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The DNA context of nucleotides that a protein recognizes can influence the strength of the protein-DNA 
interaction. Moreover, in prokaryotes, understanding the quantitative differences in binding affinities that 
result in part from the DNA context is often important in describing regulatory mechanisms. Nevertheless, 
these issues have not been a major focus yet for the investigation of protein-DNA interactions in eukaryotes. 
In this study, we explored the binding specificity and the range of affinities that the BPV-1 E2 transcriptional 
activator has for DNA. Because E2 binding sites are positioned near several different BPV-1 promoters, such 
quantitative information may be important to understand transcriptional regulatory mechanisms in BPV-1. Gel 
retardation assays and DNA footprinting were used to quantitate the affinities of the E2 binding sites in the 
viral genome. In the process, five sites were discovered, which, on the basis of sequence, had not been predicted 
previously to interact with the E2 protein. Equilibrium and kinetic studies show that the range of E2 affinities 
of the 17 sites varied over 300-fold. The sequence elements responsible for E2 recognition of DNA were 
determined by missing contact analysis of several sites and a point mutation analysis of one site. The results 
presented show that the affinity of an E2 binding site is to a large extent determined by the availability of 
specific contacts, but the data also strongly suggest that DNA structure plays an important role. 
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Regulatory mechanisms that govem DNA transcription, 
replication, and recombination require specific interac- 
tion between proteins and DNA. In eukaryotes a multi- 
tude of site-specific DNA-binding proteins, primarily 
proteins involved in transcription, have been identified, 
and much progress has been made in the elucidation of 
their roles in the regulation of promoter activity 
(Ptashne 1988; Mitchell and Tjian 1989}. In general, the 
nature of the DNA recognition sites for these proteins 
has been studied in two ways, both of which mainly are 
qualitative: by comparison of different binding sites for 
the same protein from which a so-called 'consensus' se- 
quence can be derived, and by mutational analysis to es- 
tablish which nucleotides within the consensus are re- 
quired for binding or transcriptional activity. Although 
such qualitative studies are important, it has been found 
in prokaryotes that the quantitative aspect of variations 
in affinity of a protein for different binding sites often 
forms the crux of complex regulatory mechanisms. For 
example, in the case of phage k, the different affinities of 
repressor and the related cro protein for six similar but 
not identical DNA binding sites control the crucial 
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switch between lysogeny and lysis (Ptashne 1987). An- 
other example is the interaction of Escherichia coli pro- 
moters with RNA polymerase, in which variations in 
recognition sequences and their contexts regulate pro- 
moter strength by determining the nature of the poly- 
merase-DNA interactions (McClure 1985}. Thus, a 
quantitative understanding of DNA-protein interac- 
tions is likely to be important to understand gene regula- 
tion. 

Accurate determination of what is required for a 
binding site can be complicated for several reasons. For 
one, nucleotides may be conserved through evolutionary 
accidents or constraints, such as nucleotides that are 
important for an overlapping binding site but not for the 
one of interest. Also, a single protein may recognize re- 
markably different DNA sequences {Johnson et al. 1987; 
Pfeifer et al. 1987; Baumruker et al. 1988; Costa et al. 
1988), thus limiting the usefulness of the concept of a 
consensus sequence. When such variation among 
binding sites occurs, the problem of explaining this de- 
generacy of recognition can be resolved in some in- 
stances (for example, see Baumruker et al. 1988} by the 
quantitative consideration of the sum of the effects of 
several single contact changes, where any single contact 
is not required absolutely. 
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A third complication is that there are examples of se- 
quence elements that affect binding affinity by deter- 
mining DNA structure rather than by providing protein 
contact points. In particular, two cases illustrate the im- 
portance of DNA structure in DNA-prote in  interac- 
tions. Crystallographic analysis of the bacteriophage 434 
repressor-operator complex (Anderson et al. 1987) 
shows that each of the recognition s-helices of the re- 
pressor dimer can make contact with only 5 bp in each 
half-site, yet the sequence between half-sites can affect 
the binding affinity dramatically (Koudelka et al. 1987). 
These internal base pairs appear to affect the ability of 
DNA to twist along its long axis to accommodate the 
specific contacts between protein and DNA (Koudelka et 
al. 1988). A related situation exists for the catabolite ac- 
tivator protein (CAP). It has been suggested that nonspe- 
cific, electrostatic interactions external to the DNA se- 
quence-specific contacts between DNA and CAP can 
contribute substantially to binding strength, provided 
that the DNA is flexible enough to bend sharply around 
the protein (Gartenberg and Crothers 1988). Thus, a 
CAP binding site whose flanking sequences allow more 
configurational freedom can form a complex of lower 
free energy and, therefore, greater stability. In the latter 
case, the context-dependent effect involves bending, 
whereas in the former it involves twisting of the DNA. 

The early region of the bovine papillomavirus type 1 
(BPV-1) provides an interesting system for the study of 
the role that quantitative differences between recogni- 
tion sites may play in the biology of eukaryotic or- 
ganisms because of the large number of different sites in 
BPV-1 that the E2 gene products recognize. Mutations 
within the BPV-1 E2 gene have a pleiotropic effect on 
viral gene functions, including oncogenic transforma- 
tion, and it is believed that these effects are the result of 
the requirement for E2 expression to regulate viral tran- 
scription (for review, see DiMaio and Neary 1988). The 
BPV-1 E2 protein first was shown by Spalholz et al. 
(1985) to activate viral enhancers in trans. These authors 
defined two E2-responsive elements, E2-RE 1 and 2, of 
the upstream regulatory region (URR) of the virus that 
served as E2-dependent enhancers of heterologous pro- 
moters (Spalholz et al. 1987). That this trans-activation 
was the result of a direct effect of the E2 protein on these 
enhancers was indicated by the finding that the E2 open 
reading frame (ORF) encodes a site-specific DNA- 
binding protein that can bind to several sites within 
E2-RE 1 and 2 (Androphy et al. 1987; Moskaluk and 
Bastia 1987). All E2 recognition sites in BPV-1 that have 
been studied to date contain the sequence motif ACC N6 
GGT, where N is any nucleotide (Hawley-Nelson et al. 
1988; Hirochika et al. 1988; McBride et al. 1988; Mos- 
kaluk and Bastia 1988a), and predictions that E2 binds to 
this palindrome as a dimer have been confirmed (Dos- 
tani et al. 1988; McBride et al. 1989). 

Not all of these sites appear to bind E2 with the same 
strength. Experiments performed on a limited number of 
sites have suggested that sites with the motif ACCG N4 
CGGT bind better than sites that deviate in the fourth 
and ninth bases (Hawley-Nelson et al. 1988; Moskaluk 
and Bastia 1988b). Moreover, it seems as if some of the 

Factors in BPV-1 E2 binding 

target sites for the protein have different capabilities for 
activation in vivo (Harrison et al. 1987; Haugen et al. 
1987; Spalholz et al. 1987). Thus, in the E2 system, a 
number of naturally occurring sites with quantitatively 
different affinities for the E2 protein may play different 
roles in mediating E2 effects. This point is particularly 
intriguing as putative E2 binding sites are found prox- 
imal to all of the known viral promoters. However, little 
effort has been made to detect, let alone quantitate, the 
binding of E2 to many of its putative targets. 

In this paper we demonstrate E2 binding to a total of 
17 sites in the BPV-1 genome; until now only 7 have 
been shown to bind positively and only 12 have been 
predicted to exist on the basis of the consensus se- 
quence. We discuss the use of both mutational analysis 
and a missing contact probing technique to determine 
which nucleotides in the binding site play a significant 
role in DNA-prote in  interaction. We provide a detailed 
analysis of the relative equilibrium binding constants of 
these 17 E2 binding sites and show that the affinities 
vary over a 300-fold range. We found that the presence of 
the perfectly conserved consensus ACCG N4 CGGT did 
not necessarily guarantee that the binding site would be 
stronger than one with a deviant base. In one case, a site 
with two deviant nucleotides in one half-site is only 
twofold weaker than a perfect site. These and other 
anomalies show that the presence of the palindrome 
ACCG N4 CGGT is not a sufficient parameter for pre- 
dicting the strength of a binding site, even though our 
data do not indicate any consistent contacts other than 
these conserved nucleotides. We conclude that the con- 
text within which the recognition bases fall influences 
binding affinities significantly. 

Results 

E2 protein expression and purification of binding 
activity 

To express E2 protein in large quantity, we made two 
expression constructs (whole E2 and truncated E2; see 
Materials and methods) by using vectors that carry a T7 
promoter, which is responsive only to its own RNA 
polymerase (Studier and Moffatt 1986). The resultant 
plasmids, on induction by a phage K derivative that 
carries the gene that encodes T7 RNA polymerase, pro- 
duced fusion proteins of the expected sizes (47 kD for 
whole E2 and 36 kD for truncated E2, including an 11- 
amino acid, amino-terminal fusion of T7 gene 10, see 
Materials and methods). When the crude extract, pre- 
pared as described, was incubated with labeled frag- 
ments that contained one known E2 binding site and as- 
sayed for DNA-binding activity by use of the gel retarda- 
tion method, several shifted bands were observed. These 
bands could all be competed away simultaneously by 
addition of oligonucleotides that carried the binding se- 
quence. No specific DNA-binding activity was detected 
by this method in a protein extract prepared from in- 
duced bacteria that carried the expression vector 
without the E20RF.  

As described in Materials and methods, both proteins 
were purified by DNA affinity chromatography. When 
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the fractions from the affinity column were analyzed for 
DNA binding by the gel retardation assay (Fig. 1A), the 
profile showed that the bandshift pattern of the first 
fractions (lanes 8-11) was very similar to that of the 
crude extract, whereas the later fractions (lanes 15-17) 
were enriched to a large extent with the material that 
produced a simpler pattern that consisted mainly of one 
major shifted band. SDS-polyacrylamide gel electropho- 
resis shows that these later fractions corresponded to the 
peak of a single polypeptide of the predicted size and 
that this polypeptide was 70-80% pure (Fig. 1B). The 
purity of the preparations varied as did the relative pro- 
portion of the three bands in the gel retardation assay; 
however, no differences in the relative equilibrium 
binding properties of different preparations were de- 
tected (see Relative equilibrium binding below). It is 
clear that all bands seen in the gel retardation experi- 
ments were produced by the induced polypeptide, be- 
cause the protein band when excised from an SDS gel 
and renatured, gave exactly the same gel retardation pat- 
tern as did the affinity-purified material. 

Both the whole (47 kD) and truncated (36 kD)versions 
of the protein exhibited identical behavior in footprint 
and gel retardation assays that used several different 
binding sites. The experiments reported here were per- 
formed with the 36-kD protein, because this form was 
found to be more soluble and to have fewer copurifying 
degradation products. 

E2 protein binds to 17 ACC N6 GC/rT sites in BPV-1 

It has been proposed that ACC N6 GGT is a minimal 
recognition sequence for E2 binding (Androphy et al. 

1987; Hawley-Nelson et al. 1988). This sequence occurs 
12 times within the BPV-1 genome, 10 times in the URR 
alone. In fact, only seven of these sites have been shown 
to bind E2 (Hawley-Nelson et al. 1988; McBride et al. 
1988; Moskaluk and Bastia 1988a). We have used the 
DNase I footprint assay and the gel retardation assay to 
show that E2 bind to these seven sites, the five re- 
maining palindromic putative E2 binding sites, and to 
five sites of sequence ACC N6 GTT. Figure 2C shows a 
summary map of BPV-1 with the binding sites (BS) la- 
beled 1-17. 

The results of a DNase protection experiment are 
shown in Figure 2A. Four labeled DNA fragments (nu- 
cleotides 7142- 7673, 7476-93, 767-1299, and 
2775-3175) were used for the protection of BS 1-8, BS 
6-12, BS 13, and BS 16-17, respectively. The first two 
fragments cover the whole URR. Figure 2A shows that 
all of the sites in BPV-1 that contained the ACC N6 GGT 
sequence did indeed bind the E2 protein, with the excep- 
tion of site 15. All attempts to obtain a footprint over 
this region were surprisingly unsuccessful. 

Four binding sites with imperfect palindromes were 
detected also in our footprint assay (Fig. 2A; BS 4, nu- 
cleotide 7495; BS 12, nucleotide 16; BS 13, nucleotide 
855; BS 16, nucleotide 2921). All of these bear the se- 
quence ACC N6 GTT. It is interesting to note, as we 
shall demonstrate in the next section, that although this 
sequence has gone undetected until now, the ACC N6 
GTT motif is not necessarily a weaker binder than the 
ACC N6 GGT motif. All of these sites could be studied 
by footprint analysis with the exception of site 14. 

The DNase I footprint analysis presents an approxi- 
mate delineation of the range of affinities among the dif- 

Figure 1. Affinity purification. (A) DNA affinity column fractions were tested in the gel retardation assay. The labeled DNA frag- 
ment is 173-bp long and contains BS 2. The separated free DNA bands and E2-bound DNA bands are indicated. The numbers at the 
bottom of the figure represent the fractions collected during elution with high-salt buffer (0.6 M KC1). {B) SDS-polyacrylamide gel 
showing crude extract of induced E.coli carrying the short E2 expression vector (lane 2), and fraction 11 (see A) eluted from the affinity 
column (lane 1). Molecular weights in kilodaltons are given for size markers in lane 3. Arrow indicates the affinity-purified polypep- 
tide at 36 kD. 
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Figure 2. Summary of E2 binding sites in BPV-1 genome. {A} DNase I footprint assay showing the protection of 15 E2 binding sites. 
Numbers at the top of each lane indicate the volume (in microliters) of E2 affinity column eluate (peak fraction) incubated with 
labeled DNA fragments. AG lanes show the A + G sequence ladder, obtained by the method of Maxam and Gilbert, and the lane 
marked ( - ) contains the control samples without E2 protein. All protected regions are indicated by open bars on the side of the figure. 
BPV-1 sequences used to make labeled fragments are: BS 1-8, nucleotides 7142-76731 BS 6-12, nucleotides 7476-931 BS 13, nucleo- 
tides 767-1299~ BS 16 and 17, nucleotides 2775-3175. (B) Gel retardation assay that compares the weak binding of BS 14 and BS 15 
with that of BS 1. The amount of BS 14 and BS 15 DNA shifted by 5 ~1 of the peak affinity fraction is compared with the amount of BS 
1 DNA shifted by 0.1 and 0.5 ~1, as indicated above the lanes. [C) Map of BPV-1 early region showing the 17 binding sites found in our 
binding assays. Solid boxes represent the ACC N 6 GGT motif, while stippled boxes represent the ACC N6 GTT motif. Open bars 
numbered from E1 to E8 represent the eight ORFs in the BPV-1 early region. Five promoters {P1-P51 found in this region are shown 
also. 
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ferent sites. From the amount of protein required to pro- 
tect the various sites, it is apparent that, for example, BS 
4, BS 12, and BS 13 (ACC N6 GTT) are no weaker than 
BS 3 and BS 5 (ACC N6 GGT), and therefore are stronger 
than BS 15 (ACC N6 GGT), which could not be foot- 
printed (see below). Also, BS 16 {ACC N6 GTT) is com- 
parable in strength to some of the intermediate binders 
with perfect palindromes, such as BS 6 and BS 17. 

The two sites, with one of the two motifs discussed 
above that could not be footprinted, ACC N6 GTT at 
nucleotide 1125 (BS 14) and ACC N6 GGT at nucleotide 
2396 (BS 15), were tested by gel retardation analysis. The 
results in Figure 2B show that fragments that contained 
these positions bind E2 weakly. For comparison, we 
show the binding of BS 1, but with 50- and 10-fold less 
protein (0.1 and 0.5 lanes, respectively). The gel shifts 
seen with both sites 14 and 15 are >50-fold higher than 
background, as demonstrated by our data with point 
mutants (see below). On this basis, we believe that these 
sites do interact with protein, albeit extremely weakly, 
and have labeled them accordingly, BS 14 and BS 15. 

Relative equilibrium binding constants of the E2 
bin ding sites 

It is apparent from the footprint shown in Figure 2A that 
the affinities of the E2 binding sites for protein vary 
widely. To quantitate the variation, we have determined 
the equilibrium binding constant for the 17 sites relative 
to a binding site of intermediate affinity, BS 1. 

The relative equilibrium constant (K,~I) of two inde- 
pendent binding sites can be determined with a binding 
reaction that contains three components: labeled DNA 
fragments that carry the first site, labeled fragments that 
carry the second site, and protein. The relative equilib- 
rium constants are given by: K1/K2 = ([C1]/[D1])/([C2]/ 
[D2]), where [C] is the concentration of p ro te in -DNA 
complex, and [D] is the concentration of free DNA (Liu- 
Johnson et al. 1986). The advantage of this method is 
that the measurement is independent of the concentra- 
tion of active protein and of the specific activities of the 
labeled fragments, both of which are often difficult to 
determine with precision. 

The standard to which all binding sites were corn- 

BS loc. sequence Krel ti/2 

1 7203 G A 

2 7365 G C 

3 7408 C G 

4 7459 G G 

5 7510 G A 

6 7592 C C 

7 7621 G T 

8 7635 G C 

9 7761 G T 

i0 7781 A A 

ii 7896 T C 

12 16 A C 

13 855 C A 

14 1125 A A 

15 2396 C C 

16 2921 A G 

17 3088 G C 

A C C A  

ACCG 

ACCT 

A C C G  

A C C A  

A C C A  

ACCG 

A C C G  

A C C G  

A C C G  

ACCG 

A C C A  

A A C G  

A A C A  

ACCC 

AACC 

A C C A  

C A C C  

G C G G  

A T C C  

A A C A  

GAAC 

G T A A  

CCAT 

A T A T  

TTGC 

TCTT 

A A A C  

T C A C  

A T A A  

G C A G  

CTCC 

T A A A  

T G G C  

C GGT 

C GGT 

C GGT 

C GT T 

T GGT 

T GGT 

C GGT i 

! A G G T  

C GGT 

C GGT 

CGGT 

C GT T 

A G G T  

C GGT 

T GGT 

C GGT 

C GGT 

A C 0.97 +/- o.o3 2.2 

A G 6.6 +/- 1.5 ND 

A A 0.18 +/- 0.02 ND 

A T 0.12 +/- o.oi ND 

A A 0.16 +/- o.o4 ND 

G C 1.2 +/- o.1 ND 

G C 8.1 +/- 1.o ND 

T T 1.9 +/- 0.2 8.5 

C G 4.6 +/- o.8 17.0 

G C ii.3 +/- 1.8 ND 

A A 1.0 +/- 0.09 ND 

T T 0.i +/- o.o3 0.3 

A (3 0.09 +/- o.oi ND 

T C 0 . 0 5  +/- o.ol  < 0 . 3  

A A 0.03 +/- o.oi <0.3 

G C 0.54 +/- 0.06 1.3 

G C 1.4 +/- o.1 1.7 

-2-1 1 2 3 4 5 6 7 8 9 10 11 121314  

Figure 3. Sequences and relative affinities of the 17 E2 binding sites. The locations and sequences of all 17 E2 binding sites in the 
BPV-1 genome are shown alongside the equilibrium constant relative to BS 1 (see Materials and methods). Standard deviations are 
from two to six experiments. Bases are numbered below the figure as they are discussed in the text. The Kr~l of BS 1 was not defined as 
1, but was determined experimentally by testing a 210-bp fragment against the 29-base oligonucleotide to show that the oligonucleo- 
tide standard indeed did bind E2 with the same affinity as a fragment with significantly larger sequence flanking the site. Half-lives are 
also given where determined. {ND) Not determined. 
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Figure 4. Off-rate determination for binding sites 1, 8 and 9. (A) Labeled DNA fragments bearing either BS 1 or BS 9 were incubated 
with protein as described in Materials and methods. After the reactions had reached equilibrium (a time course has shown this to be 
<5 rain), a 1000-fold excess of plasmid DNA that carried the BPV-1 URR was added, and aliquots were loaded onto a running gel at 
selected time points. Because the gel ran continuously as time points were taken, apparent differences in mobility can be observed. 
Times are indicated in minutes above the lanes. Time point zero was taken before the addition of competitor DNA. (B) Data from A 
are plotted on a semi-log graph. Shifted cpm at time x over shifted cpm at time zero are plotted versus time in minutes. Data for BS 8 
are also included. The half-lives determined from this plot are: BS 1, 2.2 min; BS 8, 8.5 rain; BS 9, 17 rain. 

pared was a synthetic oligonucleotide containing BS 1. 
This molecule carried the BPV-1 sequence from nucleo- 
tide 7194 to nucleotide 7218 plus a 4-base overhang on 
each end. The sequence of this standard was: 

GATCCTTTATTGGAACCACACCCGGTACA 
GAAATAACCTTGGTGTGGGCCATGTCTAG 

The end-labeled oligonucleotide was mixed with end- 
labeled fragments carrying the various binding sites and 
incubated with protein for 30 min at room temperature. 
The lengths of the added fragments were selected to in- 
sure that the resulting shifted bands could be distin- 
guished from those of the oligonucleotide standard, and 
these lengths varied from 67 to 290 nucleotides (see Ma- 
terials and methods for exact lengths). The result for BS 
1 in which a 210-bp fragment was tested against the 29- 
base oligonucleotide demonstrates that the assay is in- 
sensitive to fragment length. The reactions were run on 
a nondenaturing polyacrylamide gel, and the relative in- 
tensities of the bands on an autoradiograph of the gel 
were measured by scanning densitometry. 

The resulting relative equilibrium binding constants 
are given in Figure 3 along with the sequence and loca- 
tion of each of the sites. The values shown represent the 
average of several repetitions of the experiment with dif- 
ferent protein concentrations and preparations. As ex- 
pected, the binding constant of the restriction fragment 
that contains BS 1 is equivalent to that of the oligonu- 
cleotide. 

The data show the variation in affinity of the protein 
for the 17 sites. The binding constant of BS 10 is 376 
times greater than that of BS 15, and the other binding 
strengths are spread out between these two. The hier- 
archy of binding strengths determined by this technique 
corresponds well with that derived from the footprint 
analysis, in which protein concentration was increased 

in twofold steps (Fig. 2A). Because the footprint does not 
cover the entire range of E 2 - D N A  affinity (protein con- 
centration varies only 16-fold), the sites with the highest 
binding constants are protected fully at the lowest pro, 
tein concentrations (BS 2, 7, 9, and 10) and those with 
the lowest binding constant are protected only partially 
at the higher protein concentration (BS 3, 4, and 12). 

Dissociation rates 

The dissociation rate of E2 from a binding site can be 
measured in terms of the half-life by addition of a vast 
excess of specific competitor DNA to a binding reaction 
that has already reached equilibrium. The ratio of bound 
to free DNA is then measured at subsequent time points 
(see Materials and methods for a complete description). 

Figure 4 presents an example of such an experiment 
performed on BS 9 and 1, chosen because of the marked 
contrast in their half-lives. The data are plotted on the 
accompanying graph (Fig. 4B) as the log of cpm measured 
over cpm at time zero versus minutes after the addition 
of the competitor DNA. The curve for BS 8 also is in- 
cluded in the graph. BS 9 has the longest half-life, 17 
min, whereas the half-lives of BS 8 and 1 are 8.5 min and 
2.2 min, respectively. The half-lives of these and other 
sites are given in Figure 3. 

Like the range of binding constants, the range of E2 
complex half-lives, from 17 rain to <20 sec, is also quite 
striking. E2 bound to sites 14 and 15 dissociates so rap- 
idly that the half-lives are shorter than this technique 
can measure. In general, the stronger sites have longer 
half-lives. 

Determination of nucleotides revolved in E2-DNA 
interaction 

The results presented above substantiate the notion that 
the strongest binding sites contain the perfect palm- 
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drome ACCG N 4 CGGT. However, as we will discuss 
later, anomalies exist in these data. We have used two 
different methods to study further the interaction of the 
E2 protein with DNA. Point mutations were generated 
at every base across one particular site, and the missing 
contact method was employed at several sites (Brunelle 
and Schleif 1987) to assess the roles of individual nu- 
cleotides. Because of its convenience, the latter method 
is suited particularly to examining binding sites in dif- 
ferent contexts. 

Point muta t ions  in the E2 binding site BS 1 was 
chosen for initial study and point mutational analysis. 
BS 1 is one of the E2 binding sites that is known to be 
functionally important in vivo. It is located near the P1 
promoter, which overlaps one of the regions in BPV-1 
involved in viral replication control (Stenlund et al. 
1987). Furthermore, it has been demonstrated recently 
that E2 can interfere with the action of cellular factors 
that bind to overlapping and proximal sites at BS 1 and 
by doing so repress transcription initiation from P1 
(Stenlund et al., unpubl.). 

The results in Figure 5 show the protection by E2 pro- 
tein on both strands of BS 1. The protected region, as 
indicated by the sequence listed alongside the footprint, 
extends several bases (3-6 bp) beyond the sequence 
(ACC N 6 GGT). Twenty bases are protected on the top 
strand and 23 on the bottom. 

The mutants generated in BS 1 are shown in Figure 
6A. The HincII-MluI  fragment that carried BS 1 wild 
type or one of the mutants was end-labeled and tested in 
the gel retardation assay. Reactions were incubated for 

Figure 5. DNase I footprint assay showing the protection of 
both strands of BS 1. The BPV-1 fragment used extended from 
nucleotides 7100 to 7274. The sequence in the region of the 
binding site is listed on both sides of the figure. 

30 min at room temperature before being loaded onto 
the gel. Initial concentrations of DNA and protein were 
held constant so that the relative affinities for E2 of each 
of the mutants could be estimated from the relative 
amounts of DNA bound in parallel reactions. Figure 6B 
shows the binding of 16 of the mutants. It is clear that 
several types of mutations, changes in the conserved pa- 
lindrome in particular, eliminate E2 binding, whereas 
others only slightly reduce or even increase affinity. We 
have quantified the binding affinities of each of the mu- 
tants more accurately by determining the equilibrium 
binding constant relative to wild type as described 
above. The resulting values are given in Figure 6A. In 
addition, we have determined the dissociation rate for 
three of the mutants and the wild type as described 
above. The results are shown in Figure 7. We point out 
that, although some of the mutational effects on the rel- 
ative equilibrium constants are small, they parallel the 
effects on the dissociation rates measured. For example, 
as shown in Figure 7, the dissociation rate of mutant 
7207-8 is about 40% of wild type and its relative equilib- 
rium constant is 36% of wild type (Fig. 6A). 

Several important observations can be made from 
these data. First, the most devastating mutational effects 
occur within the conserved ACC or GGT portions of the 
binding site. The mutants 7204 (ACC to AAC) and 7212 
(GGT to GTT) have less severe effects than others in the 
conserved region, which is consistent with our detection 
of the sequence AAC N6 GGT as a bona fide E2 binding 
site. 

Second, these data show the importance of the fourth 
and ninth nucleotide positions (our system of num- 
bering the nucleotides across the site is given in Fig. 6A). 
Changing the C9 to an A destroys binding, and, changing 
the A4 to a G improves binding. This supports the pro- 
posal that ACCG N4 CGGT is a better recognition se- 
quence than is Accrw^ N4 ~/TGGT. Also, three of four 
possible bases have been tested at position 4 with the 
result that both purine options produce a better binder 
than cytosine. Possibly, ACCPu is better than ACCPy. 

Third, there are effects of changing the nucleotide im- 
mediately preceding and immediately following the 
conserved nucleotides. Changing the A at - 1 in mutant 
7207 to a C strengthens binding 2.7 times. In contrast, 
changing the A at + 13 in mutant 7215 to a C reduces 
the binding constant sixfold. Although there is no 
striking conservation of C at the - 1  position when all 
sites are considered, if we take into consideration both 
strands of the 10 strongest binding sites (BS 1, 2, 6, 7, 8, 
9, 10, 11, 16, 17), 15 out of 20 ACCs are preceded by a 
pyrimidine. It is possible that a pyrimidine is preferred 
at the - 1 position. 

A final observation is that several nucleotides in the 
center of the site appear to be important in the determi- 
nation of the binding strength of BS 1. This is particu- 
larly interesting, because there is no apparent conserva- 
tion of these nucleotides among the 17 sites. The 
number of nucleotides in the central region appears to be 
critical, because we have found that the insertion of a 
single base, a cytosine before position 7, reduces binding 
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Figure 6. Point mutat ions in BS 1. (A) The ef- 
fects of point mutat ions on E2 binding affinity in 
the region of BS 1 are given as equilibrium 
binding relative to wild type (WT). Altered nu- 
cleotides are in stippled boxes. The point mutan t  
names reflect the position at which  a base was 
changed. In all cases a HinclI-MluI fragment 
(7143-7352) was excised from the mutan t  BPV 
DNA and tested against a 29-base oligonucleo- 
tide that carried wild-type BS 1 as described in 
Materials and methods. The values given are the 
mean of at least two experiments followed by 
the standard deviation. The value <0.01 is arbi- 
trary and is based on the length of exposure of 
the gel. The actual value may be lower by an 
order of magnitude or more. Nucleotides are 
numbered at the bottom of the figure for refer- 
ence in the text. (B) Gel retardation assay illus- 
trating the effects of the BS 1 mutations.  Wild- 
type or mutan t  DNA was incubated with the af- 
finity-purified E2 protein. An early affinity 
column fraction was used, which  resulted in 
mult iple bands that are likely to be degradation 
products of E2 (see Fig. 1 and Results). The pro- 
tein was in excess so that the amount  of DNA 
shifted would reflect the relative affinities of the 
mutants.  Numbers  above the lanes correspond to 
mutants  depicted in A. 

Figure 7. Off rates of BS 1 wild type and three point mutants.  (See Fig. 4 legend.) (A) Off-rate gel of BS 1 wild type (wt) and three 
mutants .  Times are indicated in minutes  above the lanes. (B) Half-lives are: wt, 2.0 min; 7207-8, 0.6 rain; 7207, 9.5 rain; 7206-G, 17.0 
rain. 
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by greater than 100-fold (data not shown). But, more sig- 
nificantly, point mutations that do not change the size 
of the spacer region can also affect binding, and, in some 
cases, have an effect that is as dramatic as the effect of 
changing a conserved base. For example, mutant  7207-8 
(in the nonconserved region) reduces E2 binding by the 
same factor that 7206-G increases it [the latter converts 
the site into a member of the highest-affinity group 
{ACCG N4 CGGT)]. It seems that although no specific 
nucleotide is required at a specific position among the 
central 4 bp, these bases may provide a context that 
favors or opposes binding. 

That DNA sequence context is a parameter in E2 pro- 
tein binding is indicated also by the mutation data at 
positions 4 and 9. BS 1 is one nucleotide (position 4) 
away from being a perfect palindrome. Changing the de- 
viant A to the correct G (mutant 7606-G) improves 
binding 3.6-fold. This mutant  site now has roughly the 
affinity of BS 9 (which has a perfect motif) but still sig- 
nificantly less affinity than other sites with perfect 

motifs. Similarly, a mutation at position 9 (mutant 
7211) lowers affinity of E2 greater than 100-fold, making 
this mutant  site much weaker than all of the naturally 
occurring sites with deviations at both 4 and 9 (e.g., sites 
5 and 6 in Fig. 3). This question of context is considered 
further in the following sections and in the discussion. 

Missing contact probing A technique for testing the 
contributions of individual bases, rather than of base 
pairs, is the recently developed missing contact probing 
(Brunelle and Schleif 1987). The principle of this assay is 
to remove a certain base in or around the binding site 
either by depurination or by depyrimidation, and to de- 
termine how this influences the overall binding affinity. 
Compared with other chemical modification techniques 
such as DMS interference, which only tests guanines, 
missing contact probing has the advantage of being able 
to test the role of each base in binding to the protein. 

Labeled DNA fragments that bore only one binding 
site were depurinated or depyrimidated sparingly and in- 

Figure 8. Missing contact probing on both strands of BS 1. (A) Autoradiograph showing the effects on binding of depurination 
(A + G) and depyrimidation (C + T) in and around BS 1. (Lane -E2) DNA isolated from free DNA bands; {lane + E2) DNA isolated 
from mobility-shifted DNA bands in gel retardation assay. Labeled fragments were taken from a pUC18 plasmid into which an 
oligonucleotide with the sequence 5'-GATCCGAACCACACCCGGTA-3' (BS 1) had been cloned. As a result, the sequence in the 
figure deviates from wild-type BPV sequence. Solid triangles represent positions where base removal results in decreased binding 
affinity~ carets represent positions where base removal enhances the binding. (B) Densitometric quantitation of the data shown above. 
Solid bars indicate decreased band intensity, open bars indicate enhanced band intensity. The numbers on both axes represent the fold 
increase or decrease. The sequence in the figure deviates from wild-type BPV-1 sequence in the first four and the last four nucleotides 
shown {see A). In BPV-1 these are ATTG and CACA, respectively. 
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cubated with E2 protein. E2-bound fragments and free 
DNA fragments subsequently were separated as in the 
gel retardation assay. Fragments with bases removed 
that are important for binding remained in the free-DNA 
pool. Both bound and unbound bands were excised and 
DNA fragments were eluted from the gel. After cleavage 
by piperidine at the positions of the removed bases, 
DNA fragments were resolved by denaturing polyacryl- 
amide gel electrophoresis. 

Figure 8A shows the missing base analysis of the in- 
teraction of E2 with BS 1. Bases, which, on their re- 
moval, reduced the binding affinity, resulted in bands of 
decreased intensity in the + E2 lane compared with the 
- E2 lane (indicated by solid triangles). In contrast, if the 
removal of a base facilitated binding, an enhanced band 
would result (indicated by carets). Bases irrelevant to the 
interaction with E2 had the same intensity in both 
lanes. Thus, this comparison allowed us to determine 
which bases played a role in E2 binding. 

The results, quantitated by densitometry, are dia- 
gramed in Figure 8B. Only differences that are reproduc- 
ibly greater than twofold are considered as strong effects 
and are included in the figure. Solid bars indicate de- 
creased intensities and open bars indicate enhanced in- 
tensities. Consistent with the results of the point muta- 
tions, the most significant effects are located in the con- 
served region of the site, that is, C2, G10, G11, and T12 
on the top strand; and A1, C2, C3, G10, G11, and T12 on 
the bottom strand. Interestingly, the missing contact ex- 
periments on this site and others (see below) indicate 
that the prote in-DNA interactions are not perfectly 
symmetrical, as would be implied by the sequence. For 
example, the removal of A1 and C3 from the bottom 
strand (downstream half-site) had a much stronger effect 
than the removal of these bases from the top strand (up- 
stream half-site). Furthermore, bases outside of the con- 
served regions, such as G-2, A-l, A6, C8, A13, and G14 
on the top strand and T9, G8 T7, T-l, and C-2 on the 
bottom strand, also influenced binding affinity when re- 
moved. 

We applied the missing contact probing to five other 
binding sites (BS 2, 7, 8, 9, and 11). An example, BS 9, is 
given in Figure 9A, and the results for all the sites exam- 
ined are summarized in Figure 9B. Again, we see that the 
strongest effects are in the ACC and GGT regions, indi- 
cating contact between E2 and the conserved sequence 
motif. 

Corroborating the point mutation result that a G is 
preferred at position 4 (and thus a C at position 9), re- 
moval of C9 always substantially decreased binding af- 
finity. However, removal of the G on the other strand 
had little, if any, effect on E2 binding. Thus, it appears 
that the C of this base pair is contacted by protein 
whereas the G is not. 

BS 8 and BS 11 exhibit an asymmetry with respect to 
E2 binding reminiscent of the results obtained with BS 
1: one half-site was affected less by base removal than 
was the other half-site, and removal of certain bases out- 
side of the conserved regions enhanced binding. These 
sites where shown above to have 5- to 10-fold lower 
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Figure 9. Missing contact probing on several E2 binding sites. 
(.4) Autoradiograph showing acid depurination (A + G) and de- 
pyrimidation (C + T) results for the top strand of BS 9. {Lane 
-E2) DNA isolated from flee DNA bands; (lane +E2) DNA 
isolated from E2-bound DNA bands in gel retardation assay. 
{Arrowheads) Positions where base removal causes more than 
twofold decrease in E2 binding affinity. DNA sequence is 
shown in the middle, with consensus regions highlighted. (B) 
Summary of data on all tested binding sites. For all tested bases, 
only effects larger than twofold are considered significant and 
included here. (m) Positions where base removal decreases E2 
binding affinity; (FN) positions where base removal enhances 
binding affinity; {?) data not available. For BS 1, the sequence 
tested and shown here has a G at position 14, whereas wild- 
type BPV-1 has a C at that position (see legend to Fig. 8). 
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equilibrium binding constants than the other three sites 
tested here. This asymmetry suggests that a decrease in 
E2 interaction with only one half-site may account for 
the lower binding affinity of BS 1, 8, and 11. It is inter- 
esting that binding site 11 behaves this way, despite its 
two perfect half-sites. 

Sites with the most contact points, as suggested by the 
missing contact analysis and the mutational analysis of 
BS 1, can bind protein with the highest affinity. For ex- 
ample, BS 2, 7, 9, and 10 all have eight of 8 bp that are 
shown to be significant in binding (ACCG N4 CGGT), 
and all are -5 -  to 10-fold stronger than the BS 1 stan- 
dard. The surprising exception is BS 11, which also has 
the perfect 4-bp inverted repeat, but which has a 5- to 
10-fold lower affinity for E2 protein than any of the other 
perfect sites and only twice the affinity of BS 16, a site 
with two deviations. Thus, the presence of these con- 
served nucleotides is not the sole determinant in the 
strength of interaction between E2 and its binding sites. 

D i s c u s s i o n  

The results presented above emphasize two important 
points concerning the E2-DNA complexes: the wide 
range of affinities among the viral E2 binding sites and 
the large role played by context in determining these af- 
finities. This conclusion is based not only on a quantita- 
tive comparison between the naturally occurring sites in 
BPV-1, but also on mutational and missing contact anal- 
ysis. These points are particularly salient in that several 
new binding sites were discovered within the viral 
genome whose existence could not have been predicted 
from the results of previous studies. 

At this time it is evident that E2 binds as a dimer 
[Dostani et al. 1988; McBride et al. 1989), each of whose 
subunits interacts in the major groove with the con- 
served nucleotides of one half-site. The results tabulated 
in Figure 3 demonstrate that, of the 17 E2 binding sites 
studied, those with the highest affinity all contain the 
conserved sequence motif ACCG N4 CGGT. That this 
palindromic sequence provides specificity of binding is 
substantiated by a number of our observations. First, a 
mutation in BS 1, which converts this site into the per- 
fect palindrome (7206-G), increases binding, whereas 
any of the mutations that bring the site further away 
from this perfect palindrome decrease binding (see Fig. 
6). Second, the missing contact data show that these 
bases in general [with some interesting exceptions), 
when removed, decrease the affinities of the sites 
studied substantially. That the interaction is in the 
major groove has been supported by the methylation in- 
terference data of Moskaluk and Bastia (1988b) and Dos- 
tani et al {1988}. Figure 10 illustrates this simple model 
for binding and shows one more possible reason why the 
C base of the G/C base pair at positions 9 and 4 of the 
palindromic sites is required for binding while the G 
base on the other strain is not {Fig. 8B): The functional 
groups of G base that potentially could mediate protein 
contact are presented on the face of the helix opposite 
the presumed binding face of the E2 protein. 
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We consider one binding site to be the consequence of 
two separate yet interacting half-sites, because of (1) the 
dimeric nature of the protein; (2) the twofold rotational 
symmetry of the sequence itself; and (3) the tendency for 
certain mutations or base removals within the perfectly 
conserved half-site to have a greater effect on binding 
than mutations in a divergent half-site. The sites can be 
grouped according to the number of deviations from the 
perfect palindrome that existed in each of the two half- 
sites {5' and 3' domains}, as shown in Figure 11. Four 
groups result: perfect palindromes (five members), one 
deviation in one half-site [five members}, one deviation 
in each half-site {five members}, and two deviations in 
one half-site (two members). On the basis of the above 
model for binding, if the nucleotides in these domains 
are the primary determinants of binding affinity, then it 
follows that the binding strengths within each group 
should be similar and the groups should become progres- 
sively weaker as the number of deviations from the per- 
fect palindrome increases. 

It is obvious immediately from Figure 11 that this is 
not always the case. Yet the discrepancies cannot be ex- 
plained in terms of the type (transition versus transver- 
sion) or the location of base differences within the con- 
served sequence. We propose that the large number of 
quantitative differences either within families or be- 
tween families can best be understood in terms of what 
we will call a context effect. A few examples will illus- 
trate this point. BS 11 is at least 10-fold lower in affinity 
for E2 protein than is BS 10, yet both contain the perfect 
ACCG N4 CGGT motif (see Fig. 3 for sequences and 
binding strengths of each site). Sites 17 and 8 both are 
mismatched from the ideal sequence by one base pair 
{site 8 contains the sequence ACCG N4 AGGT and site 
17 ACCA N4 CGGT, where the mismatch is under- 
lined), yet both of these sites bind E2 better than does BS 
11. Thus, BS 11 is anomalously weak. 

In another example, BS 16, which contains two devia- 
tions from the conserved palindrome, AACC N4 CGGT, 
is >10-fold better in its ability to bind E2 than BS 14, 
which also has two deviations, AACA N4 CGGT. The 
only difference between these sites, ff these nucleotides 
alone are considered, is at position 4. On the basis of the 
point mutant  data, however, this change would be pre- 
dicted to make BS 14 fourfold better than BS 16 and not 
10-fold worse [compare wild type (WT) and 7206 in Fig. 
6A]. The discrepancy between the prediction and the re- 
sult implies that there are more complex differences be- 
tween sites 14 and 16 than the single change in the con- 
served sequence. Perhaps the most dramatic anomaly is 
found in the 50-fold difference in E2 binding affinities 
between BS 15 and BS 6. These two sites are both 
members of the same group as defined above and in 
Figure 11, and differ in their conserved sequence by only 
one nucleotide: BS 15, ACCC N4 TGGT; BS 6, ACCA 
N4 TGGT. As discussed in the last example, this differ- 
ence would account for no more than a fourfold differ- 
ence in affinities, according to the point mutant  data, if 
the conserved nucleotides were the only factors in 
binding affinity. In addition, BS 6 is anomalously 
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Figure 10. Three-dimensional computer graphic depiction of an E2 binding site in the B-DNA form to show how the E2 protein 
might make the contacts described in the text. The sequence corresponds to binding site 9. White-lettered bases are on the top strand 
running 5' to 3' from the top to the bottom of the figure; yellow-lettered bases are on the bottom strand. Nucleotides in blue are those 
that are both conserved and implicated as contact points for the protein by missing contact probing. The two views, A and B, are 
oriented 90 ~ from each other. It is clear from this representation that all the contacts in blue are accessible to a protein binding in the 
major groove (front in A, left side in B). In contrast, the guanine residue indicated by the arrowhead might not be accessible to a 
protein that bound in the major groove but that did not wrap itself around the site. Such a model explains the indifference of E2 
protein to the removal of the arrowhead G while the removal of its complementary C reduces binding severely (see Fig. 9). 

s tronger than  some si tes  w i t h  fewer deviat ions,  in- 
c luding the  perfect ly  pa l indromic  site 11 (see Fig. 11). 

The  no t ion  of context  is necessar i ly  vague in  the  ab- 
sence of crysta l lographic  data. However ,  several dif- 
ferent  sorts of p h e n o m e n a  can be envisioned.  A base 

w i t h i n  or external  to a par t icular  b inding  si te m a y  by 
chance  interfere w i t h  b inding  as a resul t  of its posses- 
s ion of a bu lky  group tha t  blocks access to the specific 
contacts .  Al ternat ive ly ,  a base m a y  improve  b inding  di- 
rec t ly  by providing a chance  contac t  for the prote in  or 
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Figure 11. Relative affinities of the BPV-1 E2 binding sites 
grouped according to conservation of half-sites. The 17 sites are 
divided into four groups on the basis of the number of devia- 
tions from the perfect palindrome ACCG N 4 CGGT. Binding 
site numbers {BS~ see Fig. 2] are given on the ordinate, and the 
binding affinities of each site relative to BS 1 are plotted on a 
logarithmic scale. Each group contains binding affinities that 
vary over at least an order of magnitude, indicating that factors 
besides the conservation of these nucleotides contribute to the 
strength of a site. {See text for discussion.I 

indirectly by affecting the local hydration of the DNA 
such that the entropy gain from the release of bound 
water molecules favors protein binding. 

Another view for which some support is found in our 
data is that the protein requires or induces some confor- 
mational change in the DNA on binding. That B-DNA 
polymorphisms exist that are dependent on base steps is 
an established fact (for example, see Nelson et al. 1987). 
Thus, one site that more closely approximates this 
shape before binding would have a higher affinity for E2 
than a site with a very different shape. In such a case the 
notion that flexibility improves binding strength {Hogan 
and Austin 1987} may not apply, as the site may have a 
high affinity because it approximates the required shape 
and may be relatively stiff. 

That DNA structure affects binding is consistent with 
our data. The base changes in the internal positions of 
BS 1 sometimes helped and sometimes hindered E2 
binding, yet no evidence could be found in other sites for 
specific contacts in this internal region (see missing 
contact data in Fig. 9}. For example, mutant 7209, which 
changes a C to an A at position 7, improves binding~ yet 
in three cases tested by missing contact probing in 
which an A was present at this position on either strand, 
no effect on binding was observed after removal of the A 
or complementary T. Although it is conceivable that the 
sequence context of a binding site might by chance 
create such a contact, in the absence of crystallographic 
data, this is a difficult point to resolve. 

However, certain results presented here can best be 
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understood in terms of the effect of DNA conformation 
on binding. It is particularly striking in the missing con- 
tact data that certain nucleotides that interact with the 
E2 protein in high-affinity sites do not seem to con- 
tribute to the binding affinities for the weaker sites. For 
example in BS 11 the 3' half-site shows little involve- 
ment of the GG in the CGGT motif and in BS 8 the CC 
on bottom strand of the 3' half-site also shows little in- 
volvement. Both of these cases might be explained by 
the idea that the DNA is restrained cordormationally 
and cannot be distorted to allow for such contacts and 
that this condition accounts for the low affinities of 
these sites. This idea is supported by the fact that only 
in the three sites in which all conserved nucleotides are 
not contacted {e.g., 1, 8, and 11} did the missing contact 
probing reveal bases whose removal will actually im- 
prove binding. Clearly the removal of a base within a 
site that causes improved binding affinities implies a 
structural constraint mediated by the deleted nucleo- 
tide, irrespective of the nature of the constraint. More- 
over, this implies that the protein has a stringent re- 
quirement for a precise geometry with little ability to 
accommodate changes. This is supported by our plus- 
one mutation, which inserts a single base between the 
half-sites and results in greater than 100-fold reduction 
in binding. It would, of course, be interesting to test this 
concept by making internal mutations in BS 11 to in- 
crease its affinity and to see if these changes lead to con- 
tacts throughout the 3' half-site. 

Is there any data that may help to explain the pre- 
sumed context effects described above.Z Although we are 
reluctant to ascribe all of the anomalous differences of 
affinities to one particular phenomenon, the ability of 
the DNA to bend and bring the major grooves of the 
half-sites closer together {see Fig. 10) could accommo- 
date some of the data presented. Indeed, Moskaluk and 
Bastia {1988a) have shown that the strong E2-DNA 
complexes that they have studied migrate at an anoma- 
lously slow rate in gel retardation assays when the sites 
are positioned toward the center of the fragment, and 
they interpret this as a bending of the DNA in the com- 
plex. By use of the data presented by Gartenberg and 
Crothers {1988} one can predict which of two given se- 
quences is more likely to bend in a particular direction. 
The application of these rules to the mutants in the in- 
temal region of BS 1 results in the prediction that all of 
the mutants that decrease binding should hinder 
bending toward the minor groove relative to wild type. 
Mutant 7209, which increases binding, helps bending 
toward the minor groove. With reference to the model 
system in Figure 10, bending toward the minor groove in 
the middle of the site clearly brings the major grooves 
where the recognition nucleotides are located (in blue) 
closer together. The possibility that such bending aids 
the E2-DNA interaction might also explain why re- 
moval of certain bases in the middle of the sites 1 and 11 
increases binding if such a modification improves the 
flexibility of the helix toward the minor groove. We 
would like to emphasize here, however, that this simple 
idea cannot account for all of our data. For example, BS 2 
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has a significantly higher affinity for E2 than does BS 11, 
al though one would predict, using the Gartenberg and 
Crothers data, that  BS 11 would bend more favorably 
than BS 2 for E2 binding. Still, other structural features 
might  be involved in making BS 2 a strong binder. 

In this study, we have characterized what  we believe 
to be all of the E2 binding sites in the BPV-1 genome. All 
17 locations with  the sequence ACC N6 GG/TT were 
tested and found to bind E2, but we were unable to de- 
tect binding to sites that  deviated from this sequence. 
Five unexpected binding sites (ACC N6 GTTI have been 
identified, three of which are interesting in that they are 
located near downstream promoters and could conceiv- 
ably be implicated in putative regulatory loops in the 
viral life cycle. Evidence exists that  supports the notion 
that  two tandem binding sites might  be necessary for 
E2-induced activation {Hawley-Nelson et al. 1988), al- 
though single sites are known to have repressive effects 
in some contexts (A. Stenlund et al., in prep.). Therefore, 
the two binding sites (one of which, BS 16, was not pre- 
viously recorded} proximal to the P5 promoter  may  play 
a role in the E2 activation of the E2C repressor (Lambert 
et al. 1987}. BS 16 and 17, which are within 150 nucleo- 
tides of each other, both bind E2 well, albeit 10-fold less 
effectively than the highest affinity sites. One may  posit 
that  as E2 levels increase within the cell, BS 16 and 17 
become occupied, and then this would activate a tran- 
scriptional repressor. Similarly, the P3 promoter  has 
been shown recently to serve as the start site for a re- 
lated repressor (Choe et al. 1989} and it also has proximal 
binding sites {see Fig. 2 for the positions of these binding 
sites in the whole genome). Finally, we are impressed 
particularly wi th  how weak a binding site is BS 15 and 
wonder if such sites have any biological role. This site is 
positioned just upstream of the P4 promoter, which 
probably starts transcription of at least one form of the 
full-length E2 product {Yang et al. 1985} and the E5 
product [Prakash et al. 1988}. It will be interesting to 
muta te  these sites wi thin  the context of the whole viral 
genome to determine their phenotypes. 

The E2 proteins of the various papillomaviruses have 
evolved considerably [Giri and Yaniv 1988}, and, consid- 
ering the extent  of their divergence, it is remarkable that  
the proteins from heterologous sources can trans-acti- 
vate the enhancers of one another in recombinant  con- 
structs (Phelps and Howley 1987~ Hirochika et al. 1987; 
Thierry and Yaniv 1987}. Although all papillomaviruses 
to date contain E2 binding motifs [Dartmann et al. 
19861, their distribution and numbers  appear to be not at 
all conserved. It will be of interest to learn how the rela- 
tive affinities and locations of these sites in the various 
viruses evolve and how these parameters contribute to 
the life-styles of the respective virus families. 

M a t e r i a l s  a nd  m e t h o d s  

Induction and purification of E2 protein 

Two expression constructs were generated by fusing two dif- 
ferent BPV-1 fragments into the expression vector pAR3040, 

which contains the gene 10 promoter of bacteriophage T7 
(Studier and Moffatt 1986). The first fragment (whole E2) is the 
SphI-BamHI fragment (2617-4450), which lacks three amino 
acids of the predicted E2 sequence beginning with the first ATG 
of the open reading frame (ORF). The stop codon of the ORF is 
at nucleotide 3838. Thus, the predicted product of this expres- 
sion construct is a fusion of 11 amino acids of gene 10 and 407 
amino acids of E2. The second fragment cloned {short E2) is the 
NarI-BamHI fragment (2944-4450), which includes only the 
3'-terminal two-thirds of the E20RF. This fusion is 11 amino 
acids of gene 10 and the carboxy-terminal 287 amino acids of 
BPV. 

Bacterial growth and protein induction were performed as de- 
scribed by Studier and Moffatt {19861. The bacterial pellet from 
a l-liter culture was resuspended in 30 ml of LS buffer [50 mM 
Tris {pH 7.5}, 10 mM EDTA, 0.1 M NaC1, 20% sucrose, 1 rnM 
PMSF]. After the addition of 100 mg of lysozyme, the suspen- 
sion was incubated on ice for 20 min. Then cells were sonicated 
discontinuously for - 3  min total, and the sample was centri- 
fuged at 3000g for 5 min to remove the cell debris. The super- 
natant was spun again at 13,000g for 20 min. The insoluble 
pellet was extracted several times with U2 dilution buffer [2 M 
urea, 50 mM Tris {pH 7.51, 1 rnM MgC12, 1 mM EDTA, 0.9 m 
NaC1, 10% glycerol, 1 rnM DTT]. The extract was diluted with 
Z(0.0}U2 buffer [25 mM HEPES {pH 7.81, 12.5 mM MgCI2, 1 mM 
DTT, 20% glycerol, 0.1% NP-40, 2 M urea{ to 0.1 M final salt 
concentration. The diluted extract then was mixed with 600 
mg of salmon sperm DNA, incubated on ice for 10 rain, and 
then centrifuged at 17,000g for 20 min. The supernatant was 
applied to a DNA affinity column (Kadonaga and Tjian 19861 
that consisted of a ligated oligonucleotide of sequence {only one 
strand is given) GGTCAAACCGTCTTCGGTGCTCGAAAA, 
coupled to a Sepharose CL2B resin. The column was washed 
with 0.1 M KC1-Z(0.1)U2 and then eluted with 4 ml of 0.6 M 
KC1-Z(0.61U2. Fractions of 120 ~1 were collected and the DNA- 
binding activity of each fraction was determined by the gel re- 
tardation assay. 

DNase I footprint assay 

Footprint reactions were carried out essentially as described 
previously (Jones et al. 1985). Competitor DNA was not in- 
cluded in the reactions. 

Gel retardation assay 

End-labeled DNA fragments (1-5 ng; 5000 cpm/reaction) were 
incubated for 30 rain at room temperature with 1-5 ~1 of the 
affinity-purified protein [in Z(0.6)U2 buffer, see Induction and 
purification{ in a 20-~1 reaction with 10 mM Tris-HC1 (pH 7.0), 
1 mM MgCI~ 1 mM DTT, 1 mM EDTA, and 5% glycerol; KC1 
was adjusted to a final concentration of 100 raM. The reactions 
were loaded onto a 10% polyacrylamide gel (acpilamide/bis, 
29 : 1), 1 mm thick, in 300 mM glycine, 50 mM Tris, and 1 mM 
EDTA (final pH 8.7), and run at 9 V/cm for 5-10 hr at room 
temperature. The dried gel was exposed to X-ray film for 4-24 
hr {exposures were made without enhancement screens when 
films were used for densitometpi). When relative binding affin- 
ities of different binding sites were being compared, the reac- 
tions were run in parallel with identical amounts of DNA and 
protein. 

Rate constants 

For each of the sites to be tested, labeled DNA fragments car- 
piing the site were incubated with protein as described for the 
gel retardation assay, except that the reaction was scaled up to 
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100 ~1. For time zero, an aliquot was removed and loaded di- 
rectly onto a prerun, nondenaturing gel (see Gel retardation 
assay). Afterwards, 5 ~g of plasmid DNA (a 1000-fold molar ex- 
cess) bearing the entire BPV-1 URR was added to the reaction 
(producing a volume increase of no more than 2% ), and aliquots 
were removed and loaded on the gel at subsequent time points. 
Because it is the electric field in the gel that separates the com- 
petitor DNA from the bound DNA and thus marks the time 
point, the gel was left running as the samples for each time 
point were loaded. 

Autoradiographs of the dried gels were scanned densitomet- 
rically. The half-life was determined from a semi-log plot of the 
data (shifted cpm over shifted cpm at time = zero versus 
minutes), and the dissociation rate constant, K a, determined 
from the equation, K a = 0.693 / tw. 

Relative equilibrium constants 

To determine the equilibrium binding constants of a binding 
site relative to BS 1, end-labeled fragments of BPV that carried 
the site of interest were incubated with an end-labeled oligonu- 
cleotide standard carrying BS 1 and protein for 30 min (equilib- 
rium is reached in <5 min as determined by analysis for time 
points). The sequence of the doubled-stranded oligonucleotide 
standard is given in the text. Lengths of the fragments tested for 
each binding site are as follows: BS 1,210 bp; BS 2, 173 bp; BS 3, 
68 bp; BS 4, 68 bp; BS 5, 121 bp; BS 6", 120 bp; BS 7", 90 bp; BS 
8", 95 bp; BS 9", 157 bp; BS 10, 67 bp; BS 11, 127 bp; BS 12, 124 
bp; BS 13, 240 bp; BS 14, 290 bp; BS 15, 142 bp; BS 16, 215 bp; 
BS 17, 131 bp (" indicates that the binding site was cloned into a 
pUC plasmid, and that the fragment contains some pUC poly- 
linker sequences). The reactions were run on a nondenaturing 
gel as described for the gel retardation assay. The ratio of bound 
to free DNA was determined by scanning densitometry of the 
autoradiographs. Generally, three shifted bands appeared and 
all were included in the calculations. The relative equilibrium 
constants of the two binding sites were calculated from: 
KI / 1(2 = [C1]/[D1] / [C2]/[D2], where [C] is the concentration of 
protein-DNA complex, and [D] is the concentration of free 
DNA (Liu-Johnson et al. 1986). 

Missing contact probing 

These assays were performed as described by Brunelle and 
S chleif (1987) with minor modifications. DNA fragments with 
the approximate sizes of 70-120 bp that contained a single E2 
binding site were end-labeled. For the G + A reaction, DNA 
fragments dissolved in 15 ~1 TE [0.01 M Tris (pH 8), 0.01 M 
EDTA] with 5 g,g tRNA were mixed with 3 ~1 of 1 M formate 
(pH 2.0) and incubated at 37~ for 2 hr. The reaction was then 
ethanol-precipitated twice. The C + T reaction was performed 
by adding 30 ~1 of hydrazine to DNA fragments in 20 ~tl of 
ddH20). After incubation for 10 min at 37~ the reaction was 
terminated by the addition of 50 ~1 of 1.5 M sodium acetate, 100 
~,g of yeast tRNA per ml, and by two successive ethanol precip- 
itations (Maxam and Gilbert 1980). The incubation time for 
each reaction was varied according to different lengths of la- 
beled DNA fragments. Premodified DNA fragments were rean- 
nealed in 0.2 M NaC1 at 65~ for 2 hr. The gel retardation assay 
was carried out as described above, only with five times as 
much protein and 30 to 50 times more labeled fragment. Free 
and bound fragments were eluted from the gel using isotachto- 
phoresis, and then treated with 100 ~1 of 1 M of piperidine for 
30 min at 90~ Then piperidine was removed. Equal amounts 

of the free and bound fragments were resolved on a denaturing 
polyacrylamide sequencing gel. 

Site-directed mutagenesis 

Point mutants were generated by standard methods, essentially 
as described by Kramer and Fritz 1987. Details will be pub- 
lished elsewhere. 

Densitometry and computer graphics 

The data for missing contact probing and kinetic studies of E2 
binding were quantitated by densitometric scanning of the au- 
toradiographs with Hoefer GS300 densitometer. 

Three-dimensional DNA helical models that depict the 
missing contact results on BS 9 were produced by Stephen Hol- 
brook and Fan Jiang (Lawrence Berkeley Laboratory) with an 
Evans & Sutherland PS340. Using the PSFRODO program 
(Jones 1978; Pflugrath et al. 1984), the DNA sequence of BS 9 
was visualized according to the coordinates of idealized 
B-DNA. Nucleotides which are indicated to be the strong con- 
tact points were displayed with blue lines. 

A c k n o w l e d g m e n t s  

We wish to thank Dr. D. Bohmann for his generous advice on 
preparing the DNA-affinity column, Josh LaBaer for technical 
advice on relative equilibrium constant determination, and 
Peter Vaillancourt and Richard Harland for comments on the 
manuscript. We are grateful to S. Holbrook and F. Jiang for their 
valuable time and expertise in performing the three-dimen- 
sional computer graphics. Expression vectors pAR3040, 
pAR3039, and pAR3038 were provided generously by Drs. W. 
Studier and B. Moffatt. G.B. was supported by a predoctoral fel- 
lowship from the Office of Naval Research. This work was 
funded by research grants to M.B. from the National Institutes 
of Health, CA-42414 and CA-30490. 

R e f e r e n c e s  

Anderson, J.E., M. Ptashne, and S.C. Harrison. 1987. Structure 
of the repressor-operator complex of bacteriophage 434. 
Nature 326: 845-852. 

Androphy, E.J., D.R. Lowy, and J.T. Schiller. 1987. Bovine papil- 
lomavirus E2 trans-activating gene product binds to specific 
sites in papillomavirus DNA. Nature 325: 70-73. 

Baumruker, T., R. Strum, and W. Herr. 1988. OBP100 binds re- 
markably degenerate octamer motifs through specific inter- 
actions with flanking sequences. Genes Dev. 2: 1400-1413. 

Broker, T.R. and M. Botchan. 1986. Papillomaviruses: Retro- 
specitives and prospectives. In Cancer Cells 4: 17-36. 

Bnmelle, A. and R.F. Schleif. 1987. Missing contact probing of 
DNA-protein interactions. Proc. Natl. Acad. Sci. 84: 6673- 
6676. 

Choe, J., P. Vaillancourt, A. Stenlund, and M. Botchan. 1989. 
Bovine papilloma virus type 1 encodes two forms of a tran- 
scriptional repressor: structural and functional analysis of 
new viral cDNAs. J. Virol. (in press). 

Costa, R.H., D.R. Grayson, K.G. Xanthopoulous, and J.E. Dar- 
nell, Jr. 1988. A liver-specific DNA binding protein recog- 
nizes multiple nucleotide sites in regulatory regions of 
transthyretin, antitrypsin, albumin, and simian virus 40 
genes. Proc. Natl. Acad. Sci. 85: 3840-3844. 

524 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on November 3, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Factors in BPV-1 E2 binding 

Dartmann, K., E. Schwarz, L. Gissmann, and H. Zur Hausen. 
1986. The nucleotide sequence and genome organization of 
human papillomavirus type II. Virology 151: 124-130. 

Di Maio, D. and K. Neary. 1989. The genetics of bovine papillo- 
mavirus type 1 papillomaviruses and human cancer. {ed. N. 
Pfister), CRC Press, Boca Raton, Florida. 

Dostani, N., F. Thierry, and M. Yaniv. 1988. A dimer of BPV-1 
E2 containing a protease resistant core interacts with its 
target. EMBO J. 7: 3807-3816. 

Gartenberg, M.R. and D.M. Crothers. 1988. DNA sequence de- 
terminants of CAP-induced bending and protein binding af- 
finity. Nature 333: 824-829. 

Gift, I. and M. Yaniv. 1988. Structural and mutational analysis 
of E2 trans-activaating proteins of papillomaviruses reveals 
three distinct functional domains. EMBO L 7: 2823-2829. 

Harrison, S.M., K.L. Gearing, S.-Y. Kim, A.J. Kingsman, and 
S.M. Kingsman. 1987. Multiple cis-active elements in the 
long control region of bovine papillomavirus type 1 (BPV-1). 
Nucleic Acids Res. 15: 10267-10283. 

Haugen, T.H., T.P. Cripe, G.D. Ginder, M. Karin, and L.P. 
Turek. 1987. Trans-activation of an upstream early gene 
promoter of bovine papillomavirus-1 by a product of the 
viral E2 gene. EMBO J. 6: 145-152. 

Hawley-Nelson, P., E.J. Androphy, D.R. Lowy, and J.T. Schiller. 
1988. The specific DNA recognition sequence of the bovine 
papillomavirus E2 protein is an E2-dependent enhancer. 
EMBO J. 7: 525-531. 

Hirochika, H., T.R. Broker, and L.T. Chow. 1987. Enhancers 
and trans-acting E2 transcriptional factors of papilloma- 
viruses. I. Virol. 61: 259-260. 

Hirochika, H., R. Hirochika, T.R. Broker, and L.T. Chow. 1988. 
Functional mapping of the human papillomavirus type 11 
transcriptional enhancer and its interaction with the trans- 
acting E2 proteins. Genes Dev. 2: 54-67. 

Hogan, M.E. and R.H. Austin. 1987. Importance of DNA stiff- 
ness in protein-DNA binding specificity. Nature 329: 263- 
266. 

Johnson, P.F., W.H. Landschultz, B.J. Graves, and S.L. 
McKnight. 1987. Identification of a rat liver nuclear protein 
that binds to the enhancer core element of three animal vi- 
ruses. Genes Dev. 1: 133-146. 

Jones, K.A., K.R. Yamamoto, and R. Tjian. 1985. Two distinct 
transcription factors bind to the HSV thymidine kinase pro- 
moter in vitro. Cell 42: 559-572. 

Jones, T.A. 1978. A graphics model building and refinement 
system for macromolecules. ]. Appl. Cryst. 11: 268-272. 

Kadonaga, J.T. and R. Tjian. 1986. Affinity purification of se- 
quence-specific DNA binding proteins. Proc. Natl. Acad. 
Sci. 83: 5889-5893. 

Koudelka, G.B., S.C. Harrison, and M. Ptashne. 1987. Effect of 
non-contacted bases on the affinity of 434 operator for 434 
repressor and Cro. Nature 326: 886-888. 

Koudelka, G.B., P. Harbury, S.C. Harrison, and M. Ptashne. 
1988. DNA twisting and the affinity of bacteriophage 434 
operator for bacteriophage 434 repressor. Proc. Natl. Acad. 
Sci. 85: 4633-4637. 

Kramer, W. and H. Fritz. 1987. Oligonucleotide-directed con- 
struction of mutations via gapped duplex DNA. Methods 
Enzymol. 154: 350-367. 

Lambert, P.F., B.A. Spalhoz, and P.M. Howley. 1987. A tran- 
scriptional repressor encoded by BPV-1 shares a common 
carboxy-terminal domain with the E2 transactivator. Cell 
50: 69-  78. 

Liu-Johnson, H., M.R. Gartenberg, and D.M. Crothers. 1986. 
The DNA binding domain and bending angle of E. coli CAP 
protein. Cell 47: 995-1005. 

Maxam, A.M. and W. Gilbert. 1980. Sequencing end-labeled 
DNA with base-specific chemical cleavages. Methods En- 
zymol. {part 1) 65: 499-560. 

McBride, A.A., R. Schlegel, and P.M. Howley. 1988. The car- 
boxy-terminal domain shared by the bovine papillomavirns 
E2 transactivator and repressor proteins contains a specific 
DNA binding activity�9 EMBO 1. 7: 533-539. 

McBride, A.A., J.C. Byrne, and P.M. Howley. 1989. E2 polypep- 
tides encoded by bovine papillomavirus type 1 form dimers 
through the common carboxyl-terminal domain: Transacti- 
vation is mediated by the conserved amino-terminal do- 
main. Proc. Natl. Acad. Sci. 86: 510-514. 

McClure, W. 1985. Mechanism and control of transcription in 
prokaryotes. Annu. Rev. Biochem. 54: 171-204. 

Mitchell, P.J. and R. Tjian. 1989. Transcriptional regulation in 
mammalian cells by sequence-specific DNA binding pro- 
tein. (in press). 

Moskaluk, C. and D. Bastia. 1987. The E2 'gene' of bovine pap- 
illomavirus encoded an enhancer binding protein. Proc. 
Natl. Acad. Sci. 84: 1215-1218. 

�9 1988a. DNA bending is induced in an enhancer by the 
DNA-binding domain of the bovine papillomavirus E2 pro- 
tein. Proc. Natl. Acad. Sci. 85: 1826-1830. 

�9 1988b. Interaction of the bovine papillomavirus type 1 
E2 transcriptional control protein with the viral enhancer: 
Purification of the DNA-binding domain and analysis of its 
contact points with DNA. J. Virol. 62: 1925-1931. 

Nelson, H.C.M., J.T. Finch, B. Luisi, and A. Klug. 1987. The 
structure of an oligo(dA) oilgo(dT) tract and its biological 
implications. Nature 330: 221-226. 

Pabo, C.O. and R.T. Sauer. 1984. Protein-DNA recognition. 
Annu. Rev. Biochem. 53: 293-3321. 

Pfeifer, K., T. Prezant, and L. Guarente. 1987. Yeast HAP1 acti- 
vator binds to two upstream activation sites of different se- 
quences. Cell 49: 19-27. 

Pflugrath, J.W., M.A. Saper, and F.A. Quiocho. 1984. New gen- 
eration graphics system for molecular modeling. In Methods 
and apphcations m crystallographic computing ted. S. Hall 
and T, Ashira), pp. 404-407. Clarendon Press, Oxford. 

Phelps, W.C. and P.M. Howley. 1987. Transcriptional transac- 
tivation by the human papillomavirus type 16 E2 gene 
product. J. Virol. 6: 1630-1638. 

Prakash, S.S., B.H. Horwitz, T. Zibello, J. Settleman, and D. Di 
Maio. 1988. Bovine papilloma virus E2 gene regulates ex- 
pression of the viral E5 transforming gene. ]. Virol. 
63: 3608-3613. 

Ptashne M. 1987. A genetic switch. Cell press. California & 
Blackwell Publishing, Palo Alto, California. 

- - .  1988. How eukaryotic transcriptional activators work. 
Nature 335: 683-689. 

Spalholz, B.A., Y.C. Yang, and P.M. Howley. 1985. Transactiva- 
tion of the bovine papilloma virus transcriptional regulatory 
element by the E2 gene product. Cell 42: 183-191. 

Spalholz, B.A., P.F. Lambert, C.L. Yee, and P.M. Howley. 1987. 
Bovine papillomavirus transcriptional regulation: Localiza- 
tion of the E2-responsive elements of the long control re- 
gion. J. Virol. 61: 2128-2137. 

Stenlund, A., G.L. Bream, and M.R. Botchan. 1987. A promoter 
with an intemal regulatory domain is part of the origin of 
replication in BPV-1. Science 263: 1666-1671. 

Studier, F.W. and B.A. Moffatt. 1986. Use of bacteriophage T7 
RNA polymerase to direct selective high-level expression of 
cloned genes. J. Mol. Biol. 189: 113-130. 

Thierry, F. and M. Yaniv. 1987. The BPV-1 E2 protein can be 

GENES & DEVELOPMENT 525 

 Cold Spring Harbor Laboratory Press on November 3, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Li et al. 

either an activator or a repressor of the HPV 18 regulatory 
region. EMBO ]. 6: 3391-3397. 

Yang, Y.C., A.B. Spalholz, M.S. Rabson, and P.M. Howley. 
1985. Disassociation of transforming and transactivation 
functions for bovine papilloma virus type 1. Nature 
318: 575-577.  

526 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on November 3, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.3.4.510Access the most recent version at doi:
 3:1989, Genes Dev. 

  
R Li, J Knight, G Bream, et al. 
  
affinity of E2 protein for 17 binding sites in the BPV-1 genome.
Specific recognition nucleotides and their DNA context determine the

  
References

  
 http://genesdev.cshlp.org/content/3/4/510.full.html#ref-list-1

This article cites 44 articles, 12 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on November 3, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.3.4.510
http://genesdev.cshlp.org/content/3/4/510.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.3.4.510&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.3.4.510.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=41173&adclick=true&url=https%3A%2F%2Fwww.exiqon.com%2Fbiofluids-guide%3Futm_source%3DCSHL%26utm_medium%3Dbanner%26utm_content%3DGenDev-2017-07%26utm_campaign%3DBiofluids
http://genesdev.cshlp.org/
http://www.cshlpress.com

