49), in agreement with their
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independence in complex formation (see above). Under
these defined experimental conditions, we performed factor
titration experiments. A constant, nonsaturating amount of
proteins from either d/312 or AdS extract was incubated in
the presence of increasing concentrations of the labeled
probe F (Fig. 2B). After electrophoretic separation of the
bound and unbound DNA molecules (Fig. 8B), the amount
of DNA in each retarded and free-migrating band was
determined (see Materials and Methods). The data for each
complex were separately represented on a Scatchard plot,
with the fraction of bound DNA expressed as a function of
the actual amount of retarded DNA. In each case, the
experimental values were then fitted to a straight line (1), and
both the concentration of the binding factor (Co) and the
apparent equilibrium constant (K,,,) of the corresponding
binding reaction were derived from the plots. As determined
(Fig. 8C) by comparing the values obtained with extracts
from dI312- and AdS-infected cells, neither of these param-
eters was significantly affected by the Ela products.

To compare the binding activity of the Cx 4 factor in di312-
and AdS-infected cell extracts, we repeated the same analy-
sis (Fig. 9) using increasing amounts of the EII-AS'—62
probe (Fig. 2B). Although a precise quantitation of the data
was hampered by the weakness of the retarded signal (Cx 4),
no striking difference appeared between the two extracts.
This strongly suggests that neither the concentration nor the
affinity of the Cx 4 factor is affected by the Ela products.

DISCUSSION

Interaction of EIIaE binding factors with promoter ele-
ments. Using the sensitive electrophoretic band-shift assay,
we identified four types of nucleoprotein complex (Cx 1, 2,
3, and 4) assembling on the Ad2 EIlaE promoter region.
Precise mapping of the protein-binding sites revealed a tight
correlation with sequence elements previously shown to
participate in the promoter activity. These results strongly
suggest that the cognate DNA-binding proteins correspond
to transcription factors. By both in vivo (4, 60) and in vitro
(5, 11) mutational analyses of the EIIaE transcription unit,
we have previously delineated distinct promoter elements
involved in efficient transcription from the major EIlaE1l
start site. These elements are positioned as follows: the
pseudo TATA box element T1 between —33 and —18; the
upstream element A between —48 and —39; the upstream
element B between —90 and —68; and the weaker upstream
element C between —146 and —111. The cellular factors
which interact with elements A and B, respectively generat-
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FIG. 9. Effect of Ela gene products on the binding of the factor
involved in the Cx 4 complex. Increasing amounts (5 X 10% to 40 X
10° cpm, as indicated) of probe F’ (EII-AS’—62; Fig. 2B) were
incubated in the presence of 6 pg of di312 (lanes 1 to 4)- or AdS
(lanes 5 to 8)-infected cell extracts (type A WCE), and formation of
specific complexes was examined by the retardation assay (Materi-
als and Methods).
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ing Cx 4 and Cx 1, will therefore be referred to as the
EIlaE-A and EIlaE-B factors. Those involved in Cx 2 and
Cx 3 formation will be termed the EIIaE-Ca and EIIaE-CB
factors, respectively, since they both bind to sequences
within element C.

The EIIaE-B factor binds to an essential EIIaE upstream
promoter element. Deletion of this element alone results in
dramatic decreases of both in vivo (~50-fold) and in vitro
(~10-fold) promoter efficiency (5, 60). An enhancer activity
has been shown to be associated with this promoter element
(28). Sequence alterations within this element abolish or
drastically weaken protein interactions with this region (5).
All together, these results indicate that EIIaE-B is a critical
transcription factor involved in the enhancer activity of the
promoter. A similar factor has previously been identified by
Siva Raman et al. in a comparable study (51). In agreement
with their results, we found that the binding of the EIlaE-B
factor to the B element is most efficiently competed by Ela
and EIV promoter sequences, suggesting that the same
factor is used by all three promoters. This conclusion is
further supported by the observation that these promoters
share enhancer properties (17, 20, 22, 26). Sequence homol-
ogies between these functionally related elements in the Ela,
EllaE, and EIV promoters have already been stressed (6,
17, 20, 28, 55). If the EIIaE-B factor plays a central role in
the enhancer activity of these elements, it is unlikely,
however, that it represents an ubiquitous general enhancer
factor. Indeed, DNA fragments making up the simian virus
40 72-base-pair repeat (51) or the immunoglobulin heavy-
chain gene enhancer (unpublished observation) clearly fail to
bind this factor.

Element A, which binds factor EIIaE-A, constitutes an-
other sequence component essential for efficient EIlaE
promoter activity. Deletion of this element or its alteration
by linker substitution reduced by 5- to 10-fold specific EIIaE
in vivo and in vitro transcription (5, 60). Binding of the
EllaE-A factor appears to be strongly dependent on the
sequence 5'-GGCGC-3’ (starting at position —44 on the
noncoding strand), as indicated by methylation interference
experiments.

Element C appears as a weak EIIaE upstream promoter
element, since deletion of all sequences upstream of position
=97 (27) or to —111 (4) reduced promoter activity only about
twofold as measured in transfection experiments. Within this
region, the EIIaE-Ca factor binds to a sequence making up
the 5'-GGCGC-3’' motif which is also recognized by the
EIlaE-A factor, in element A. This observation, together
with the ability of a DNA fragment comprising element C to
compete for the binding to element A, suggests that these
sites bind in fact the same protein. An additional 5'-GGCGC-
3’ motif located between the EIlaE-Ca and EIIaE-B binding
sites (at position —100; Fig. 4C) may account for a weak
protection against DNase I which has been detected over
this region with partially purified WCE fractions (5).
Whether this element, as well as similar G+C-rich elements
located further downstream (at —64 and —18), also bind
factor Ella-Ca/A is presently unknown. Multiple binding
sites for given factors have previously been reported (39,
54), and their role in cooperative binding to DNA has been
suggested. It may be relevant in this respect that both
EIlaE-A and -Ca binding sites are on the same side of the
double helix since they are separated by a integral number of
helical turns (seven turns, assuming 10.5 base pairs per
turn). It is likely that the role of the stronger Ca binding site
might have been underestimated in the in vivo transcription
systems (transient expression of transfected DNA), in which
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high copy numbers of template molecules are generally
taken up by the cells. Under these conditions, the relative
importance of the multiple binding sites may indeed be
reduced (46).

The close proximity of the EIIaE-CB binding site to that of
the EIIaE-Ca factor suggests the existence of interactions
between the two factors, although, as pointed out in the
Results, each complex can form independently of the other.
Clearly, additional information is required to understand the
functional relationship between the A, Ca, and C compo-
nents.

The ability of the Ela and EIV promoters to compete for
the binding of both EIIaE-Ca and -C factors to element C
suggests that these factors are also implicated in the activity
of these early viral genes. It will be of interest to identify
their binding sites on these promoters and to see whether
they are juxtaposed as well. The observation by Kruczek
and Doerfler (34) that DNA methylation at the Hhal sites
(5'-GCGC-3') in the Ela upstream region decreases its
promoter activity supports the possibility that the Ela coun-
terparts of the G+C-rich EIIaE-A/Ca binding sites, which
encode Hhal sites, correspond to important promoter ele-
ments.

No apparent effect of EIa gene product on EIIaE factor
binding. The Ela products, which do not bind to DNA by
themselves (as suggested by Ferguson et al.” {12]), could
mediate gene induction by two general mechanisms: (i) the
relief of a negative regulatory factor bound to the nonin-
duced promoter or (ii) the activation of positive transcription
effectors, or both. In the case of the EIIaE promoter, no
mutations have been found that abolish Ela responsiveness
without also impairing constitutive promoter activity. This
observation eliminates the possibility that a repression-
derepression mechanism is involved in the EIIaE promoter
modulation. The other alternative could imply, as in the case
of genes transcribed by RNA polymerase III (24, 59), an
increase in the concentration or affinity or both of a preex-
isting transcription factor(s). Our results show, however,
that the nucleoprotein complexes generated on the EIlaE
promoter with extracts from di312 (i.e., Ela depleted)- and
AdS (i.e., Ela containing)-infected cells were indistinguish-
able by both footprint and band-shift pattern analysis. This
indicates that the factors detected in these extracts have
identical binding activities. The possibility remained, how-
ever, that the higher affinity of these factors could be
fortuitously counterbalanced by their weaker release into the
cell extracts, as a consequence of their stronger interaction
with the cellular or viral DNA. Measurements of the con-
centrations and apparent binding equilibrium constants of
factors EIlaE-A (Cx 4 in Fig. 9), EIlaE-B, -Ca, and -CB
(respectively, Cx 1, 2, and 3 in Fig. 8) in both extracts rule
out this possibility. Whether this is also true for the factor(s)
which equally binds the T1 region in both extracts, as
suggested by the footprints, remains to be established. These
results are in agreement with and further extend those of
Siva Raman et al. (51) who found, using the same band-shift
assay, that the net concentration of the EIIaE-B factor was
the same in dI312- and Ad5-infected cell extracts and that it
did not change during the course of Ela protein accumula-
tion. However, no information about other EIIaE binding
factors was provided by these authors.

In contradiction with these results and ours are those of
Kovesdi et al. (32, 33) who observed binding to the EIlaE
region between —74 and —33 (thus including element A and
part of B) only in the presence of the Ela products. Although
we cannot exclude the possibility that some differences in
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the technical procedures [such as using salmon sperm DNA
instead of poly(dI-dC) as the nonspecific competitor] may
explain part of this discrepancy, we have recently found (B.
Devaux, G. Albrecht, and C. Kédinger, submitted for pub-
lication), in agreement with the present results, that the same
viral genomic DNA footprints on regions A, B, and C were
produced in dI312- or AdS-infected cell nuclei under condi-
tions in which EIIaE transcription is detected only on the
wild-type genome.

It appears, therefore, that the Ela-mediated stimulation is
most likely not achieved through a stronger binding of
preexisting factors to the EIIaE promoter sequences, but
rather by more efficient interactions between these factors.
Studies with chimeric promoter constructions have recently
shown that only specific combinations of EIIaE promoter
elements confer Ela responsiveness to a heterologous,
uninducible promoter (D. Zajchowski et al., Gene, in press).
It is also worth recalling that sequences flanking element B
have been implicated in the Ela dependence of the enhancer
activity of this minimal element (28). The G+C-rich motifs
present at positions —119 and —100 on one side of element B
and at positions —64 and —44 on the other may play crucial
functions in this induction mechanism. A possible model for
this induction would be that in the absence of the Ela
products, an interaction between the factors binding to these
regions results in the formation of a DNA loop which would
impede appropriate contacts among these specific factors
and RNA polymerase. Upon induction, the Ela products
themselves or an as yet unidentified protein-binding factor
would favor the formation of active transcription complexes
(14) by preventing the establishment of such a structure. A
similar model has previously been proposed for the regula-
tion of the bacterial arabinose operon (37). On the other
hand, there are notable examples supporting the view that
DNA-binding transcriptional activators may exert their ef-
fect through direct contacts with neighboring proteins, with-
out involving increased DNA-binding efficiency. Mutants of
bacteriophage A or P22 repressor proteins bind to their re-
pressor-binding sites as well as their wild-type counterparts
do, but fail to stimulate transcription from the adjacent PRM
promoter (19, 23). Detailed mutational analysis of the yeast
activator proteins GAL4 (7, 30) and GCN4 (25) demon-
strated, as for the phage proteins, that DNA binding and
transcription activation are separable functions, encoded by
distinct domains of the factors. These studies, which showed
that DNA binding of the proteins per se was not responsible
for the activation, stress the predominant role of protein-
protein interactions in the induction mechanism. Purification
and fine characterization of the factors implicated in the
process of EIIaE promoter activation will be required to
verify whether these observations also apply to this pro-
moter.
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