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The products encoded by the E2 open reading frame of the papillomaviruses are DNA-binding transcription
factors involved in the positive or negative regulation of multiple viral promoters. To further understand the
mechanisms by which the same transcription factor may act differentially, the full-length BPV-1 E2 protein
was expressed and purified from yeast and assayed in vitro for its capacity to modulate transcription. E2
stimulated transcription of the HSV thymidine kinase (TK) promoter when E2-binding sites were positioned in
an enhancer configuration ~100 bp upstream of the promoter start site. In contrast, the same full-length E2
protein repressed transcription of the HPV-18 E6/E7 P, 5 promoter. This repression was mediated through
binding to the E2 DNA-binding site immediately upstream of the Py, promoter TATA box and could be
abrogated by preincubation of the HPV-18 P,,; promoter template with the nuclear extract allowing the
formation of the preinitiation complex. In vitro DNA-binding experiments with purified E2 and TFIID showed
that binding of E2 to its DNA target placed at different positions with respect to the TATA box differentially
affects binding of TFIID to its cognate site. In these respects, E2 is similar to the bacteriophage A repressor,
which can act either as a repressor or an activator of transcription depending on the position of its binding

sites relative to the promoter sequences.
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Studies of transcriptional control in eukaryotes have fo-
cused mainly on genetic elements that mediate positive
regulation. Many positive regulatory elements and tran-
scription factors have been identified that are selectively
able to stimulate transcription of specific genes. In most
cases, trans-activators bind directly to cis-acting se-
quences, localized either in the vicinity of the promoter
or in a remote position, and transmit a positive signal to
the transcription initiation complex. Although many
components involved in this activation are known, the
mechanisms underlying transcriptional stimulation re-
main unclear. The activating proteins that bind DNA
directly are generally composed of at least two distinct
domains: One is responsible for contact of the protein
with the DNA and provides the specificity for the rec-
ognition of the target site; the second is involved in the
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activation itself (for review, see Mitchell and Tjian 1989;
Struhl 1989). It has been proposed that the activation
domain of these proteins might function by enhancing
either the binding or activity of components of the tran-
scription complex. Alternatively, the positive signal
could be transmitted by interactions with cellular fac-
tors, which do not themselves bind DNA, but serve as
adaptors connecting the transcription factor to the initi-
ation complex (for review, see Lewin 1990; Ptashne and
Gann 1990).

Repressors have emerged only recently as important
factors in the transcriptional control of eukaryotic genes.
The existence of positive as well as negative mecha-
nisms to control transcription most likely allows a
more selective transcriptional response to environmen-
tal and differentiation stimuli. Repression of transcrip-
tion therefore appears to be an integral part of this tran-
scriptional control and may be as important as activation
in the regulation of eukaryotic promoters. Many steps of
the trans-activation mechanism can be blocked or per-
turbed by repressor factors. This block can occur by com-
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petitive binding of the repressor with a crucial activator
or by negative interference with its function (for review,
see Levine and Manley 1989; Renkavitz 1990).

The products of the E2 open reading frame (ORF) of
papillomaviruses constitute a family of DNA-binding
transcriptional modulators sharing the capacity to be ei-
ther activators or repressors of viral transcription (for
review, see Dostatni et al. 1989; McBride et al. 1989b).
The bovine papillomavirus type 1 (BPV-1} E2 protein is
the one studied most extensively in this family of factors
and was first described as a specific trans-activator of
BPV-1 transcription (Spalholz et al. 1985). The E2 pro-
teins are sequence-specific DNA-binding proteins (An-
drophy et al. 1987; Moskaluk and Bastia 1987). The car-
boxy-terminal 100-amino-acid conserved domain of E2 is
responsible for dimerization and sequence-specific bind-
ing to a short palindromic DNA target, ACCN,GGT
(Dostatni et al. 1988; Giri and Yaniv 1988; McBride et al.
1988; Moskaluk and Bastia 1988b; McBride et al. 1989a}.
The amino-terminal domain of E2, which is also highly
conserved among papillomaviruses, is required for trans-
activation and contains several regions of potential am-
phipathic helix (Giri and Yaniv 1988; McBride et al.
1989b).

Although DNA sites for E2 protein binding are con-
served among the different papillomaviruses, the num-
ber and position of these sites relative to specific viral
promoters differs from one papillomavirus genome to
the other (for review, see Sousa et al. 1990). Recent stud-
ies have established that there is a great diversity in the
responsiveness of different viral promoters to E2. In the
case of BPV-1, the promoters upstream of the E6 gene
(Pgo) and the E2 gene (P,,,) are activated by E2 through
binding sites located at some distance from these pro-
moters (Spalholz et al. 1987; Hermonat et al. 1988). The
situation is similar for the cottontail rabbit papillomavi-
rus (CRPV) in which the major early promoter is also
activated by E2 (Giri et al. 1985). In contrast, for the Pl
{P;,g5) promoter of BPV-1, interaction of E2 protein with
a single E2-binding site positioned downstream of the
transcription start site (Stenlund et al. 1987) has been
postulated to interfere with the binding of a positive cel-
lular transcription factor, leading to the repression of
this promoter (Stenlund and Botchan 1990). Finally, in
the case of the genital tract human papillomaviruses
HPV-16 and HPV-18, two E2-binding sites are located in
close proximity to viral promoter elements, including
one E2-binding site just three nucleotides upstream from
the TATA box. Both promoters are repressed by E2 in
vivo (Thierry and Yaniv 1987; Bernard et al. 1989; Ro-
manczuk et al. 1990). Furthermore, mutational analysis
has recently shown that the most proximal E2-binding
site to the TATA box is required for repression of the
P,os promoter by BPV-1 E2 in vivo (Romanczuk et al.
1990; Thierry and Howley 1991). The HPV-18 P, and
HPV-16 P,, promoters just upstream of the E6 ORF are
responsible for the transcription of the transforming
genes E6 and E7 (for review, see Miinger et al. 1990). In
cervical carcinoma cell lines, the frequent interruption
of the E2 ORF by integration of the viral genome is in-
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terpreted as leading to the derepression of the Py, HPV-
16 and P,,; HPV-18 promoters and thereby the potenti-
ation of the expression of the viral E6 and E7 transform-
ing genes (Schwarz et al. 1985; Baker et al. 1987).

The complexity of transcriptional modulation by E2 is
increased further by the observation that E2 in some pap-
illomaviruses may encode multiple polypeptides with
different biological activities. This has been best studied
in BPV-1 where three distinct proteins, encoded by the
E2 ORF, have been identified (Hubbert et al. 1988). All
three proteins share the carboxy-terminal domain, but
two of them lack the amino-terminal domain of the E2
OREF (Lambert et al. 1989a). These shorter BPV-1 E2 pro-
teins, with intact DNA-binding/dimerization domains,
inhibit the activity of the full-length E2 ORF gene prod-
uct, the E2 trans-activator (Lambert et al. 1987; Choe et
al. 1989; Lambert et al. 1990). This inhibition could re-
sult from competitive DNA binding or by subunit mix-
ing through the formation of heterodimers with the E2
trans-activator.

To gain additional insight into the molecular basis of
differential regulation by a eukaryotic trans-activator,
we have used an in vitro transcription system to exam-
ine the activity of the purified full-length BPV-1 E2 pro-
tein on two different promoters that are either positively
or negatively regulated by this protein in vivo. The E2
protein was expressed and purified from the yeast Sac-
charomyces cerevisiae and added to rat liver nuclear ex-
tract as a source of general cellular transcription factors.
In this system E2 was shown to be capable of activating
transcription of the herpes simplex virus (HSV) thymi-
dine kinase (TK) promoter containing E2 DNA-binding
sites in an enhancer configuration or repressing tran-
scription of the P,,5 promoter of HPV-18, which con-
tains the E2 DNA-binding sites within the promoter re-
gion. The activation of the TK promoter and the repres-
sion of the P,,; promoter were mediated through direct
binding of E2 to its target DNA-binding sites. Transcrip-
tional repression of the P,,s promoter was relieved by
mutation of the E2-binding site most proximal to the
TATA box, suggesting that E2 represses transcription by
interfering with the formation of the initiation complex.
Indeed, incubation of the P,,s promoter template with
the nuclear extract prior to the addition of E2 prevented
the repression of transcription, indicating that once
formed, the initiation complex can no longer be dissoci-
ated by E2. Finally, band-shift experiments with E2, pu-
rified human TFIID expressed in bacteria, and DNA
probes containing both E2 and TFIID-binding sites indi-
cate that binding of E2 to its cognate site affected TFIID
binding differentially when the distance between respec-
tive target sites was modified.

Results
Purification of the BPV-1 E2 protein from yeast

Previous studies have shown that the BPV-1 E2 trans-
activator can stimulate transcription in yeast from a
template containing E2 DNA-binding sites located up-
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stream of a minimal yeast promoter. The basic require-
ments for viral cis and trans elements were similar in
yeast and in mammalian cells (Lambert et al. 1989b;
Morrissey et al. 1989; Stanway et al. 1989). This sug-
gested that yeast could be a suitable system for the pu-
rification of an intact and functional protein. To test
whether it could function directly in vitro as a modula-
tor of transcription, the protein was expressed in yeast
and purified by multistep chromatography, including the
use of an E2 DNA-binding-site-specific oligonucleotide
column (Fig. 1A). Following DNA affinity chromatogra-
phy, the predominant protein species in the most pure
fractions had an apparent molecular mass of 50 kD (Fig.
1B), equivalent to the molecular mass of the intact BPV-1
E2 trans-activator reported previously (Mc Bride et al.
1988; Lambert et al. 1989a).

Purified E2 protein can activate transcription in vitro

In transfection experiments the full-length BPV-1 E2 pro-
tein can activate transcription in vivo, from a TK pro-
moter that contains several E2 DNA-binding sites lo-
cated ~100 bp upstream from the transcription start site
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Figure 1. Purification of the BPV-1 E2 protein. (A) Steps of E2
purification. E2-binding activity during the purification was
monitored by a gel-shift assay with a double-stranded oligonu-
cleotide (CTAGACCGAAAACGGTGCTAG) containing one
E2-binding site. The affinity column was prepared with poly-
mers of this oligonucleotide. {B) SDS-PAGE analysis of protein
content before and after purification. (Lane 1} 9 pg of crude
extract from an induced yeast culture expressing the 50-kD E2;
(lane 2): 7 ul of an active fraction from the affinity column. The
relative E2-binding activity measured by gel retardation is 0.6
units for the crude extract (lane 1) and 300 units for the fraction
shown in lane 2. The gel was stained with Coomassie blue; the
molecular mass markers are indicated at right.

(Thierry et al. 1990). To test whether the purified E2
trans-activator protein could function as an activator in
vitro, the protein was added to a cell-free transcription
system composed of a rat liver nuclear extract. Tran-
scription” was measured with ““G-free’” templates in
which the TK promoter is positioned immediately up-
stream of a stretch of DNA containing no G residues in
the coding strand (Sawadogo and Roeder 1985). The test
templates contained the TK promoter with either none,
one, two, or six copies of the E2-binding site. Each of
these plasmids generated an in vitro product of 375 nu-
cleotides (Fig. 2]. A control template containing the TK
promoter with no E2-binding site that generates a tran-
script of 247 nucleotides was included in each reaction.
The different TK templates were comparable in their ca-
pacity to direct RNA synthesis in in vitro transcription
reactions with liver extracts alone (Fig. 3A, lanes 1 and
5). When increasing amounts of purified E2 protein were
added to the reaction, however, there was a specific and
dose-dependent induction of the RNA synthesis level
from the plasmid template containing six E2 DNA-bind-
ing sites upstream of the TK promoter (Fig. 3A, lanes
6-8). The addition of E2 protein had no detectable effect
on control templates lacking E2 DNA-binding sites (Fig.
3A, lanes 2-4). Thus, the increase in the transcriptional
efficiency (~3- to 3.5-fold at the highest E2 concentra-
tion) was specifically observed with templates contain-
ing E2-binding sites. Maximal stimulation by E2 was ob-
tained with a 10-fold ratio of the E2 DNA-binding activ-
ity over the number of DNA-binding sites, as determined
by gel-shift assays. It should be noted, however, that the
level of activation by E2 in this in vitro system, while
reproducible, was significantly lower than the effect ob-
served in vivo in mammalian cells (20- to 50-fold) (Thier-
ry et al. 1990) or in yeast (50- to 250-fold) {Lambert et al.
1989b).

An interesting feature of trans-activation by E2 pro-
tein in vivo is that although E2 can bind strongly to a
single palindromic site (Dostatni et al. 1988; Lambert et
al. 1989b), this single site constitutes only a weak E2-
dependent enhancer. A strong synergistic effect is ob-
served between two sites either in mammalian cells
(Harrison et al. 1987; Hawley-Nelson et al. 1988; Spal-
holz et al. 1988; Thierry et al. 1990) or in yeast {Lambert
et al. 1989a; Morrissey et al. 1989; Stanway et al. 1989).
To determine whether E2 transcriptional activation in
vitro follows the same rules as in vivo, different test
templates containing one, two, or six E2-binding sites
were assayed for their in vitro E2-mediated stimulation.
As shown in Figure 3B, there was a modest (twofold)
increase in the level of E2 stimulation with increasing
numbers of E2-binding sites upstream of the TK pro-
moter. However, this difference does not account, this
for the strong synergism seen in cotransfected cells with
multiple E2 DNA-binding sites.

Binding of E2 is required for in vitro activation

of the TK promoter

To confirm that the stimulation by E2 was caused by
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Figure 2. Structure of the DNA templates used for in vitro transcription. The schematic structure of the promoters driving the G-free
cassette (shaded box] is indicated. Names of the plasmids are given at left, and the specific length of the G-free transcripts at right. In
the pTK109 plasmids, the TK promoter (- 109 to +5) drives the expression of G-free cassettes with lengths of either 375 or 247
nucleotides. In the p18 plasmid a fragment of the HPV-18 genome containing the entire long control region {nucleotides 6929-105) was
inserted in front of a 183-nucleotide-long G-free cassette. In pl8mut, the E2-binding site at position 58 was mutated. In the construc-
tion p18*(C,AT) a fragment of DNA containing the 72-bp repeats of the SV40 enhancer was inserted at the Accl restriction site at
position 7767 of the HPV-18 genome. Nucleotide numbering of the HPV-18 sequence is given by Cole and Danos (1987). (@) The
wild-type E2-binding sites; (O] the mutated site. Positions of the primers used for amplification of G-free sequences are indicated.

binding of the E2 protein to its DNA target, competition sponsible for the expression of the E6 and E7 transform-
experiments were performed with either an oligonucle- ing functions (Thierry and Yaniv 1987; Romanczuk et al.
otide containing two copies of the E2 DNA-binding site 1990). Although it is likely that the repression of the
or an oligonucleotide containing an unrelated sequence. HPV-18 P,,; promoter in cotransfection experiments
In this experiment E2 protein was mixed with the DNA was caused by the full-length product of the E2 ORE, it
templates and oligonucleotides before addition of either remained possible that a carboxy-terminal truncated
the extract or the nucleotides to initiate the transcrip- form of the E2 protein could be expressed in these cells
tion reactions. The transcriptional stimulation of the and act dominantly as a transcriptional repressor (Lam-
test product (375 nucleotides) by E2 was completely bert et al. 1987). To test whether the purified full-length
abolished by the addition of 100 ng of the specific com- E2 protein could repress transcription of the HPV-18 P45
petitor oligonucleotide {Fig. 4, lanes 3 and 4). In contrast, promoter in vitro, templates containing this promoter
E2 was still able to induce transcription of this template upstream of the G-free cassette were constructed and
in the presence of the nonspecific competitor oligonu- assayed for in vitro transcription in the presence or ab-
cleotide (Fig. 4, lanes 5 and 6). The presence of either of sence of E2. As depicted in Figure 2, two different tem-
these oligonucleotides reduced the overall level of tran- plates containing the wild-type E2-binding sites were
scription approximately fivefold. Nevertheless, only the used: pl8 contains the entire regulatory region of HPV-
specific competitor was capable of abrogating the E2- 18, whereas p18* contains the SV40 enhancer inserted
specific trans-activation of the target plasmid containing ~200 nucleotides upstream of the P4 cap site. In each
E2 DNA-binding sites. of these plasmids, the promoter was cloned upstream of

a short G-free cassette of 183 nucleotides. The P, 5 tem-
plates were assayed for in vitro transcription in rat liver

E2 represses transcription of the HPV-18 Py, promoter extracts by using, as internal control, a TK template gen-

m vitro erating a product of 247 nucleotides. Similar levels of
In mammalian cells the full-length BPV-1 E2 gene prod- transcription from the P, promoter were obtained for
uct can repress the HPV-18 P, promoter, which is re- P18 and P18* (Fig. 5, cf. A and B) . This result indicated
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Figure 3. In vitro stimulation of the TK promoter by E2. {4) In vitro stimulation of the TK promoter by E2 requires the presence of

E2-binding sites in the promoter and is dose dependent. In vitro transcription experiments were carried out with 50 ng of the plasmid
pTK109(247] as an internal control and 200 ng of Bluescribe plasmid as carrier DNA; 50 ng of pTK109{375] (lanes 1—4) and 50 ng of
pTK109 : 6mtfs[375] (lanes 5-8) as specific templates. Increasing amounts of E2 {{lanes 1,5) 0 unit; {lanes 2,6) 0.7 unit; (lanes 3,7) 3.5
units; {lanes 4,8) 14 units] were mixed rapidly on ice with the DNA templates before addition of 30 pg of nuclear extract and the
nucleotides. The ratios of the two signals obtained with the specific template (375 nucleotides} and the internal control (247 nucle-
otides) determined by scanning the autoradiogram are indicated at bottom. (B) Effect of the number of E2-binding sites upstream of the
TK promoter. Purified E2 (14 units) {lanes 2,4,6) or the same volume of dialysis buffer (lanes 1, 3,5) was first mixed with the DNA (250
ng of Bluescribe as carrier, 100 ng of TK109(247] as internal control, and 50 ng of the specific templates TK109 : 1mtf{375] in lanes 1
and 2; TK109 : 2mtfs[375] in lanes 3 and 4; TK109 : 6mtfs[375] in lanes 5 and 6) before adding the liver extract (60 ng). In vitro
transcription reactions were initiated by the addition of nucleotides. Quantitative values obtained by scanning of the autoradiogram
to determine the ratio of the specific signal (375 nucleotides) to the signal of the internal control (247 nucleotides) are indicated at

bottom.

that the SV40 enhancer and the upstream sequences of
the HPV-18 long-control region have similar effects on
transcription of the P,y promoter in vitro. Because the
levels of transcriptional efficiency of both templates
were low, it is highly probable that these activities re-
flect the basal level of the promoter and that none of the
cellular factor(s) interacting with the two different en-
hancer sequences are present or active in the in vitro
system. In the presence of increasing amounts of E2, as
shown in Figure 5A, the levels of the P,,-specific prod-
uct (183 nucleotides) decreased, whereas the signal for
the product of the internal control (247 nucleotides) was
not affected by addition of E2. Transcriptional repression
of the P,,; promoter by E2 appeared dose dependent, and
the dose requirements of E2 protein were comparable for
either the in vitro activation of the TK promoter con-
taining E2-binding sites or the repression of the HPV-18
P,y5 promoter.

Binding of E2 to its cognate sequence proximal
to the TATA box of the P,,; promoter of HPV-18
is necessary for repression in vitro

Transcriptional repression of the HPV-18 P, promoter

in vivo by BPV-1 E2 is mediated through the E2-binding
site immediately proximal to the TATA box (Romanc-
zuk et al. 1990; Thierry and Howley 1991). To determine
whether the repression of this promoter observed in vitro
was due to the binding of E2 to the same site, we used a
plasmid template containing a mutated version of the
P,os promoter in which the E2-binding site proximal to
the TATA box had been changed so that it no longer
bound E2 (depicted in Fig. 2). As shown in Figure 5B, the
basal transcriptional activities of the wild-type and mu-
tated promoters in liver extracts were similar. In the con-
text of the complete long control region, only the wild-
type P,os promoter could be repressed by E2 to levels
similar to those of the pl8* plasmid (Fig. 5A,B). The
mutated plasmid pl8mut was not affected by the addi-
tion of E2. Therefore, the purified full-length BPV-1 E2
could directly repress transcription of the P,q5; promoter
of HPV-18 through binding to its cognate sequence im-
mediately proximal to the TATA box.

Preincubation of the HPV-18 template with nuclear

extract prevents repression by E2

In the HPV-18 P, 45 promoter, the E2-binding site proxi-
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Figure 4. Oligonucleotide competition of E2 stimulation in
vitro. Fifty nanograms of the pTK109 : 6mtfs[375]-specific tem-
plate, 100 ng of the pTK109[247] internal control, and 250 ng of
the Bluescribe plasmid were mixed with the different oligonu-
cleotides as indicated: no competitor oligonucleotide in lanes 1
and 2; 100 ng of an oligonucleotide containing two E2-binding
sites in lanes 3 and 4; and 100 ng of an unrelated oligonucleotide
in lanes 5 and 6. This amount of specific competitor oligonu-
cleotide corresponds to a ~ 50-fold molar excess of specific E2-
binding sites. Fourteen units of purified E2 (lanes 2,4,6) or the
same volume of dialysis buffer (lanes 1,3,5) was mixed with the
DNA prior to the addition of 60 ug of rat liver extract. The
transcription reactions were initiated by addition of the nucle-
otides. The ratios of the scanning values between the specific
{375 nucleotides) and control (247 nucleotides) signals were 0.43
{lane 1), 0.93 (lane 2), 0.38 {lane 3}, 0.43 (lane 4), 0.43 (lane 5), and
0.93 (lane 6). The levels of stimulation were 2.2-fold without
competitor oligonucleotide, 1.1-fold with excess of the specific
oligonucleotide, and 2.2-fold with excess of the unrelated oli-
gonucleotide.

mal to the transcription start site is separated from the
TATA box by only three nucleotides. DNase I footprint-
ing experiments have shown that E2 binding to this site
partly overlaps the TATA box region (Garcia-Carranca et
al. 1988), and it was suggested that repression of this
promoter by E2 could be due to steric interference with
the formation of an active transcription complex. The in
vitro transcription system provided an opportunity to
test this hypothesis directly. Preincubation of the tem-
plate with the nuclear extract should lead to the forma-
tion of a committed complex, resistant to repression by
E2. As shown in Figure 6, when liver nuclear extract was
first incubated for 30 min with the test template, pl8,
prior to the addition of E2 protein and nucleotides to
start transcription, no repression of the HPV-18 pro-
moter by E2 was detected. In contrast, when E2 was ad-
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ded to the preincubation at the same time as the nuclear
extract and transcription was initiated 30 min later by
addition of nucleotides, transcription from the wild-type
P,os promoter was repressed (Fig. 6, lanes 2 and 3). The
activity of the mutated P,,; promoter was not affected
significantly in this experiment, confirming that the ef-
fect observed depends on the binding of E2 protein to its
cognate site proximal to the TATA box (Fig. 6, lanes 6,7).

Binding of E2 to its DNA site near the TATA box
of the HPV-18 P,,s promoter modifies the binding
of TFIID to its cognate site

The template commitment experiment described above
demonstrated that the E2-mediated repression of the
HPV-18 P,,5 promoter was probably due to interference
with the formation of the initiation complex. As the E2-
binding site responsible for this repression and the
TATA box of the P,y promoter are very close to each
other, it was plausible that this effect was due to direct
DNA-binding competition between E2 and TFIID for
their respective cognate sites. Alternatively, E2 could in-
terfere with the binding of an essential cellular factor
next to the TATA element. Competitive binding be-
tween E2 and a positive-acting transcriptional factor has
been suggested for the BPV-1 P1 (P,,..) promoter (Sten-
lund and Botchan 1990) and has been described for a
constitutive enhancer in the vicinity of this promoter in
BPV-1 (Van de Pol and Howley 1990). To distinguish be-
tween these alternative mechanisms, DNA-binding
band-shift assays were performed with E2 and human
TFIID purified from Escherichia coli, a kind gift from F.
Pugh and R. Tjian (Peterson et al. 1990) and different
DNA probes that are 36-41 nucleotides long. A first one
was called E2T and contained the exact sequence of the
HPV-18 P, promoter spanning the crucial E2-binding
site {position 58) and the TATA box (position 72). A sec-
ond one, called E2-N,-T, was similar to E2T but con-
tained an insertion of five additional nucleotides be-
tween the crucial E2-binding site and the TATA box of
the P,,5 promoter. Finally, two probes called E2MT and
E2TM were similar to E2T but contained double point
mutations affecting, respectively, E2 or TFIID binding.
The results of the band-shift assays are described in Fig-
ure 7.

The binding of TFIID to E2T, E2-N5-T, and E2MT
probes gave rise to a slow migrating complex (Fig. 7A,
lanes 2,10; Fig. 7B, lane 2), whereas the binding of E2 to
the E2T, E2-N5-T, and E2TM probes gave rise to a faster
migrating complex (Fig. 7A,B, lanes 6-8 and 14-16). As
expected, the E2 protein and TFIID were unable to bind
to the probes containing mutations in their respective
cognate sites (Fig. 7B, lanes 6-8 for E2 and lane 10 for
TFIID). As shown in Figure 7A (lanes 3-5), increasing the
amount of E2 in the incubation destabilized the binding
of TFIID to the probe E2T with the appearence of some
smearing in the gel. This effect was not observed when
the two binding sites for E2 and TFIID were separated by
five additional nucleotides as they were in probe E2—
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Figure 5. In vitro repression of the P,y pro-
moter by the full-length E2. (A) Repression by
E2 of the P,y; promoter is dose dependent. For
the dose-response experiment, 50 ng of the
p18*(C,AT][183] construction was used as spe-
cific template with 50 ng of the pTK109[247] in-
ternal control and 200 ng of the Bluescribe plas-
mid. Different amounts of E2 [(lane 1) 0 unit;

pTK109(247] (lane 2] 0.7 unit; (lane 3) 3.5 units; (lane 4) 14

units] were mixed rapidly with the DNA tem-
plates on ice before adding 30 pg of nuclear ex-
tract and the nucleotides. The ratios of the scan-

«— Specific signal  ning values between the specific {183) and con-

183 nis g == &=

[183)

trol (247) signals were 1.7 (lane 1), 2 (lane 2), 0.8
(lane 3), and 0.16 (lane 4). The level of repression
reached 11-fold at the highest concentration of
E2. (B) Binding of E2 to the E2-binding site prox-
imal to the TATA box is required for repression
of the P,,; promoter. Fourteen units of purified
E2 (lanes 2,4) or the same volume of dialysis

buffer (lanes 1,3) was first mixed with the DNA ({250 ng of the Bluescribe plasmid, 100 ng of the TK109[247] as internal control, and
50 ng of the specific templates p18(C2AT)[183] (lanes 1,2) or p18mut{C,AT)[183] (lanes 3, 4) before the addition of the liver extract (60
pg). The reactions were initiated by addition of the nucleotides. The ratios between the specific (183) and the control (247} signals were

0.62 (lane 1), <0.08 {lane 2), 0.9 (lane 3), and 1 (lane 4).

N5-T (Fig. 7A, lanes 9-16). On the contrary, the inten-
sity of the band migrating at the position of the original
TFIID complex clearly increased in a dose-dependent
manner in the presence of E2 (Fig. 7A, lanes 11-13),
whereas the intensity of the band migrating at the posi-
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Formation of initiation

tion of E2 bound alone to the probe decreased (Fig. 7A, cf.
lanes 11-13 with lanes 14-16 respectively). Experiments
described below argue strongly that the major shifted
band observed in lanes 11-13 actually contained both
proteins bound simultaneously to the same probe. The

complex Elongation
I T |
ol 30 1h30'
DNA ] | |
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STOP
Extracts or E2 E2 NTPs '

Figure 6. E2 cannot dissociate a preformed initia-
tion complex. Incubations took place at 30°C in the
required buffer with 100 ng of the specific templates
p18[183] (lanes 1-4) or p18mut[183] (lanes 5-8), 50
ng of the control template pTK109[247], 250 ng of
the Bluescribe plasmid, 60 wg of rat liver nuclear
extract, and 14 units of purified E2 as indicated. E2
and the nuclear extract were added at the indicated
times schematically represented at bottom. If no E2
was added, the same volume of dialysis buffer con-
taining 0.5 pg/pl of BSA was added to the incubation
sample. The transcription reactions were initiated
after 30 min by the addition of nucleotides. Quanti-
tative values obtained after scanning of the film for
the ratio between the specific signal {183) and the
internal control (247) were 3.15 (lane 1), 0.8 {lane 2),
0.6 (lane 3), 2.4 (lane 4), 2.6 {lane 5), 5.3 (lane 6}, 2.9
(lane 7), and 1.35 (lane 8).
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Figure 7. Binding of E2 can affect the binding of TFIID differentially, depending on the distance between respective DNA cognate
sites. Twenty-five picograms of the indicated probe was incubated with different amounts of E2 [A,B (lanes 3,6,11,14) 0.5 ng; (lanes
4,7,12, 15) 1 ng; (lanes 5,8,13,16) 2 ng] and 4 ng of TFIID {A, B (lanes 2-5,10-13)]. When no E2 or TFIID was used, the same volume of
protein dilution buffer was added. Position of the three different complexes observed is indicated at right, with a schematic repre-
sentation of the components of each complex (not to scale). The E2 protein is schematically drawn as two open globular domains
linked by a flexible unstructured domain; and TFIID is represented by the hatched globular domain.
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E2-mediated effect on TFIID binding obtained with E2T
and E2-N5-T probes was not observed when the probe
was mutated either in the TATA box (Fig. 7B, lanes 3-5)
or in the E2-binding site (Fig. 7B, lanes 11-13), indicating
that they are both dependent on specific DNA binding of
E2 and TFIID to their respective target sites.

Finally, it is interesting to note that the relative mi-
gration of the E2 and TFIID complexes is not a function
of their molecular mass. As demonstrated by the West-
ern blot shown in Figure 8A, the E2 protein used in this
study had the molecular mass expected for intact E2 and
had migrated to a position identical to that of baculovi-
rus-expressed E2. Although the complex containing a
dimer of intact E2 has a molecular mass of 2 x 50 kD, it
migrated faster than the TFIID (30 kD)-containing com-
plex in gel shift experiments.

E2 protein and TFIID can bind simultaneously
to the probe containing five additional nucleotides
between the E2-binding site and the TATA box

As described previously, the presence of E2 in the gel-
shift experiment made with the probe containing five
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additional nucleotides between the E2-binding site and
the TATA box (E2-N5-T) strongly increased the inten-
sity of the band observed when TFIID was bound alone
to the probe. This effect was not observed when the E2-
binding site was mutated as in the probe E2MT (cf. Fig.
7A, lanes 11-13 with Fig. 7B, lanes 11-13). This obser-
vation indicates that specific binding of E2 is required for
this effect and suggests that binding of E2 to this partic-
ular probe indeed stimulates or stabilizes binding of
TFIID to the TATA box. The E2 protein and TFIID might
then be bound simultaneously on the probe containing
five additional nucleotides between the E2-binding site
and the TATA box, even though the ternary complex
containing both E2 and TFIID bound to the same probe
appears to migrate at the same position as the original
one obtained with TFIID alone.

The presence of E2 in this complex is supported by the
following observations. (1) When a similar experiment
was done with a truncated E2 protein, a third additional
band migrating slightly below the band corresponding to
the original TFIID complex was observed {data not
shown). (2) dimethyl sulfate (DMS) interference experi-
ments performed with this probe indicate that methyl-

Figure 8. E2 and TFID may bind simul-
taneously on the E2-N.T probe. (A)
E2 Western blot analysis of the E2 prepara-
tion. Different preparations of E2 were an-
alyzed by SDS-PAGE. (Lane 1) A purified
fusion protein between p-galactosidase
and the carboxy-terminal part of E2; (lane
2] whole-cell extract of baculovirus-in-
fected cells expressing full-length E2; {lane
3) 150 ng of the purified yeast purified E2.
As indicated, each gel was incubated with
either preimmune or immune serum. Po-
sitions of molecular mass markers are in-

= dicated at left; the position of the full-

&%~  length E2 is shown with an arrow at right.

- - (B) Gel-shift assay with anti-E2 antibodies.
S E2-igG TFID

The probe used for this experiment was
E2-N.-T. Fifty picograms of probe was in-

e cubated with 2 ng of TFIID (lanes 2-5, 8-9)
ﬁ-*’?"‘ and different amounts of E2 [(lanes 4-7) 2

E2-1gG ng; (lanes 8-11) 8 ng|. When no E2 (lanes
1-3) or TFID (lanes 1,6-7,10-11) was
used, the same volume of protein dilution
buffer was added. After binding incubation
for 30 min at 30°C, 1 ul of the preimmune
serum (lanes 2,4,6,8,10) or 1 pl of the im-
mune antiserum (lanes 3,5,7,9,11) was
added to the mixture and the incubation
was performed for 15 min at room temper-
ature before loading. Positions of the dif-
ferent complexes are indicated as well as a
schematic representation of the compo-
nents of each (not to scale). IgG bound to
E2 is represented by black forks.
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ation of guanines known to be crucial for E2 binding
{(Dostatni et al. 1988; Moskaluk and Bastia 1988b) inter-
fere with the formation of this ternary complex (data not
shown). (3) Further evidence came from gel-shift assays
performed with the E2 and TFIID proteins in the pres-
ence of a polyclonal antibody directed against the DNA-
binding domain of the E2 protein. As shown in Figure 8B,
the presence of the specific antiserum had no significant
effect on the migration of the complex obtained with
TFIID alone (Fig. 8B, cf. lanes 2 and 3). In contrast, the
presence of the specific antiserum led to a shift of the
complex obtained with the E2 protein alone (Fig. 8B, cf.
lanes 6 and 10 with lanes 7 and 11): The supershifted
complex observed in lanes 7 and 11 likely corresponds to
the complex formed between the labeled DNA probe and
E2 molecules, which are themselves bound by the anti-
bodies. The same experiment was repeated in the pres-
ence of both E2 and TFIID with two different E2 concen-
trations (Fig. 8B, lanes 4,5 and lanes 8,9). The band shifts
shown in lanes 4 and 8 were done in the presence of
preimmune serum and gave similar patterns to those in
Figure 7A, lanes 11-13. In contrast, the use of the spe-
cific antiserum in lanes 5 and 9 led to a clear slowing
down (supershift) of the presumed ternary complex.
Among the three bands discernible, the intermediate one
migrated at the same position of the supershifted band
obtained with E2 alone and the specific antiserum (as in
lanes 7 and 11). The faster one migrated at the same
position as the complex formed with TFIID alone while
the slowest one is likely to be a supershift induced by
binding of the IgG in the ternary complex formed by E2
and TFIID bound together to the same probe. These ex-
periments provided further support that an additional
complex can be obtained in the gel shift with the E2—
N;-T probe in which E2 and TFIID were bound simul-
taneously to the same probe. Similar experiments made
with the specific anti-E2 serum revealed that such a ter-
nary complex was not detectable with the wild-type E2T
probe when the E2-binding site and the TATA box were
separated by only three nucleotides as in the P,,5 pro-
moter of HPV-18 (data not shown). These results estab-
lished that simultaneous binding of E2 and TFIID cannot
occur efficiently on the P, promoter of HPV-18 under
our experimental conditions.

Discussion

The E2 proteins encoded by the papillomaviruses bind to
a specific DNA sequence repeated multiple times in the
genomes of all papillomaviruses. The presence of these
E2 DNA-binding sites in cis is necessary for transcrip-
tional modulation of viral promoters by E2 proteins in
vivo. The nature of the regulation, be it activation or
repression, depends on the position of the E2-binding
sites relative to promoter elements and on the nature of
the E2 gene product itself. In this study the capacity of
the full-length BPV-1 E2 protein to act directly on tran-
scription as an activator and as a repressor in vitro was
investigated.
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The full-length purified BPV1 E2 trans-activator
is functional in vitro

E2 trans-activation of the TK promoter in vitro was de-
pendent on the presence of at least one E2 DNA-binding
site inserted upstream of the promoter sequences in the
reporter plasmids and was dose dependent. Nevertheless,
there were differences in the activities observed in vitro
compared to those measured in vivo. The stimulation of
the TK promoter by E2 reached only three- to fourfold in
our system with rat liver nuclear extracts. Similar levels
of activation were observed with E2 and HeLa whole-cell
extracts (data not shown). These levels of activation are
significantly lower than those generally observed in tran-
sient transfection experiments (Thierry et al. 1990). In
addition, the levels of stimulation of the TK promoter
obtained with templates containing one or multiple E2-
binding sites were comparable in vitro, although a very
high synergy between two E2 dimers is characteristic of
E2 trans-activation in transfected cells (Gauthier et al.
1991).

The amino-terminal trans-activation domain of E2
contains two regions with potential amphipathic a-heli-
ces, a conserved structure presumed to be responsible for
the interaction of activators with the transcriptional ma-
chinery {Hope et al. 1988). Synergy, in the case of E2
trans-activation, is thought to reflect the cooperative in-
teraction of multiple-bound E2 protein molecules with
the cellular machinery via their amino-terminal do-
mains (Lambert et al. 1989a). The lack of synergy in vitro
might be due to the E2 protein itself being modified im-
properly. It is also possible that some of the cellular fac-
tors required for E2 stimulation are labile or in limiting
amounts in the extracts. The low level of activation and
the lack of synergy by trans-activators commonly ob-
served in vitro may represent a fundamental difference
between in vitro and in vivo assays, such as the possi-
bility that trans-activators play a dual role in vivo of
both derepressing as well as activating promoters
(Croston et al. 1991; Workman et al. 1991).

E2 represses in vitro transcription of the HPV-18 P,
promoter

The P,,5 promoter of HPV18 directs the transcription of
the transforming genes E6 and E7 that have been impli-
cated in cervical carcinoma. This promoter was active in
vitro with a detectable basal level in cell extracts from
rat liver, and its transcription was repressed in vitro by
full-length BPV-1 E2. The 10-fold repression was medi-
ated through E2 binding to the DNA target just proximal
to the TATA box of the promoter, the same site that is
involved in vivo in the repression of this promoter
(Thierry and Yaniv 1987; Romanczuk et al. 1990;
Thierry and Howley 1991). Previous studies (Thierry and
Yaniv 1987; Garcia-Carranca et al. 1988; Romanczuk et
al. 1990; Thierry and Howley 1991) led to the proposal
that the mechanism of E2 repression of the P,,; pro-
moter involves the direct inhibition of the formation of
the transcription initiation complex. To test this hy-
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pothesis, we preincubated the HPV-18 template with the
nuclear extract, prior to addition of the E2 protein. No
repression was observed upon E2 addition, showing that
once a committed template is formed, the full-length
BPV-1E2 is no longer able to repress transcription of this
promoter. Repression by E2 thus appears to occur at an
early step during the assembly of the initiation complex
on this promoter. Because truncated E2 proteins contain-
ing only the DNA-binding/dimerization domain are still
able to repress transcription of P, in vivo (Thierry and
Howley 1991), the mechanism of repression appeared to
be linked to the capacity of the E2 protein to bind DNA.
The E2 DNA-binding site responsible for E2 repression
of the P, 5 promoter is adjacent to the TATA box, and it
was suggested that binding of E2 to this site may inter-
fere by steric hindrance with the formation or the stabi-
lization of the initiation complex. A simple explanation
of this effect would be competitive binding between E2
and TFIID for the promoter at their respective target
sites, which are separated only by three nucleotides.

The distance between the E2-binding site
and the TATA box can modify the effect of E2
on TFIID binding

In an attempt to understand the opposing properties of
E2 at the molecular level, we performed gel-shift exper-
iments using both purified E2 and TFIID. Several DNA
probes were used in which the E2-binding site and a
TATA box were either placed at different distances from
each other or were individually mutated. Our experi-
ments indicate that the specific binding of E2 on its cog-
nate site may affect the binding of TFIID on the TATA
box differently, depending on the distance between the
latter and the E2-binding site. When both sites were as
close as in the P,,; promoter of HPV-18, the yield of the
TFIID-containing complex partially decreased upon ad-
dition of E2 as if both proteins could not bind simulta-
neously to the same probe. E2-mediated repression of the
HPV-18 P45 promoter may then result from competitive
binding or from an abortive association between E2 and
TFIID on overlapping sites. The interference between E2
and TFIID that we observed was not as drastic as the
E2-dependent transcriptional repression of the P, pro-
moter of HPV-18 and was more efficient when an E2
protein truncated from the amino-terminal domain was
used (data not shown). It is plausible that E2 will block
more efficiently the binding of the more complex native
TFIID factor isolated from nuclei than the purified TFIID
gene product {(Hoffmann et al. 1990; Peterson et al. 1990).

Competitive binding between E2 and a positive-acting
transcription factor that can bind ~20 nucleotides down-
stream of the transcription start site of the BPV-1 Pl
(P7185) promoter has been described recently (Stenlund
and Botchan 1990; Van de Pol and Howley 1990). In this
study repression by E2 appears to be mediated by inter-
ference with a direct component of the initiation com-
plex. Similar direct competition between TFIID and the
engrailed homeo protein for binding to the Drosophila
hsp70 and other TATA boxes was recently observed

leading to the in vitro repression of these promoters, al-
though the biological significance of this phenomenon
remains unclear (Ohkuma et al. 1990).

In contrast to the observations with the original P, s-
derived oligonucleotide, when five nucleotides were in-
serted between the two DNA targets, E2 preferentially
bound the same DNA molecule bound by TFIID, sugges-
tive of a possible cooperativity in binding. As demon-
strated by band-shift assays in the presence of anti-E2
antibodies, the complex containing both E2 and TFIID
bound simultaneously on the same probe migrated in the
gel-shift assay at the same position as the band observed
with TFIID alone. The following section attempts to ex-
plain this apparent paradox. Although it is generally be-
lieved that the mobility of bands in such assays is only a
function of the mass of bound proteins, experimental
data contradict this fact. For example, the complex
formed by the Jun/Fos heterodimer migrates faster than
that formed by the Jun/Jun homodimer of a lower mo-
lecular weight (Hirai and Yaniv 1989). The shift obtained
with TFIID is known to be anomalously large for a 30-kD
protein. It is practically identical to that observed with
the SP1 transcription factor, which is ~100 kD (data not
shown). In contrast, the shift observed with E2 is known
to be small for a protein that is bound to DNA as a dimer
of ~100 kD. Because E2 is known to be sensitive to bac-
terial proteases (Dostatni et al. 1988) and although such
degradation was not observed in yeast {Lambert et al.
1989a), it was still possible that the shift observed cor-
responds to the binding of a truncated version of E2 still
able to bind DNA. This hypothesis could be excluded by
the Western blot analyses done with polyclonal antibod-
ies directed against the carboxy-terminal part of E2 con-
taining the DNA-binding domain, which have shown
that the preparation of E2 used in these experiments did
not contain detectable polypeptides with molecular
masses <50 kD {Fig. 8A). UV cross-linking experiments
confirmed that the shift observed with E2 was due to
binding of high molecular mass protein to the specific
ACCGAAAACGGT sequence (data not shown). Finally,
gel-shift experiments made in the presence of pronase
indicate that the E2-specific band observed can be con-
verted to a faster migrating band (data not shown).

We can propose several hypotheses to explain our find-
ings. Gel-shift experiments are made in native gels, so
the charge and native structure of proteins as well as
structural modifications of the DNA or the proteins in-
duced by DNA binding may affect the mobility of a par-
ticular complex. The E2 protein as well as TFIID are
known to bend DNA (Moskaluk and Bastia 1988a; R.
Roeder, pers. comm.). It is possible that simultaneous
binding of E2 and TFIID can drastically affect the DNA
structure leading to the unexpected migration of the ter-
nary complex. On the other hand, because the precise
stoichiometry of TFIID binding to DNA has not been
established, it is theoretically possible that the original
shift represents a complex in which two monomers of
TFIID are bound and that specific binding of E2 to the
probe can compete for the binding of one of these TFIID
monomers.
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The choice between activation and repression depends
on the location of the binding sites relative
to the transcription start site

This study describes the dual capacities of a viral protein
to act either as a positive or a negative transcription fac-
tor in vitro. Similar properties have been described for
the bacteriophage \ repressor (Ptashne et al. 1980) and, to
some extent, for the large T antigen of SV40 (Tjian 1981),
although no evidence exists showing that SV40 T anti-
gen has to bind the viral DNA to stimulate late tran-
scription. In both cases, however, these proteins consti-
tute strategic tools for the viruses to rapidly turn off
transcription of some genes and stimulate expression of
other ones. Furthermore, recent confirmation that E2 is
indeed essential for BPV-1 DNA replication (Ustav and
Stenlund 1991) and the possibility that formation of a
complex between the E2 and El proteins is involved in
DNA replication (Mohr et al. 1990) suggest that E2 bind-
ing next to the TATA box may repress early transcrip-
tion and stimulate DNA replication at the same time—
again, a mechanism that recalls the duality of SV40 or
polyoma virus T antigen in the down-regulation of early
transcription and the initiation of DNA replication
{Tooze 1981). The in vitro transcription system de-
scribed in this study clearly demonstrates that the same
protein can function directly as both an activator and a
repressor of transcription and provides a partial under-
standing of the mechanism by which this protein can
have opposite activities. As in the case of bacteriophage
A regulation, the position of the DNA-bound E2 protein
relative to the AT-rich box appears to determine the
mode of regulation, be it activation or repression of tran-
scription. Finally, the repression of the HPV-18 P, pro-
moter by the full-length purified BPV-1 E2 protein in
vitro established unambiguously that the presence of a
functional trans-activation domain does not prevent E2
from repressing transcription of this promoter.

Materials and methods
Production and purification of BPV-1 E2 from yeast cells

The production of the E2 protein from yeast was as described in
Lambert et al. (1989a). For large-scale production of E2, 2 liters
of culture was prepared in SD medium (high phosphate condi-
tions) at 30°C. When the culture reached 0.4 units (ODgq), the
cells were centrifuged, washed two times with sterile water, and
grown for 12 hr under induced conditions in 4 liters of low-
phosphate synthetic medium (Tsapis and Hinnen 1984). Cells
were harvested by centrifugation, and total proteins were ex-
tracted as described in Lambert et al. {1989a). After ammonium
sulfate precipitation (50%), the pellet was resuspended in buffer
0 (20 mM Tris (pH 8), 0.1 mm EDTA, 1 mm PMSF, 0.5 mm
dithiotreitol, 0.5 uM leupeptin, 0.1 uM pepstatin, and 20% glyc-
erol]. The presence of BPV-1 E2 in the extracts was determined
by DNA binding monitored by gel-shift assays. The extracts
were then diluted with buffer H (20 mm Tris (pH 8}, 1 mm
EDTA, 10 mm MgCl,, 1 mm PMSF, 1 mm dithiotreitol, and 20%
glycerol] until the solution reached a salt concentration equiv-
alent to 0.1 m KCl and applied to heparin ultrogel column. Pro-
teins were eluted with linear gradient of 0.1-0.5 M KCl in buffer
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H. Active fractions (0.3-0.4 m KCl) were precipitated by ammo-
nium sulfate (50%) and the pellet was diluted in buffer H with
1 mg of poly[d(I-C)] and 0.05% NP-40 until the solution reached
a salt concentration equivalent to 0.25 M KCl. The extract was
then loaded onto 1 ml of an oligonucleotide-specific affinity
column, prepared by coupling the double-stranded oligonucle-
otide containing the E2-binding site to a CnBr-activated Seph-
arose CL-2B column (Kadonaga and Tjian 1986). Proteins were
step eluted with buffer H containing 0.05% NP-40 and various
concentrations of KCI. The active fractions (0.65-0.7 M KCl)
contained a major peptide that migrated at ~50 kD in SDS-
PAGE (Fig. 1), which is close to the reported molecular mass of
the full-length BPV-1 E2 (Hubbert et al. 1988; McBride et al.
1988; Lambert et al. 1989a). Its concentration was estimated to
be ~50 ng/ul. For in vitro transcription assays, the purified pro-
tein was dialyzed against buffer H (containing 0.5 pg/pl of BSA).
Its DNA-binding activity was evaluated by gel-shift assays as
corresponding to ~45 U/ul. One unit is defined as the quantity
of protein needed to shift 1 ng of labeled probe, in an excess of
probe.

Plasmid constructions

The original plasmid pTK80{C2AT) that generated the different
templates (Monaci et al. 1988) contains 80 nucleotides of the TK
promoter in front of a 375-nucleotide synthetic sequence con-
taining no G residues (G-free cassette). This plasmid was mod-
ified by elongating the sequence of the TK promoter to nucle-
otide — 109 relative to the cap site and adding a polylinker con-
taining the unique Bg/II, Xhol, and BamHI restriction sites and
gave rise to pTK109(375]. Various numbers of copies of a double-
stranded oligonucleotide containing the E2-binding site (de-
scribed in Lambert et al. 1989a) were inserted in the unique
Xhol site of pTK109(375], giving rise to the plasmids
pTK109 : Imtf[375], pTK109 : 2mtfs[375], and pTK109 : 6mtfs
[375] containing, respectively, one, two, or six copies of the
E2-binding sequence (Fig. 2). To provide template for an internal
control, a plasmid containing a shorter G-less cassette driven by
the same version of the TK promoter (—109/+5), was con-
structed with polymerase chain reaction (PCR) amplification as
specific primers, the universal M13 sequencing-primer, and an
oligonucleotide sharing a 3’ part complementary to the C,AT
sequence and a divergent 5' part containing the sequence of an
Xmal restriction site (Fig. 2). The size of the G-free cassette,
downstream of the TK promoter in the plasmid, is 247 nucle-
otides [pTK109(247}.

Plasmids containing a G-free cassette under the transcrip-
tional control of the regulatory region of HPV-18 are described
in Figure 2. Briefly, a PCR fragment was generated, spanning the
HPV-18 P, promoter sequence from a unique Avall site at
position 56 to the initiation site at position 105 and a shorter
G-free sequence of 183 nucleotides with an Xmal site at its 3’
end. The entire regulatory region of HPV-18 was reconstituted
by ligation of this PCR fragment with the HPV-18 fragment
from BamHI (position 6929) to Avall (position 56) and inserted
into the purified large BamHl/Xmal fragment of pTK80(C2AT).
A mutated plasmid p18mut{C2AT)[183] was constructed by the
same method with a primer spanning the P45 sequence, which
contains two mutations in the E2-binding site at position 58 of
the HPV-18 sequence, changing the wild-type sequence AC-
CGAAAACGGT to a mutated sequence ACCGAAAACCCT.
The p18* plasmid was constructed by insertion of a fragment
containing the SV40 enhancer (72-bp repeats) in the unique Accl
site at position 7767 of the HPV-18 genome.

The primers used to generate the different PCR fragments are
schematically positioned along tpTK109(375] in Figure 2. The
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sequences of these primers are M13 universal primer (5'-
GTAAAACGACGGCCAGT-3'), C2AT primer (5'-CCGGCC-
CCGGGTATGGAAGGAGAATATAATT-3’), HPV-18 primers
(wild type: 5'-GTCGGGACCGAAAACGGTGTATATAA-
AAGATGTGAGAAACACACCACAATACTATTTCCTCCT-
ATTATCTT-3'; and mut: 5'-GTCGGGACCGAAAACCCTG-
TATATAAAAGATGTGAGAAACACACCACAATACTATT-
TCCTCCTATTCT-3'}.

In vitro transcription assays

Assays were carried out in a volume of 20 ! of 25 mm HEPES,
50 mm KCl, 6 mm MgCl,, 12.5% glycerol, 4 mM spermidine, 0.6
mMm ATP and CTP, 0.1 mm 3-0-methyl-GTP, 5 um cold UTP, 7
nCi of 32-P-labeled UTP (800 Ci/mmole), and 30 units of
RNasin. Rat liver nuclear extracts prepared as described by Gor-
ski et al. (1986) were used as the source of general transcription
factors. Transcription efficiency was optimized for each prepa-
ration of extract by varying the relative amount of DNA tem-
plate and nuclear extract. Total DNA concentration was main-
tained constant in each assay with a carrier DNA (Blue-scribe
plasmid). Details of the concentrations of specific plasmids used
in each experiment are given in the figure legends. Usually,
varying amounts of purified E2 were first incubated with DNA
for 5 min on ice before addition of the nuclear extract; controls
were done with the same volume of dialysis buffer containing
0.5 ng/ul of BSA. Transcriptions were initiated by the addition
of the nucleotides to the reactions and were carried out for ! hr
at 30°C. The reactions were stopped by the addition of 280 pl of
a solution containing 1% SDS, 0.25 M NaCl, 20 mm Tris {pH
7.5), 5 mm EDTA, followed by a proteinase K digestion (40 pg)
for 30 min at 30°C. The products of the in vitro transcription
were on a 4% sequencing gel. Quantitation of the products of in
vitro transcription was done by the scanning of short exposures
of the autoradiograms with a Bio-Rad densitometer. Relative
values of the ratios between the specific and the control tran-
scription products were calculated for each assay and are given
in the figure legends.

DNA-binding assays

Four different double-stranded oligonucleotides were used as
specific probes in the gel-shift assays. Probe E2T contained the
sequence of the HPV-18 P,,; promoter from position 57 to 85
flanked by Xhol cohesive sites at each end, and probe E2-N.-T
is derived from E2T with a 5-nucleotide insertion between the
E2-binding site and the TATA box of the P,y promoter. Finally,
E2MT and E2TM are identical to E2T but contain, respectively,
a double point mutation in the E2 DNA-binding site changing
the wild-type sequence ACCGAAAACGGT to a mutated se-
quence ACCGAAAACCCT, or a double-point mutation in the
TATA box changing the wild-type sequence TATAAAA to a
mutated sequence CCTAAAA. The sequences of the oligo-
nucleotides used as probe in the gel-shift assays are E2T
(TCGAACCGAAAACGGTGTATATAAAAGATGTGTCGA-
TCGA); E2-N;-T(TCGAACCGAAAACGGTGATCCGTA-
TATAAAAGATGTGTCGATCGA); E2MT (TCGAACCGAAA-
ACCCTGTATATAAAAGATGTGTCGATCGA); and E2TM
TCGAACCGAAAACGGTGTACCTAAAAGATGTGTCGAT-
CGA). Binding reactions were carried out in a volume of 20 ul
in the presence of 12 mm HEPES (pH. 7.9}, 10% glycerol, 0.5 mm
EDTA, 5 mm MgCl,, 60 mm KCl, 4 mm spermidine, 0.1% NP-
40, and 500 ng/pl of bovine serum albumin in the presence of
600 ng of poly[d{G-C]|. Binding incubations were performed first
with E2 for 10 min on ice, followed by 30 min at 30°C after

addition of TFIID, and then loaded on a low ionic strength 5%
acrylamide (29 : 1) gel containing 0.5x TBE.

Antiserum and Western blot analysis

The preimmune and immune sera were obtained from rabbits.
The immune serum was raised by immunization with a fusion
protein between Staphylococcus protein A and a portion of the
E2 protein of BPV-1 extending from the Kpnl restriction site
[position 3460) to the carboxy-terminal end of the ORF. For
immunoblotting, proteins were separated on 10% SDS—poly-
acrylamide gels and transferred to nitrocellulose membranes.
The membranes were blocked for 30 min at room temperature
with TBST [150 mm NaCl, 10 mm Tris-HC (pH 8), 0.05%
Tween 20), 2% BSA, and 2% dried milk. The filters were then
incubated for 1 hr at room temperature with the unpurified
anti-E2 anti-serum (or preimmune serum) diluted 200-fold in
TBST containing 0.2% BSA, washed three times in TBST, in-
cubated with an anti-rabbit IgG alkaline phosphatase-conjugate,
and developed by the protocol supplied with the blotting detec-
tion kit (Promega).
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The functional BPV-1 E2 trans-activating protein can act as a
repressor by preventing formation of the initiation complex.
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