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Interaction between the E1 and E2 papillomavirus proteins appears to play an important role in viral DNA
replication, although the exact domains of each protein involved in this interaction have not been identified.
Using bovine papillomavirus type 1 (BPV-1) as a model for examining interactions between E1 and E2, we have
used the two-hybrid and glutathione S-transferase (GST) fusion systems to map domains of BPV-1 E1 and E2
that interact in vivo and in vitro. In the two-hybrid system experiments, portions of BPV-1 E2 were expressed
in Saccharomyces cerevisiae as LexA fusion proteins, which were tested for interaction with various domains of
BPV-1 E1. These assays indicated that domains sufficient for E1-E2 interaction are present within the
amino-terminal 250 amino acids of E1 and within the first 91 amino acids of E2. Interestingly, a LexA fusion
protein that included amino acid residues 53 to 161 of BPV E2 demonstrated transcriptional activation in this
system. In vitro binding assays using combinations of BPV-1 E1-GST fusion proteins and BPV-1 E2 expressed
by in vitro translation confirmed the observations from the yeast system; a GST fusion protein containing the
first 222 amino acids of BPV-1 E1 bound specifically to full-length BPV-1 E2 in vitro. Furthermore, E1(1-
222)-GST bound to forms of E2 deleted of the carboxy-terminal DNA binding-dimerization domain, suggesting
that E2 dimerization is not required for this interaction. Finally, in vitro interaction between E1-GST and E2
was observed at 22&C but not at 4&C.

The papillomavirus E1 and E2 open reading frames encode
proteins important in the regulation of viral transcription and
DNA replication. The bovine papillomavirus type 1 (BPV-1)
E1 gene product, a 68-kDa nuclear phosphoprotein, is essen-
tial for papillomavirus DNA replication and binds directly to
the viral DNA replication origin (50). The BPV-1 E1 protein,
like simian virus 40 large T antigen, has ATPase activity and
DNA helicase activity and associates with DNA polymerase
alpha. These activities, as well as sites of threonine and serine
phosphorylation on BPV-1 E1, have been mapped (24, 35, 40,
45, 53). E1-mediated, ATP hydrolysis-dependent structural
distortion of the viral origin in vitro has also been recently
reported (12). Although E1 has been most extensively studied
in the BPV-1 system, the E1 protein of human papillomavirus
type 11 (HPV-11) appears to share many of these features (3).
The transcriptional regulatory properties of the papilloma-

virus E2 gene product have been widely studied. E2 binding
sites are clustered within the long control regions of all papil-
lomaviruses, where they mediate E2-dependent expression of
viral early gene products (17, 18, 41, 43, 44). In BPV-1-trans-
formed cells, three E2 polypeptides have been detected. The
full-length E2 (E2-TA) is 410 amino acids (aa) in length, with
a carboxy-terminal DNA binding-dimerization domain and an
amino-terminal domain that is required for transcriptional ac-
tivation (13, 17, 31–33). Another form of BPV-1 E2, referred
to as the repressor (E2-TR), consists of aa 162 to 410, con-
taining the DNA binding-dimerization domain but not the
transcriptional activation domain (7, 23). This form of E2 can
form homodimers, as well as heterodimers, with full-length E2.
Initial observations that established an essential role for

BPV-1 E2 in viral DNA replication attributed this requirement
to its function as a transcriptional inducer of viral early gene

expression, including expression of E1 (9, 36). However, tran-
sient replication assays have shown that the requirement of
BPV-1 E2 for origin-dependent replication is independent of
its role as a transcriptional activator of other viral genes (49,
51). Similar experiments have indicated a requirement for
HPV E1 and E2 gene products in the replication of HPV
origin-containing plasmids (5, 6, 8, 46). Recent studies with
HPV-1 have demonstrated measurable transient DNA repli-
cation in the presence of only E1. However, this replication
was greatly stimulated by E2 (15). In addition, it has been
shown that the transcriptional activation and replication func-
tions of BPV-1 E2 are genetically separable in transient assays
(51).
BPV-1 E1 and E2 coimmunoprecipitate when coexpressed

in insect cells (2, 28, 34, 54). In these experiments, BPV-1 E1
could associate with the full-length E2 protein but not with the
repressor form of E2, suggesting that the amino-terminal do-
main of E2 is required for interaction with E1. Further studies
have suggested that a BPV-1 E1-E2 interaction occurs between
the non- or hypophosphorylated form of E2 and the carboxy
terminus of E1 (28), although the specific relevant sites of
phosphorylation were not identified. The E1 binding site at the
viral origin of replication, as well as E2 binding sites immedi-
ately adjacent, are necessary cis elements for BPV-1 DNA
replication in vivo (27, 42, 48). Several studies have presented
data consistent with the notion that the interaction between
BPV-1 E2 and E1 facilitates binding of E1 to its cognate site
(39, 42, 47, 54). This cooperative binding has been assumed to
play an important role in BPV-1 viral DNA replication, al-
though the exact nature of this interaction has not been exam-
ined. E2 stimulates BPV-1 DNA replication in vitro (26, 52),
and E2 can also alleviate chromatin repression of E1-depen-
dent in vitro BPV-1 DNA replication, suggesting that E2 may
play a role in configuration of the papillomavirus origin of
replication (26). BPV-1 E2-dependent formation of an E1 rep-
lication complex has recently been described. Interestingly,
BPV-1 E2 associates transiently with E1 during assembly of the
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initiation complex and is absent in a subsequent replication-
competent complex that contains multimers of DNA-associ-
ated E1 molecules (29). Indeed, the intracellular ratios of E1
and E2 may be an important controlling factor in the status of
viral DNA replication.
Several systems for examining protein-protein interactions in

Saccharomyces cerevisiae have recently become available. These
systems, sometimes collectively referred to as the two-hybrid
(10) and interaction trap systems, rely upon protein-protein
interactions to reconstitute an active DNA binding-transcrip-
tional activation complex, resulting in transcriptional activa-
tion in S. cerevisiae. This system has the benefit of great sen-
sitivity and offers an in vivo alternative to the present in vitro
approaches to the study of protein-protein interactions. Using
the two-hybrid system, we have examined BPV-1 E1-E2 bind-
ing, in order to more fully document the interaction itself and
to further map the domains of BPV-1 E1 and E2 that partic-
ipate in this interaction. We show that a specific interaction
domain resides in the amino-terminal portion of each protein.
Furthermore, in vitro binding experiments indicate that the
interaction properties observed in the two-hybrid system accu-
rately reflect the properties of in vitro BPV-1 E1-E2 interac-
tion.

MATERIALS AND METHODS

Yeast strains and vectors. S. cerevisiae W3031 (ura3 his3 trp1 ade1 leu2) and
EGY048 (MATa ura3 his3 trp1 LEU2::LexAop6-LEU2) were used in this study.
EGY048, as well as the plasmid components of the interaction trap system, was
kindly provided by Roger Brent (Harvard University). Portions of BPV-1 E1 and
E2 were generated by PCR with the appropriate synthetic oligonucleotides and
cloned as EcoRI-SalI restriction fragments into the pLex202 vector for expres-
sion as ‘‘bait’’ fusion proteins to the LexA DNA binding domain (4). The
pLex202 vector contains the genes for the first 202 aa of the LexA protein, as well
as the yeast HIS3 gene as a selectable marker and the 2mm origin of replication.
Expression of LexA fusion proteins from this vector is driven by the constitutively
active yeast ADH1 promoter.
The lexA operator reporter vector used in these studies, JK103 (20), contains

two high-affinity ColE1 lexA binding sites upstream of the GAL1 promoter,
followed by the lacZ reporter gene. This vector expresses the yeast URA3 se-
lectable marker, along with the 2mm origin of replication. (LEU2, the auxotro-
phic marker reporter gene in this system, is integrated into the EGY048 host
chromosome and contains six upstream lexA operator sites.)
Portions of the BPV-1 E1 open reading frame were cloned into the JG4-5

vector as EcoRI-XhoI fragments following PCR with the appropriate synthetic
oligonucleotides. This vector expresses E1 domains as fusion proteins to the
influenza virus hemagglutinin 1 epitope tag (recognized by monoclonal antibody
12CA5), the B42 acidic activation domain (33), and the nuclear localization
signal of simian virus 40 large T antigen. The GAL10 promoter in this vector
renders expression of the acidic activator chimeric protein galactose responsive:
expression is induced by galactose and repressed by glucose. Vectors were in-
troduced into W3031 or EGY048 by a modification of the lithium acetate tech-
nique (11).
Yeast cultures were maintained in SD minimal medium (0.67% [wt/vol] Bacto-

yeast nitrogen base, 2% [wt/vol] dextrose) containing the appropriate amino acid
supplements, except under induction conditions, when SG minimal medium
(0.67% [wt/vol] Bacto-yeast nitrogen base, 2% [wt/vol] galactose, 2% [wt/vol]
glycerol) was used. Leucine auxotrophy was determined by assessing growth on
parallel minimal SD and SG plates with or without leucine.

b-Galactosidase activation assays. For galactose induction experiments, cells
from saturated overnight cultures grown in SD minimal medium were pelleted,
washed once with sterile water, and resuspended in the appropriate medium
containing galactose at an optical density at 600 nm of 0.2 to 0.3. The cultures
were harvested at mid-log phase (optical density at 600 nm, 0.6 to 0.8), and
b-galactosidase assays were performed. Assays for b-galactosidase expression in
yeast cells were performed as described previously (16). The reported measure-
ments represent three assays of at least two independent transformants.
Detection of BPV-1 E1-E2 complexes in vitro. Fragments of BPV-1 E1 DNA

were generated by PCR with the appropriate oligonucleotide primers and cloned
as EcoRI-SalI fragments into the EcoRI-XhoI sites of the pGEX-4T-1 vector
(Pharmacia). Glutathione S-transferase (GST) fusion proteins were induced and
harvested as described by Kaelin et al. (19). Approximately 0.5 mg of each
E1-GST fusion protein was used in each binding reaction. In E1-GST binding
experiments, [35S]methionine-labeled E2 was generated by using the T7-TNT
coupled reticulocyte lysate system (Promega). Full-length E2 was generated with
the plasmid pCMV-E2 as a template. Linear E2 templates encoding open read-

ing frames for the amino-terminal 262, 161, and 91 aa were generated by PCR
with a 59 oligonucleotide that contained a T7 promoter and an initiation methi-
onine codon in optimal Kozak context. Templates encoding E2 (aa 161 to 410)
and E2 with aa 159 to 281 deleted [E2(D159-281)] were generated by lineariza-
tion of plasmids p2423 and p2439, respectively (33). Unless otherwise indicated,
E1-GST fusion proteins bound to glutathione Sepharose beads (Pharmacia)
were preincubated with agitation for 30 min at room temperature in 0.5 ml of
binding buffer (20 mM Tris [pH 7.5], 100 mM NaCl, 2 mM dithiothreitol, 5 mM
MgCl2, 0.5% Nonidet P-40) with 2% nonfat dry milk. Aliquots of in vitro
translation reaction mixtures containing radiolabeled BPV-1 E2 or RPA3 pro-
tein were then added, and incubation was continued at room temperature for 30
min. After three 0.5-ml washes in binding buffer without milk, the samples were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Radio-
labeled bands were visualized by autoradiography and quantitated by phosphor-
imager analysis, using a GS-250 Molecular Image Analyzer (Bio-Rad). In tem-
perature sensitivity experiments, preincubation, binding reactions, and washes
were carried out at the temperatures indicated. Bound proteins were detected by
autoradiography and quantitated by phosphorimager analysis (Bio-Rad).

RESULTS

Transcriptional activation by E2-LexA chimeric proteins.
Several yeast systems have been developed to search for and
characterize intermolecular protein interactions (10, 55). The
system used in our examination of BPV-1 E1-E2 interactions
was developed in the Brent laboratory (20, 55). As depicted in
Fig. 1, this system employs coexpression of two chimeric pro-
teins in yeast cells, one of which is expressed from the pLex202
vector as a fusion protein to the DNA binding domain of the
sequence-specific DNA-binding protein LexA (14, 20). This
fusion protein, called the bait, binds as a dimer to operator
sequences positioned within the promoters of two reporter
genes, the Leu2 auxotrophic marker (integrated into the yeast
genome) and the b-galactosidase gene (located on the yeast
vector JK103). For the two-hybrid approach to work, this LexA
fusion protein must have no intrinsic transcriptional activation
capacity. Transcriptional activation of the reporter genes relies
upon a second chimeric protein fused to an acidic activation
domain (30). This second protein, called the prey, is expressed
in a galactose-dependent manner from the JG4-5 vector. Chi-
meric proteins from this vector also contain a nuclear localiza-
tion signal and a hemagglutinin epitope tag. If the LexA and
JG4-5 activation domain fusion proteins are drawn into a com-
plex through the interaction of the two chimeric components,
the reporter genes will be activated, resulting in b-galactosi-
dase activity and leucine auxotrophy.
As stated above, any LexA fusion protein is useful as bait

only if it has no intrinsic transcriptional activation activity in
yeast cells. Portions of the BPV-1 E2 transcription activation
domain were cloned into the pLex202 vector and evaluated for
their utility as bait in the two-hybrid system. Figure 1B shows
that, compared with the LexA DNA binding domain alone,
LexA fusion proteins containing aa 1 to 91 or 161 to 268 of
BPV-1 E2 had no transcriptional activation capacity. However,
the BPV-1 E2/LexA fusion protein containing E2 (aa 53 to
161), a central portion of the previously described BPV-1 E2
transcription activation domain, exhibited significant transcrip-
tional properties in this context, making it unsuitable as bait in
this system. In addition, although BPV-1 E1 has no known
transcriptional activation capacity, segments of this protein
were also evaluated for transactivation activity when expressed
as LexA fusion proteins. As expected, none of the segments of
E1 tested exhibited any transcriptional activation activity.
Comparable levels of expression of all LexA fusion proteins in
yeast cells were confirmed by Western blot (immunoblot) anal-
ysis with antibodies to the LexA DNA binding domain (data
not shown).
Interaction of E1 with the amino terminus of E2. The do-

mains of E2 that did not transactivate when fused to the LexA
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DNA binding domain could serve as bait for screening in the
two-hybrid system. Interactions between these E2/LexA fusion
proteins and portions of E1 were therefore tested (Fig. 2).
Portions of BPV-1 E1 were expressed as fusion proteins in the
JG4-5 vector. Interaction between the BPV-1 E2/LexA bait
constructs and E1 domains expressed from the JG4-5 vector
would be observed as galactose-dependent leucine auxotrophy
and concomitant induced expression of the b-galactosidase
reporter gene. BPV-1 E1 (aa 1 to 250) scored for interaction
with the LexA fusion protein containing 1 to 91 of E2 but not
for interaction with a LexA fusion containing aa 161 to 262 of
E2. This activation phenotype was dependent upon growth in
galactose-containing medium. No other portion of E1 scored
for association with BPV-1 E2 (aa 1 to 91), BPV-1 E2 (aa 161
to 262), BPV-1 E1 (aa 200 to 424), or the LexA protein in this
assay. This interaction appeared to be specific, since neither
this nor any other domain of BPV-1 E1 tested appeared to
interact with E1(200-424)/LexA or with a variety of other ir-
relevant bait constructs (data not shown). Galactose-induced
expression of E1 fusion proteins from the JG4-5 vector was
confirmed by Western blot analysis with the monoclonal anti-
body 12CA5 (data not shown). Thus, we conclude that do-
mains sufficient to mediate intermolecular association between
E1 and E2 of BPV-1 in the two-hybrid assay are contained
within the first 91 aa of E2 and the first 250 aa of E1.
Interaction between portions of E1 and full-length E2. To

confirm that native, full-length BPV-1 E2 protein was also
capable of specific interaction with the amino-terminal 250 aa
of E1 in a yeast expression system, an alternative interaction
trap strategy that exploits the intrinsic transactivation activity
of full-length BPV-1 E2 in yeast cells was used (21). This

strategy is depicted schematically in Fig. 3A. In these experi-
ments, portions of BPV-1 E1 expressed as LexA fusion pro-
teins were used as bait, and the full-length E2 protein, con-
taining its own transactivation domain, was used as the prey to
assay E1-E2 interactions. Thus, E1/LexA chimeric proteins
may bind to lexA operator sequences within the reporter vec-
tor, but b-galactosidase activity depends upon interaction be-
tween E1 molecules and E2 expressed from the separate vector
pPD2 (21). The interaction phenotype was scored by measur-
ing transcriptional activation of b-galactosidase from the target
plasmid JK103. As shown in Fig. 3B, full-length E2 interacts
with the E1 bait containing only the first 250 aa of E1 but not
with bait constructs containing other portions of E1.
The level of b-galactosidase induction by E1(1-250)/LexA

interaction with E2 was relatively modest. This was possibly
due to limiting intracellular E2 levels. The yeast PHO5 pro-
moter, which was used to drive BPV-1 E2 expression in these
experiments, is phosphate repressed, exhibiting limited activity
in normal yeast growth medium. Because the yeast pPD2 vec-
tor used for BPV-1 E2 expression in these experiments is
maintained at an unusually high copy number (up to 100 copies
per cell), high levels of BPV-1 E2 expression may be achieved
in growth medium depleted of phosphate. The experiment
whose results are shown in Fig. 3B was conducted in the pres-
ence of normal medium, under phosphate conditions that per-
mit only limited (but detectable) expression of BPV-1 E2.
Interestingly, superinduction of BPV-1 E2 expression by
growth in phosphate-depleted medium appeared to be toxic
when accompanied by expression of the BPV-1 E1(1-250)/
LexA fusion protein, resulting in large clumps of dead cells in
less than 6 h (data not shown). No severe toxicity was observed

FIG. 2. Interaction between BPV-1 E1 and E2. LexA fusion proteins containing BPV-1 E2 aa 1 to 91 or 161 to 262 were used as bait to detect interaction with
portions of BPV-1 E1 in EGY048. A LexA fusion bait containing aa 200 to 424 of BPV-1 E1 was used as a negative control. The indicated segments of BPV-1 E1 were
expressed as prey from the JG4-5 vector. The JK103 b-galactosidase reporter vector was used in these assays.1, with galactose;2, without galactose. Galactose induces
E1 domain fusion protein expression from the JG4-5 vector. b-Galactosidase activities were determined from mid-log-phase cultures under the growth conditions
indicated.

FIG. 1. (A) The yeast interaction trap system. Protein domains to be used as interaction targets, or bait, are expressed as fusions to the LexA DNA binding domain,
allowing them to bind to lexA operator sequences located upstream of either the b-galactosidase reporter gene or the integrated yeast LEU2 gene. The JG4-5 prey
vector expresses a chimeric protein that includes the simian virus 40 T antigen nuclear localization domain, an acidic transcriptional activation domain, and the
hemagglutinin 12CA5 epitope tag. Protein expression from the JG4-5 vector is induced by galactose. Interaction between LexA fusion proteins and proteins expressed
from the JG4-5 vector results in transcriptional induction of the b-galactosidase and LEU2 reporter genes. CS, cloning site; P, promoter. (B) Transcriptional activation
phenotypes of E1 and E2 LexA chimeric bait constructs. The indicated regions of BPV-1 E1 and E2 were cloned into the pLex202 vector and transformed into EGY048,
along with the JK103 reporter vector. EGY048 contains a genomic copy of the LEU2 auxotrophic marker located downstream of six lexA binding sites. JK103 contains
two lexA binding sites located upstream of the b-galactosidase reporter gene. Transcriptional activation by E1 or E2 LexA fusion proteins results in induction of
b-galactosidase and LEU2 expression, as determined by measurement of b-galactosidase activity and by assessment of growth on plates without leucine (leucine
auxotrophy), respectively.
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with expression of either protein separately. Interestingly, this
toxicity was only observed in cases of coexpression of E2 and
the amino terminus of E1 with which E2 associates. Coexpres-
sion of full-length E2 with BPV-1 E1(200-424)/LexA, E1(424-
607)/LexA, or LexA alone did not yield this phenotype in
phosphate-depleted medium. Since the E1 fusion protein ex-
pression in these experiments is constitutively high (expression
is driven off the ADH1 promoter), it is possible that E1-E2
complexes accumulate at high intracellular levels in phosphate-
depleted cultures, leading to the observed toxicity. However,
even with low levels of native E2 expression from the PHO5
promoter in the presence of phosphate, it is clear that full-
length E2 scores for interaction only with the E1 bait including
the first 250 aa of E1.
Analysis of BPV-1 E1-E2 interactions in vitro. To confirm

and extend the results described for experiments using the
two-hybrid system, as well as the previously described systems,
domains of BPV-1 E1 were cloned into the pGEX-4T-1 vector
for expression as GST fusion proteins in Escherichia coli.
These proteins were purified by binding to glutathione beads,
and their abilities to bind in vitro-translated, radiolabeled
BPV-1 E2 were determined. Figure 4 shows that GST fusion
proteins containing either the first 220 or 250 aa of BPV-1 E1
were able to bind BPV-1 E2. In contrast, the GST fusion
proteins containing aa 1 to 128, 200 to 424, or 424 to 607 of
BPV-1 E1 had only a background level of binding to E2. The
specificity of binding in these experiments is documented by
the fact that RPA3, a protein with no known E1 binding ac-
tivity and with no such activity in two-hybrid experiments (data
not shown), did not bind any of the E1-GST fusion proteins
tested. Since E1(1-128)-GST did not bind BPV-1 E2 in vitro, it
would appear that this portion of E1 is not sufficient for E2
association. However, the domain of BPV-1 E1 between aa 120
and 350 could not be directly tested, since a GST fusion pro-
tein expressing this portion of E1 was not soluble.
The BPV-1 E1-GST fusion proteins were also used to con-

firm the location of E1 interaction domains within BPV-1 E2
(Fig. 5). E1(1-222)-GST bound to truncated forms of BPV-1
E2 that encompassed the first 262, 161, or 91 aa of E2, con-
firming that the amino-terminal 91-aa domain of E2 is suffi-
cient for E1 interaction. In contrast, E1(1-222)-GST did not
bind to BPV-1 E2 proteins bearing deletions of the amino-
terminal 52 or 161 aa. Deletion of the hinge region of BPV-1
E2(D159-281) did not abolish its ability to bind E1(1-222)-
GST. Indeed, the level of binding by this form of E2 appeared
to be significantly higher than that of full-length E2.
We have observed that several forms of E2 are generated by

in vitro transcription and translation of the BPV-1 E2 tem-
plates used in these experiments. The E2-TR form is indicated
in Fig. 4 and 6; an intermediate form that migrates between
full-length E2 and E2-TR is the result of internal initiation at
Met-71 of BPV-1 E2. Data from both the yeast two-hybrid and
in vitro binding experiments indicate that the domain of BPV-1
E2 sufficient for interaction with BPV-1 E1 lies within the E2
amino terminus. This domain is not present in the E2-TR
protein. Nevertheless, E2-TR is coexpressed and forms het-
erodimers with full-length E2 when generated by in vitro trans-
lation reactions. Therefore, we believe that this apparent abil-
ity of E1(1-222)-GST to bind E2-TR is a consequence of
interaction between E1 (aa 1-222) and heterodimers of E2-TR
and full-length E2. It is possible that the E2 (aa 71-410) species
binds E1-GST either because it too is represented as a het-
erodimer with full-length E2 or because it contains a region
downstream of residue 71 (and presumably upstream of resi-
due 91) that is capable of E1 interaction. We have not carried
out experiments to distinguish between these possibilities.
Interaction between the amino termini of BPV-1 E1 and E2

is cold sensitive. In previous assays examining the ability of
BPV-1 E2 to enhance E1 binding to the BPV-1 origin of
replication in vitro, Thorner et al. observed that such enhance-
ment is cold sensitive (47). That study also suggested that the
domain of E1 that interacts with E2, as well as the DNA

FIG. 3. Use of E1 bait to test interaction with full-length BPV-1 E2. (A) Segments of BPV-1 E1 were expressed as LexA fusion proteins for use as bait for interaction
with full-length BPV-1 E2. BPV-1 E2, which contains distinct transcriptional activation and sequence-specific DNA binding domains, was expressed from a separate
vector, pPD2-E2. The JK103 lexA operator–b-galactosidase reporter vector, in combination with various E1/LexA bait constructs, was used to determine which portions
of BPV-1 E1 could recruit full-length E2 and sponsor transcriptional activation in the yeast strain W3031. Such activation indicates interaction between the E1 fusion
protein and full-length BPV-1 E2. (B) b-Galactosidase activities from yeast coexpressing various BPV-1 E1/LexA bait proteins and full-length BPV-1 E2. LexA fusion
proteins including aa 1 to 250, 200 to 424, or 424 to 605 of BPV-1 E1 were tested for interaction with full-length BPV-1 E2 expressed from pPD2-E2.

4368 BENSON AND HOWLEY J. VIROL.



binding domain of E1, is located within the amino-terminal
two-thirds of E1, consistent with the mapping data presented
here. However, these assays did not directly address whether
E1-E2 interaction per se was affected by low temperature or
whether the ability of BPV-1 E1 to bind DNA was somehow
altered or impaired at the lower temperature. In order to
address these issues, we examined the ability of the BPV-1
E1(1-222)-GST fusion protein to interact with full-length
BPV-1 E2 at room temperature and at 48C (Fig. 6). The results
of this experiment show that E1-E2 interaction is significantly
decreased at 48C, relative to the level of interaction observed at
room temperature. We conclude that cold sensitivity of E1-E2
interaction may have contributed to previously observed tem-
perature phenotypes with respect to E2 enhancement of E1
DNA binding. Furthermore, this result suggests that the activ-
ities of the E1-GST fusion protein used in these experiments at
least partially reflect the properties of the full-length native E1
protein.

DISCUSSION

We have used the yeast interaction trap system to charac-
terize interactions between domains of the BPV-1 E1 and E2
proteins. Using a combination of BPV-1 E1-GST fusion pro-
teins and various forms of radiolabeled BPV-1 E2 generated by
in vitro translation, we have also examined this interaction in
vitro. Results of experiments using both systems indicate that
domains sufficient to mediate interaction between BPV-1 E1
and E2 lie within the first 91 aa of E2 and within the first 222
to 250 aa of E1. The BPV-1 E1 domain from 1 to 222 falls
within a region of E1 previously shown to be required for
E2-dependent enhancement of E1 DNA binding (47). In fact,
it would appear that the E2 interaction domain of E1 overlaps
or is closely adjacent to the DNA binding, DNA polymerase
alpha binding, and nuclear localization domains of BPV-1 E1
(24, 35). Furthermore, since interaction was observed between
BPV-1 E1 and forms of BPV-1 E2 encompassing only its first
91 aa, it appears that E2 dimerization is not a prerequisite for

interaction with E1. Indeed, BPV-1 E1 may be capable of
interaction with heterodimers of full-length BPV-1 E2 and
E2-TR.
In adapting the two-hybrid system for examination of E1-E2

interactions, it was necessary to determine which domains of
these proteins could be used as bait. These evaluations re-
vealed that a LexA fusion protein containing aa 53 to 161 of
BPV-1 E2 had an intrinsic transcriptional activation capacity in
yeast cells, suggesting the possible presence of a discrete tran-
scription activation function within this region of BPV-1 E2. In
contrast, previous deletion studies that removed aa 1 to 52, 53
to 161, or 157 to 263 of BPV-1 E2 all abolished its transcrip-
tional activation activity both in yeast cells and in higher eu-
karyotes (13, 21, 31, 32), leading to the suggestion that the
BPV-1 E2 activation domain is very large and/or very complex.
Whether the domain from aa 53 to 161 represents a heretofore
unappreciated discrete transactivation domain of BPV-1 E2 or
provides spurious transactivation in the context of a LexA
DNA binding moiety will need to be investigated further. To
that end, it will also be interesting to evaluate the transcrip-
tional activation activity of these BPV-1 E2/LexA fusion pro-
teins in mammalian cells, in order to address the possibility
that the three BPV-1 E2 domains used in these yeast assays
might have different functional properties in higher and lower
eukaryotes.
Previous coimmunoprecipitation studies have implied that

interaction between BPV-1 E1 and E2 is mediated through the
carboxy terminus of E1 (28). These experiments were carried
out using baculovirus expression systems to coexpress E1 and
E2 in insect cells, and interactions were detected by coimmu-
noprecipitation of BPV-1 E1 and E2. In contrast, mapping
studies by Thorner et al. have suggested that the E2 interaction
domain of E1, vis-à-vis the ability of E2 to stimulate E1 origin
binding, does not require this carboxy-terminal portion of
BPV-1 E1 (47). It is possible that expression of the E1 carboxy
terminus as a fusion protein in our assays altered its activity.
Since we were unable to express full-length BPV-1 E1 in yeast
cells, it was not possible to compare the relative E2 binding by

FIG. 4. Mapping the BPV-1 E2 interaction domain of E1 in vitro. The indicated domains of BPV-1 E1 were expressed and purified from E. coli as GST fusion
proteins. [35S]methionine-labeled full-length E2 was generated in vitro from linear T7 promoter-containing E2 templates by transcription and translation, using the
T7-TNT reticulocyte lysate system. The full-length labeled BPV-1 E2 product, along with the E2-TR product (due to internal initiation), is indicated. Binding reactions
were conducted at room temperature as described in Materials and Methods. The labeled 14-kDa subunit of human RPA, generated by T7-mediated transcription and
translation, was used as a negative control in these experiments. BPV-1 E2 and RPA bands were visualized by autoradiography and quantitated by phosphorimager
analysis.
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full-length E1 with that of E1 subfragments, using the two-
hybrid system. Furthermore, we observed nonspecific protein
binding by the carboxy terminus of BPV-1 E1 in vitro in ex-
periments conducted at 48C (1). On the basis of these previ-
ously published results, we cannot rule out the possibility that
BPV-1 E1-E2 interactions involve the carboxy terminus of
BPV-1 E1. However, in our assays, interaction at physiologi-
cally relevant temperatures (i.e., 308C or above) required only
the BPV-1 E1 amino terminus. The carboxy terminus of E1
may also play a contributory role in E1-E2 complex formation
in vivo, in the context of the papillomavirus origin of replica-
tion, or in other types of assays.

The observed temperature modulation of BPV-1 E1-E2 in-
teraction may be an indication of important conformational
changes in these proteins. Such temperature-mediated pro-
tein-protein interactions may modulate certain physiologic as-
pects of the viral life cycle, perhaps regulating a switch from
nonvegetative DNA replication at warmer lower layers of ep-
ithelium to vegetative DNA replication at the cooler surface of
skin. A number of studies have suggested a role for BPV-1 E1
in the control of viral transcription (22, 37, 38), suggesting the
possibility that modulation of E1-E2 interaction plays a role in
controlling expression of papillomavirus gene products. Thus,
the status of E1-E2 complexes in the cell may modulate both
viral gene expression and DNA replication.
The exact roles of E2 and E1 in replication, as well as that of

the complex in which these proteins participate, are not yet
clear. Sufficient amounts of E1 alleviate the requirement of E2
for in vitro BPV-1 DNA replication. However, E2 greatly stim-
ulates replication in such experiments (26). Although a variety
of experiments have suggested a role for E1-E2 interaction in
papillomavirus DNA replication, this hypothesis has not been
formally tested. Furthermore, E2 may have replication func-
tions independent of its ability to interact with E1, such as
recruitment of replication accessory proteins like RPA (25).
Alternatively, the physiologic role of E2 may be to properly
configure chromatin in the origin region into an E1-binding
or replication-competent state (26). E2 may also act to en-
sure origin-specific viral DNA replication by properly posi-
tioning E1 at the origin. The identification of specific interac-
tion domains within each protein may aid in the design of
discrete mutations in each protein that effect only E1-E2 in-
teraction, an important step in allowing such questions to be
addressed. Once the actual role of E1-E2 interaction in pap-
illomavirus replication is better understood, it may be possible
to adapt interaction detection systems like the two-hybrid
screen to test compounds for their ability to disrupt this com-
plex in vivo.

FIG. 5. Mapping of the BPV-1 E2 domain that interacts with E1 in vitro. A
BPV-1 E1-GST fusion protein containing aa 1 to 222 was tested for binding to
various deleted and truncated forms of BPV-1 E2 expressed as [35S]methionine-
labeled proteins in reticulocyte lysates. (A) E1(1-222)-GST-associated E2 spe-
cies; (B) aliquots of the E2 in vitro translation products. Percent binding (A) is
the percentage of total input E2 that associated with E1(1-222)-GST in the in
vitro binding reaction. All binding reactions were performed at room tempera-
ture. BPV-1 E2 bands were visualized by autoradiography and quantitated by
phosphorimager analysis. ND, not determined.

FIG. 6. In vitro interaction of BPV-1 E1 and E2 is cold sensitive. Binding
reactions of BPV-1 E1(1-222)-GST to [35S]methionine-labeled full-length BPV-1
E2 were conducted as described in the legends to Fig. 4 and 5, except that
preincubation, binding reactions, and washes were performed at the tempera-
tures indicated. BPV-1 E2 bands were visualized by autoradiography and quan-
titated by phosphorimager analysis. RT, room temperature.
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