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The N-terminal domain of the bovine papillomavirus type 1 E2 protein is important for viral DNA replica-
tion, for transcriptional transactivation, and for interaction with the E1 protein. To determine which residues
of this 200-amino-acid domain are important for these activities, single conservative amino acid substitutions
have been generated in 17 residues that are invariant among all papillomavirus E2 proteins. The resulting
mutated E2 proteins were tested for the ability to support viral DNA replication, activate transcription, and
cooperatively bind to the origin of replication with the E1 protein. We identified five mutated proteins that were
completely defective for transcriptional activation and either were defective or could support viral DNA
replication at only low levels. However, several of these proteins could still interact efficiently with the E1
protein. In addition, we identified several mutated proteins that were unable to efficiently cooperatively bind
to the origin with the E1 protein. Although a number of the mutated proteins demonstrated wild-type activity
in all of the functions tested, only 3 out of 17 mutated viral genomes were able to induce foci in a C127 focus
formation assay when the mutations were generated in the background of the entire bovine papillomavirus type
1 genome. This finding suggests that the E2 protein may have additional activities that are important for the

viral life cycle.

The papillomaviruses are small DNA viruses that infect
basal epithelial cells and replicate in terminally differentiating
keratinocytes. These viruses have been isolated from a wide
range of vertebrates, and they exhibit both host species and
tissue specificity. The viral E1 and E2 proteins are important
for initiation of viral DNA replication and for regulation of
viral transcription. The E1 protein is the viral replication ini-
tiator protein (25, 36, 40) and also appears to function as a
transcriptional repressor (19, 27); the viral E2 proteins are
transcriptional regulatory proteins that regulate the expression
of the other viral gene products and, in addition, play an
important role in DNA replication (reviewed in reference 13).

The E2 protein has been best studied for bovine papilloma-
virus type 1 (BPV-1), as this virus can infect and transform
certain rodent cells within which the viral genome is replicated
as an episome at a constant copy number (7, 18). This non-
productive virus-cell interaction is thought to be analogous to
what has been found for the infected basal epithelial cells and
dermal fibroblasts of a BPV-1-induced fibropapilloma and has
permitted a detailed genetic analysis of the transcriptional
regulatory and plasmid maintenance replication functions of
the E2 protein(s).

The BPV-1 E2 open reading frame (ORF) encodes three
polypeptides. The largest, E2-TA, is encoded by the entire
ORF and functions as a transcriptional transactivator; two
smaller polypeptides, E2-TR and E8/E2, are encoded by the 3’
half of the ORF and function as transcriptional repressors by
antagonizing the function of E2-TA (2, 14, 16, 17, 32). The
E2-TA protein activates transcription by binding to specific
DNA binding sites that are located within enhancer elements
in the viral genome (reviewed in reference 23). In addition to
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its transactivation function, full-length E2 is required for stable
replication of viral DNA (36). The viral E1 protein can initiate
DNA replication alone in vitro, but in vivo, the E2 protein is
also required (41). E2 appears to have several functions in
DNA replication: the viral replication origin contains a binding
site for the viral E1 protein flanked on either side by E2 DNA
binding sites (35, 37), and the E2-TA protein greatly increases
the amount of E1 bound to the origin by cooperative binding
(29, 31, 39, 40); the E2 protein also appears to augment rep-
lication by disrupting chromatin structure in the origin region
(21) and by interacting with replication proteins such as repli-
cation protein A (20).

The E2 transactivator consists of two conserved domains
linked by a flexible hinge region. The C-terminal domain is
approximately 85 amino acids long and is required for DNA
binding and dimerization (6, 22, 24). The N-terminal domain is
approximately 200 amino acids long and is important for tran-
scriptional activation (8, 11, 22). This domain is also critical for
the replication function of the E2 protein and for cooperative
binding to the replication origin with the E1 protein (38, 39).
Unlike many transactivation domains, the E2 N-terminal do-
main seems to have a very constrained structure, as any dele-
tion that has been made within this domain inactivates all
E2-TA functions, presumably by disrupting protein conforma-
tion (22, 38, 39).

In this study, a number of amino acid substitutions have
been generated in highly conserved residues of the BPV-1 E2
protein to determine what effect they might have on specific
functions of the E2 protein. Very conservative amino acid
substitutions were generated in an attempt to inactivate spe-
cific functions of the E2 protein without disrupting protein
conformation. We have identified a number of amino acid
residues in which mutations either inactivate the transactiva-
tion and DNA replication functions of the E2 protein or in-
terfere with the ability of E2 to interact with the E1 protein. In
the background of the viral genome, almost all of the E2
mutations gave rise to viruses defective in focus formation,
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indicating that the E2 protein may have additional, as yet
unidentified functions in viral gene expression and/or replica-
tion.

MATERIALS AND METHODS

P and mutag Single point mutations were introduced into the
E2 nucleotide sequence by one of three techniques: oligonucleotide reconstruc-
tion, PCR-generated mutagenesis, or Transformer site-directed mutagenesis.
Mutations were generated in the background of the pTZE2sh shuttle expression
vector described previously (38). For those mutations generated by oligonucle-
otide reconstruction (Q-12 to N, E-20 to D, W-33 to F, R-37 to K, and E-39 to
D; the corresponding mutant proteins are designated N12, D20, F33, K37, and
D39) the multiple cloning site within the pTZE2sh vector was first modified to
remove the Sphl site. Double-stranded oligonucleotides were used to reconstruct
the E2 sequence from the Sphl site at nucleotide 2621 to the Avrll site at
nucleotide 2766 with individual point mutations. As a control, wild-type E2 was
reconstructed in the same fashion. Six E2 mutations (V-59 to L, P-60 to G, P-106
to G, K-111 to R, K-112 to R, and D-122 to E; the corresponding mutant proteins
are designated L59, G60, G106, R111, R112, and E122) were generated by PCR
techniques. The first five mutations lie within the E2 nucleotide sequence be-
tween the Avrll site at nucleotide 2766 and the Kasl site at nucleotide 2944. The
last mutation (D-122 to E) lies between the KasI site and the Drall site at
nucleotide 3259. PCR primer pairs were designed with terminal recognition
sequences for Avrll and Kasl or for KasI and Drall, and each pair contained one
primer with a point mutation and another that corresponded to the wild-type
sequence. E2 DNA fragments were amplified by PCR, cleaved with the appro-
priate restriction enzymes, and cloned into the corresponding sites in pTZE2sh.
Six E2 mutations (I-73 to L, W-92 to F, G-156 to A, Y-159 to F, F-173 to Y, and
V-188 to L; the corresponding mutant proteins are designated L73, F92, A156,
F159, Y173, and L188) were generated using the Transformer (Clontech) mu-
tagenesis procedure, which is based on the technique first described by Deng and
Nickoloff (3). Briefly, primers containing point mutations in the E2 sequence
were annealed in combination with a selection primer to denatured template
PTZE2sh plasmid DNA. The selection primer also contained a nucleotide sub-
stitution that converted the unique Sall site in the vector sequences to Xhol. A
mutant DNA strand was synthesized from the primers with T4 DNA polymerase
and T4 DNA ligase, and the populations of mutation-bearing and wild-type
plasmids generated were used to transform the mutS Escherichia coli strain BMH
71-8 (Clontech), which is deficient for mediating mismatch repair. Mutant plas-
mids were then selected from the amplified plasmid pool on the basis of resis-
tance to digestion by Sa/l and susceptibility to digestion by X#ol. Introduction of
the correct mutation was confirmed for all plasmids by DNA sequence analysis.

Each of the E2 N-terminal mutations was cloned into the pC59 E2 expression
vector (42) and the entire BPV genome, p142-6 (28), by exchanging the BsfEII
(nucleotide 2405)-to-BstXI (nucleotide 3889) fragment containing wild-type E2
sequences with the corresponding fragment from each of the mutated pTZE2sh
plasmids.

Protein extracts. °S-labeled proteins were expressed from the pTZE2sh plas-
mids described above, using the TNT coupled reticulocyte lysate system (Pro-
mega). An aliquot of lysate was analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, and the radiolabeled E2 proteins were
quantitated with a PhosphorImager (Molecular Dynamics).

Transient expression assay. Transfections were carried out by using the cal-
cium phosphate technique as previously described (32). Briefly, 0.3 g of mu-
tated or wild-type C59-E2 DNA and 2 pg of an E2-responsive chloramphenicol
acetyltransferase (CAT) reporter plasmid, pTKM-11 (34), were cotransfected
into subconfluent 60-mm? dishes of monkey CV-1 cells. Following a 4- to 6-h
incubation, cells were subjected to glycerol shock and then grown in Dulbecco
modified Eagle medium (Gibco/BRL)-10% fetal bovine serum with 5 mM so-
dium butyrate. Cell lysates were prepared 24 to 48 h later. CAT assays were
carried out with equivalent quantities of protein from all dishes. Each plasmid
was tested in several independent studies.

Transient replication assay. Transient replication assays were carried out as
described by Ustav and Stenlund (36). In brief, 5 ug of either mutated or
wild-type C59-E2 plasmid DNA, 5 ug of E1 expression plasmid (pCGEag-1235
from A. Stenlund), and 2 pg of replicon DNA were introduced into mouse C127
cells by electroporation. A 3.2-kb fragment of the BPV-1 genome containing
positions 4786 to 7946 and 1 to 83 was used as a replicon. This fragment was
cleaved from the prokaryotic vector sequences and recircularized before elec-
troporation. At 3 and 5 days posttransfection, cells were lysed and low-mo-
lecular-weight DNA was isolated. DNA samples were digested with Dpnl and
HindIII or with Mbol and HindIII, and the products were separated on a 0.8%
agarose gel in Tris-borate-EDTA buffer. The DNA products were transferred to
nytran membranes (MSI; Magna Graph) and probed with a fragment from the
long control region (nucleotides 6958 to 6936) that was generated by PCR and
32P labeled by the random priming technique.

E1-E2 DNA binding assay. E1-E2 cooperative DNA binding was measured in
a DNA-protein coimmunoprecipitation assay. The DNA probe was generated
from plasmid KS+/origin, which contains BPV-1 nucleotides 7781 to 7946 and 1
to 83 cloned in the BamHI-to-HindIII sites of Bluescript KS+ (31). Plasmid
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KS+/origin was cleaved with BamHI, HindIII, and AfIIII to release a 250-bp
fragment containing the origin and a 400-bp fragment from the vector that was
used as a control for nonspecific binding. These fragments were end labeled with
[3?P]dCTP and the Klenow fragment of DNA polymerase.

In the binding reaction, 15 pl of reticulocyte lysate containing the E1 protein
was added to a buffer containing 10 ug of sonicated salmon sperm DNA and final
concentrations of 28 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES; pH 7.4), 70 mM magnesium acetate, and 1.4 mM dithiothreitol in a
total volume of 200 pl. A final NaCl concentration of 170 mM was obtained by
the addition of buffer C-300 (20mM HEPES [pH 7.9], 25% [vol/vol] glycerol, 0.3
M NaCl, 1.5 mM MgCl,). Where indicated, 50 ul of reticulocyte lysate contain-
ing in vitro-translated E2 protein was also added. Insoluble protein was removed
from the reaction mixture by centrifugation before the addition of 200 ng of
DNA probe. After 60 min of incubation at room temperature, protein A-Sepha-
rose beads containing prebound affinity-purified antiserum SSQN (31) were
added to the binding reaction mixture, which was then and incubated at 4°C for
1 h. Immune complexes were washed three times in NT-200 (50 mM Tris [pH
7.4], 200 mM NaCl, 0.1% Triton X-100). The beads were suspended in 250 pl of
NT-200, a 25-pl aliquot was removed, and proteins analyzed by SDS-polyacryl-
amide gel electrophoresis. The DNA-protein-antibody complexes on the remain-
ing beads were dissociated with 1% SDS. Ten micrograms of carrier tRNA was
added, and DNA was isolated by phenol extraction and ethanol precipitation.
DNA fragments were analyzed after separation on polyacrylamide gels and were
quantitated with a PhosphorImager (Molecular Dynamics).

Immunoprecipitation and immunoblot analysis. Thirty-six micrograms of
pCS59E2mut or pC59E2wt DNA was transfected into 150-mm-diameter plates of
subconfluent COS-7 cells, using Lipofectamine (Gibco). At 40 to 48 h posttrans-
fection, protein was extracted in radioimmunoprecipitation assay buffer (150 mM
NaCl, 20 mM morpholine propanesulfonic acid [MOPS; pH 7], 1 mM EDTA,
1% Nonidet P-40, 1% deoxycholate, 0.1% SDS). Cell lysates were precleared
with Pansorbin (fixed Staphylococcus aureus; CalBiochem), and 1 mg of protein
was incubated with monoclonal antibody B202 (E. Androphy). Immune com-
plexes were collected with protein A-Sepharose and washed with radioimmuno-
precipitation assay buffer. Released proteins were resolved on an SDS-8% poly-
acrylamide gel and transferred to a polyvinylidene difluoride membrane
(Millipore Immobilon-P). The membrane was blocked in 5% Carnation dried
milk, 1X TNET buffer (10 mM Tris-HCI [pH 7.5], 2.5 mM EDTA, 50 mM NaCl,
0.1% Tween) and incubated with antibody B202. Following washes in TNET, the
membrane was incubated with a horseradish peroxidase-conjugated antiserum
against mouse k chain (Caltag). The lot of antiserum used for Fig. 2 also showed
cross-reactivity with the immunoglobulin heavy chain. Proteins were detected by
using an enhanced chemiluminescence system (Amersham).

Focus formation assay. C127 cells were transfected by the calcium phosphate
technique. Briefly, 100-mm-diameter dishes of cells were transfected with 1 g of
142-6 DNAs (E2 mutations in the background of the cloned BPV-1 genome) that
had been cleaved at the BamHI site to separate BPV-1 and pML2d sequences
and religated at a concentration of 5 pg/ml to favor intramolecular recircular-
ization. Cells were stained with methylene blue 2 to 3 weeks posttransfection.

RESULTS

Sequence conservation among the papillomavirus E2 pro-
teins. Papillomaviruses have been identified in birds and mam-
mals, and more than 70 different human types have been iden-
tified. A comparison of the predicted amino acid sequences of
the papillomavirus E2 proteins show that there are two con-
served domains: a C-terminal domain of about 85 amino acids
and an N-terminal domain of about 200 amino acids. In all
cases that have been examined, the N-terminal domain has
been shown to be important for transcriptional regulation and
viral DNA replication. To identify amino acid residues in this
domain that are critical for E2 function, the predicted amino
acid sequences of 22 different papillomavirus E2 proteins were
compared (Fig. 1). The viruses belong to each of the five
recently defined evolutionary supergroups (1). Excluding the
initiation methionine, 17 amino acid residues were found to be
identical among the papillomavirus E2 proteins, indicating that
they may be crucial for protein structure and one or more viral
functions. (Many more residues were highly, but not abso-
lutely, conserved.) Mutations were generated in these residues
in an attempt to interfere with specific protein functions.
Where possible, very subtle changes were made in these amino
acids by replacing them with chemically similar residues in
order to minimize possible alterations in global protein con-
formation, as the structure of the E2 transactivation domain
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FIG. 1. Positions of the amino acid substitutions in the N-terminal domain of
the E2 protein. The predicted amino acid sequences of 22 different papilloma-
virus E2 proteins (BPV-1, -2, and -4, deer, European elk, Cottontail rabbit, and
rhesus monkey papillomaviruses, and human papillomavirus types 1a, 5, 5b, 6b,
8, 11, 16, 18, 31, 33, 35, 39, 42, 47, 51, and 58) were compared, and mutations
were generated in those residues that were absolutely conserved.

appears to be quite constrained (Fig. 1). An additional E2
protein (G105R111) containing two mutations that occurred
erroneously during cloning, an E-to-G substitution at position
105 and a K-to-R substitution at position 111, was also ana-
lyzed in this series of experiments. For these studies, proteins
were expressed either in vitro by coupled in vitro transcription
and translation or in vivo from a vector that expresses the E2
gene products from a simian virus 40 promoter (42). To ensure
that the proteins expressed in vivo were stably expressed, the
C59 series of plasmids were transfected into COS-7 cells, and
the levels of the mutated E2 proteins were determined by a
combined immunoprecipitation-Western blot (immunoblot)
analysis. This analysis demonstrated that all of the mutated
proteins were expressed at levels comparable to that of the
wild-type E2 protein (data not shown). A representative blot
showing two of the mutants is presented in Fig. 2.
Transcriptional activation function of the E2 proteins. The
BPV-1 E2 protein activates transcription by binding to specific
E2 binding sites located within enhancer elements of a pro-
moter and increases the rate of transcriptional initiation, pre-
sumably by interacting with one or more components of the
basal transcriptional machinery or other proximal promoter
factors (10, 23, 32). To determine whether the conservative
amino acid substitutions that were generated in the E2 protein
had an effect on transcriptional activation, CV-1 cells were
cotransfected with the C59 vectors expressing the series of
mutated E2 proteins and a E2-responsive CAT plasmid, pTK-
11. This highly responsive plasmid expresses the CAT gene
from a herpes simplex virus thymidine kinase promoter with six
tandem E2 binding sites located upstream (34). As can be seen
in Fig. 3, six of the mutated E2 proteins (F33, D39, G106,
R111, A156, and G105R111) were severely impaired in the
ability to activate transcription from pTK-11. All other mu-
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FIG. 2. Expression of mutated E2 proteins. Shown is a representative West-
ern blot of protein extracts of COS-7 cells transfected with vector alone (lane 1),
C59-E2 (wild type [WT]; lane 2), C59-E2N12 (lane 3), and C59-E2G106 (lane 4).
E2 proteins were detected as described in Materials and Methods. Ig, immuno-
globulin.
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FIG. 3. Transcriptional activation by E2 proteins containing N-terminal mu-
tations. CV-1 cells were cotransfected with pTKM-11, an E2-responsive CAT
reporter plasmid, and the series of C59 E2 expression plasmids. CAT activity was
determined in each case and is expressed relative to wild-type (WT) C59 activity,
which was given a value of 100%. Each plasmid was tested in seven independent
experiments. Wild-type E2 activity ranged from 13 to 54% acetylated chloram-
phenicol. GR, the G105R111 protein.

tated proteins exhibited transactivation levels that were be-
tween 10% of wild type and levels that were comparable to or
greater than that of wild-type E2. Thus, amino acid substitu-
tions such as lysine to arginine, glutamic acid to aspartic acid,
and tryptophan to phenylalanine are sufficient to inactivate the
transactivation function of the E2 protein.

Replication properties of the mutated E2 proteins. To de-
termine the effect of the E2 N-terminal amino acid substitu-
tions on viral DNA replication and to discern whether the
transactivation and replication properties of the E2 protein are
separable, the ability of each of the mutated E2 proteins to
support DNA replication in a transient DNA replication assay
was analyzed. A 3.2-kb fragment of the BPV-1 genome encom-
passing the long control region and sequences encoding the L1
and L2 late proteins (nucleotides 4786 to 7946 and 1 to 83) was
cleaved from prokaryotic vector sequences and recircularized
to serve as the replicon. Wild-type or mutated C59E2 DNA
was cotransfected into mouse C127 cells by electroporation
with an El expression plasmid (pCGEagl235) (36) and the
replicon DNA. At 3 and 5 days posttransfection, low-molecu-
lar-weight DNA was isolated and digested with HindIIl and
Dpnl. The resulting DNA fragments were then analyzed by
Southern blot hybridization with a BPV-1 DNA probe (p142-
6). Dpnl cleaves DNA that has been methylated as a result of
growth in E. coli; however, DNA that has undergone replica-
tion in eukaryotic cells is no longer methylated and is resistant
to cleavage by Dpnl. Therefore, after a single cleavage by
HindlIll, replicated BPV-1 DNA migrates as a linear 3.2-kb
fragment.

As shown in Fig. 4, six E2 proteins (F33, D39, G106, R111,
A156, and G105R111) consistently exhibited a dramatic reduc-
tion in replication activity compared with the wild-type E2
protein, each displaying between 0 and 10% of the activity of
wild-type E2. The remaining proteins exhibited different de-
grees of impairment in replication function, ranging from 20 to
100% of the activity of the wild-type E2 protein. The six pro-
teins that were most defective in replication (F33, D39, G106,
R111, A156, and G105R111) were all inactive in transcrip-
tional transactivation. Therefore, none of the mutations were
able to absolutely separate the replication and transactivation
properties of the E2 protein. The E2 L73 protein demon-
strated wild-type activity in replication assays but exhibited
only about 20 to 30% activity in transcriptional activation. In
addition, while the mutated proteins F33, R111, and
G105R111 were completely defective for transcriptional acti-
vation, they did support a low level of DNA replication. This
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FIG. 4. Transient replication properties of the mutated E2 proteins in C127 cells. (A) Representative transient replication assay. In each lane, cells were
electroporated with p716 replicon DNA, pCGEag-1235 E1 expression vector, and either C59 vector without the E2 insert (vector), wild-type (wt) pC59, or mutated
pC59 constructs, as indicated. (B) Average amounts of replication obtained in four assays (two time points in two independent experiments). Replication activity was
quantitated with a PhosphorImager and is expressed relative to wild-type C59 (WT) activity, which was given a value of 100%. GR, the G105R111 protein.

low level was confirmed by digestion with Mbol (data not
shown). This finding suggests that the activities of the E2
protein required for transactivation and replication are only

partially overlapping.

Interaction of the E1 and E2 proteins. The BPV-1 replica-
tion origin consists of an E1 binding site flanked on either side
by E2 binding sites. The E1 and E2 proteins bind with rela-
tively low affinities to their respective binding sites, but an
E1-E2 complex binds the origin region with high affinity. To
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establish whether the mutated E2 proteins could bind cooper-
atively to the BPV-1 replication origin with the E1 protein, a
DNA-protein coimmunoprecipitation assay was carried out

(Fig. 5). Both E1 and E2 proteins were generated by in vitro
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transcription and translation, and the amounts of the mutated
E2 proteins were quantitated and adjusted to equal concen-
trations. The E1 protein was added to a mixture of three DNA
fragments, one of which contained the origin sequences (nucle-
otides 7781 to 7946 and 1 to 83), and DNA-protein complexes

FIG. 5. Cooperative binding of E1 and E2 to the replication origin. (A) Representative E1-E2 coimmunoprecipitation experiment. Lane 1 represents the input
DNA, with the origin (ori)-specific fragment indicated by an arrow (positions are indicated in nucleotides). In lane 2, neither E1 nor E2 protein was added to the assay.
In lane 3, only E1 protein was added. In the remaining lanes, either wild-type (WT) E2 protein (lane 4) or mutated E2 proteins (lanes 5 to 23) were added. G-R, the
G105R111 protein. (B) Average amounts of E1 origin binding obtained in two different experiments. Origin binding was quantitated with a PhosphorImager and was
calculated as the fold increase above the origin binding of E1 protein alone.
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TABLE 1. Focus formation of C127 cells by BPV-1 containing
mutations in the N terminus of the E2 protein

No. of foci/pg

E2 protein of DNA®
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“ Results from two experiments.

were immunoprecipitated with an El-specific antiserum,
SSON. The coprecipitated DNA was extracted and analyzed by
polyacrylamide gel electrophoresis (Fig. SA, lane 3). As can be
seen in lane 4, addition of the E2 protein to this assay in-
creased the amount of E1 origin-specific binding by 17.5-fold.
In Fig. 5A, lanes 5 to 23, the assay was carried out with the
series of mutated E2 proteins, and the results from two differ-
ent experiments are represented in Fig. SB. An E2 protein with
a large deletion in the transactivation domain (E2A92-161)
was used as a negative control, as it has been shown to be
unable to interact with the E1 protein (39). This analysis
showed that two proteins (G106 and A156) that were com-
pletely defective in both transcriptional activation and DNA
replication were also defective in cooperative origin binding,
enhancing E1 binding by approximately twofold. The double
mutant G105R111 was also relatively defective, but the re-
maining three proteins that were defective in the in vivo assays
(F33, D39, and R111) could function in the origin binding
assay, enhancing E1 binding about 7- to 10-fold. However,
somewhat surprisingly, two proteins (D20 and L188) that could
function in the replication and transactivation assays were un-
able to efficiently enhance binding of the E1 protein to the
replication origin. The remaining proteins could enhance E1
origin binding between 4- and 19-fold. Therefore, residues
important for interaction with the E1 protein are different, in
some cases, from those required for transactivation and repli-
cation.

BPV-1 focus formation assay. Although the 17 residues that
were mutated in the transactivation domain are identical
among the papillomavirus E2 proteins, a number of the mu-
tated E2 proteins (N12, K37, L59, L73, F92, R112, E122, F159,
and Y173) can still function in transient transactivation, repli-
cation, and cooperative origin binding assays. Previous studies
have shown that mutations in the E2 ORF are pleiotropic and
can affect viral transcription, replication, and cellular transfor-
mation properties of the viral genome (4, 5, 12, 26). To deter-
mine whether the mutated E2 proteins have additional defects,
the mutated E2 ORFs were cloned into the background of the
entire viral genome and assayed for the ability to induce focus

AMINO ACIDS CRITICAL FOR BPV-1 E2 FUNCTIONS 27

formation in C127 cells. As shown in Table 1, all of the mu-
tated proteins except D20, F159, and L59 were unable to
induce focus formation in the background of the viral genome.
D20 and F159 gave rise to approximately the same number of
foci as the wild-type genome, whereas L59 resulted in greatly
reduced numbers. Cells transformed by D20, L59, and F159
contained episomal viral genomes at copy numbers of 17, 49,
and 35%, respectively, of wild-type copy number (data not
shown). Therefore, all of the mutated E2 proteins except F159
are defective in some aspect of E2 function. The activities of
the mutated E2 proteins are summarized in Table 2.

DISCUSSION

The full-length BPV-1 E2 protein is a multifunctional pro-
tein that plays a central role in regulation of viral transcription
and DNA replication. In this study, we identified a number of
amino acid residues that are critical for one or more functions
of the E2 transactivator. Three mutated E2 proteins, one of
which contained a double mutation that occurred erroneously
during cloning procedures, were either completely inactive or
severely impaired in all of the E2 activities that were analyzed.
The doubly mutated protein, G105R111, may have a disrupted
conformation, as the amino acid change at position 105 is not
conservative. The two singly mutated E2 proteins contain ei-
ther a proline-to-glycine substitution at amino acid 106 or a
glycine-to-alanine substitution at residue 156. Because proline
and glycine residues often play significant roles in protein sec-

TABLE 2. Summary of activities of mutated E2 proteins

Activity?

E2 protein Cooperative

Trans-  Repli- origin binding Trans-
activation cation . formation
with E1
Active in all assays
Wild type + + + +
L59 + + + +/—
F159 + + + +
Defective in:
All assays
G106 - - - -
A156 - - - -
G105R111 - - - -
Transformation
N12 + + + -
K37 + + + -
G60 + + + -
L73 + + + -
F92 + + + —
R111 + + + -
E122 + + + -
Y173 + + + —
Transactivation, replica-
tion, and transfor-
mation
F33 — — + -
D39 - — + -
R111 - — + -

Efficient cooperative ori-
gin binding
D20 + + - +
Efficient cooperative ori-
gin binding and
transformation
L188 + + +/— -

“ +, efficient activity; —, low or no activity; +/—, intermediate activity.
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ondary structure, it seems plausible that the structure of E2
proteins containing either G-106 or A-156 may have been
globally disrupted. Moreover, proline residue 106 lies within
the nuclear localization signal of the E2 transactivator, and a
recent study has shown that the G106 E2 protein is cytoplasmic
(30). This would explain why the G106 protein was unable to
function in the in vivo assays but not why it was unable to
cooperatively bind the replication origin with the E1 protein in
vitro.

Three mutated E2 proteins were found to be completely
defective for transcriptional activation, and their replication
functions were severely impaired. These proteins contain ei-
ther a tryptophan-to-phenylalanine change at residue 33, a
glutamic-to-aspartic acid change at position 39, or substitution
of arginine for lysine at position 111. Such changes are prob-
ably less likely to disrupt conformation of the E2 protein, and
it is possible that these residues are crucial for interaction with
cellular transcription and replication factors. All three proteins
are able to efficiently interact and cooperatively bind with the
E1 protein to the replication origin, which also suggests that
structural integrity has not been impaired. Previous reports
have suggested that two regions at the amino-terminal end of
the transactivation domain that are predicted by computer
analysis to form acidic amphipathic helices may be important
for transcriptional activation (8, 11, 15, 22). Early studies on
acidic transcriptional activators suggested that an amphipathic
helix with negative charges on one face may be important for
activation function (33). However, more recent studies indicate
that activation domains may be relatively unstructured and
that aromatic and hydrophobic residues may be critical for the
functions of these regions (reviewed in reference 9). The E2
N-terminal domain differs from most transactivation regions in
that the structural integrity of this domain appears to be tightly
constrained; any deletion, and as described above even some
point mutations, inactivate all known functions of the 200-
amino-acid domain. This structural constraint may be due to
the multifunctional nature of the E2 protein. While the se-
quence similarity of the first 90 amino acids of the N-terminal
domain is only about 25 to 60% conserved among various
papillomavirus E2 proteins, all of the proteins examined are
predicted to form two alpha helices in the first 90 amino acids.
Two of the point mutations that inactivate the E2 transactiva-
tion function (F-33 and D-39) are located in the first of these
sequences and, if this region did in fact form an alpha helix,
would be predicted to lie in close proximity on the same face of
the helix. The third substitution to inactivate the transactiva-
tion function of E2 replaces a lysine with an arginine residue at
position 111. It is not possible to predict whether this would be
in a similar region to that of W-33 and E-39 in the tertiary
protein structure; however, this residue is located in a region of
the E2 transactivator that has recently been identified as a
nuclear localization signal. Residues K-111 and K-112 lie
within this signal, but mutation to arginine does not disrupt
nuclear transport (reference 30 and unpublished data). The
mutated E2 proteins that are defective for transactivation and
replication functions should prove invaluable for analyzing the
functional significance of protein-protein interactions.

It was not possible to completely separate the transcriptional
activation and replication properties of the N-terminal domain
with the mutants described in this study. However, E2 proteins
F33 and R111 were completely defective for transcription but
could support DNA replication at very low levels. This may be
because the E2 protein seems to have several auxiliary roles in
replication (cooperative binding with the E1 protein, disrup-
tion of chromatin, and interaction with replication factors),
and the point mutations may have inactivated only one or two
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of these functions. For example, all three mutated proteins are
still able to bind cooperatively to the origin with the E1 pro-
tein. It is also possible that interaction with the E1 protein at
the replication origin can, at least partially, restore some E2
activity. Conversely, the E2 .73 protein supports replication at
wild-type levels but is quite reduced in transcriptional activa-
tion. These findings suggest that the transactivation and repli-
cation properties of the E2 proteins probably result from, at
least partially, overlapping functions.

With the exception of the three proteins for which the pro-
tein conformation may have been disrupted, only two mutated
E2 proteins (D20 and L188) were unable to efficiently enhance
binding of E1 to the replication origin. However, both proteins
were able to support viral DNA replication in vivo. This finding
implies that E1-E2 cooperative binding is not crucial for DNA
replication, at least in a transient assay. As described above,
this could be because the E2 protein seems to have several
auxiliary roles in replication (cooperative binding with the E1
protein, disruption of chromatin structure, and interaction with
replication factors). E2 proteins defective in only one function
may still be able to support replication to some degree. Over-
expression of the E1 and E2 proteins may also compensate for
the reduction in E1 and E2 cooperative binding. The replica-
tion properties of viral genomes containing these E2 point
mutations are currently being determined. Because the El
protein is able to repress E2-mediated transactivation from the
viral Pg, promoter (27), presumably by forming an E1-E2 com-
plex at the replication origin, studies are in progress to deter-
mine whether the transactivation properties of the E2 D20
protein can be repressed by the E1 protein.

A number of the mutated E2 proteins had no dramatic
phenotype in the replication, transactivation, or E1 interaction
assays, yet the mutated residues are invariant among papillo-
mavirus E2 proteins. In addition, almost all of the viral ge-
nomes containing the E2 mutations were defective in the abil-
ity to induce foci in C127 cells, indicating that they were
defective in some aspect of E2 function. The E2 proteins in
these viruses may be defective in regulation of specific viral
promoters, which could result in inefficient expression of other
viral gene products, including the E2 proteins. Further analy-
ses of these proteins may discover more subtle or specific
defects in regulation of viral transcription and replication and
may reveal additional functions of the E2 protein in the viral
life cycle.

ACKNOWLEDGMENTS

We are indebted to Elliot Androphy for monoclonal antibody B202.
We are grateful to Karl Miinger, Carl Baker, Tom Kristie, and Mario
Skiadopoulos for critical reading of the manuscript.

REFERENCES

1. Chan, S., H. Delius, A. L. Halpern, and H. Bernard. 1995. Analysis of
genomic sequences of 95 papillomavirus types: uniting typing, phylogeny,
and taxonomy. J. Virol. 69:3074-3083.

2. Choe, J., P. Vaillancourt, A. Stenlund, and M. Botchan. 1989. Bovine pap-
illomavirus type 1 encodes two forms of a transcriptional repressor: struc-
tural and functional analysis of new viral cDNAs. J. Virol. 63:1743-1755.

3. Deng, W. P., and J. A. Nickoloff. 1992. Site-directed mutagenesis of virtually
any plasmid by eliminating a unique site. Anal. Biochem. 200:81-88.

4. DiMaio, D. 1986. Nonsense mutation in open reading frame E2 of bovine
papillomavirus DNA. J. Virol. 57:475-480.

5. DiMaio, D., and J. Settleman. 1988. Bovine papillomavirus mutant temper-
ature sensitive for transformation, replication and transactivation. EMBO J.
7:1197-1204.

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

7. Dvoretzky, 1., R. Shober, S. K. Chattopadhyay, and D. R. Lowy. 1980. A
quantitative in vitro focus assay for bovine papilloma virus. Virology 103:
369-375.



VoL. 70, 1996

10.

11.

12.

13.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

. Giri, I., and M. Yaniv. 1988. Structural and mutational analysis of E2 trans-

activating proteins of papillomaviruses reveals three distinct functional do-
mains. EMBO J. 7:2823-2829.

. Hahn, S. 1993. Structure (?) and function of acidic activators. Cell 72:481-

483.

Ham, J., N. Dostatni, J. M. Gauthier, and M. Yaniv. 1991. The papillomavirus
E2 protein: a factor with many talents. Trends Biochem. Sci. 16:440-444.
Haugen, T. H., L. P. Turek, F. M. Mercurio, T. P. Cripe, B. J. Olson, R. D.
Anderson, D. Seidl, M. Karin, and J. Schiller. 1988. Sequence-specific and
general transcriptional activation by the bovine papillomavirus-1 E2 trans-
activator require an N-terminal amphipathic helix-containing E2 domain.
EMBO J. 7:4245-4253.

Hermonat, P. L., and P. M. Howley. 1987. Mutational analysis of the 3" open
reading frames and the splice junction at nucleotide 3225 of bovine papil-
lomavirus type 1. J. Virol. 61:3889-3895.

Howley, P. M. 1995. Papillomaviruses and their replication, p. 2045-2076. In
B. Fields (ed.), Virology, 3rd ed. Raven Press, New York.

. Hubbert, N. L., J. T. Schiller, D. R. Lowy, and E. J. Androphy. 1988. Bovine

papilloma virus-transformed cells contain multiple E2 proteins. Proc. Natl.
Acad. Sci. USA 85:5864-5868.

Lambert, P. F., N. Dostatni, A. A. McBride, M. Yaniv, P. M. Howley, and B.
Arcangioli. 1989. Functional analysis of the papilloma virus E2 frans-activa-
tor in Saccharomyces cerevisiae. Genes Dev. 3:38-48.

Lambert, P. F., N. L. Hubbert, P. M. Howley, and J. T. Schiller. 1989.
Genetic assignment of multiple E2 gene products in bovine papillomavirus-
transformed cells. J. Virol. 63:3151-3154.

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

Law, M. F., D. R. Lowy, 1. Dvoretzky, and P. M. Howley. 1981. Mouse cells
transformed by bovine papillomavirus contain only extrachromosomal viral
DNA sequences. Proc. Natl. Acad. Sci. USA 78:2727-2731.

. Le Moal, M. A., M. Yaniv, and F. Thierry. 1994. The bovine papillomavirus

type 1 (BPV-1) replication protein E1 modulates transcriptional activation
by interacting with BPV-1 E2. J. Virol. 68:1085-1093.

Li, R., and M. R. Botchan. 1993. The acidic transcriptional activation do-
mains of VP16 and p53 bind the cellular replication protein A and stimulate
in vitro BPV-1 DNA replication. Cell 73:1207-1221.

Li, R., and M. R. Botchan. 1994. Acidic transcription factors alleviate nu-
cleosome-mediated repression of DNA replication of bovine papillomavirus
type 1. Proc. Natl. Acad. Sci. USA 91:7051-7055.

McBride, A. A., J. C. Byrne, and P. M. Howley. 1989. E2 polypeptides
encoded by bovine papillomavirus type 1 form dimers through the common
carboxyl-terminal domain: transactivation is mediated by the conserved ami-
no-terminal domain. Proc. Natl. Acad. Sci. USA 86:510-514.

McBride, A. A., H. R. Romanczuk, and P. M. Howley. 1991. The papilloma-
virus E2 regulatory proteins. J. Biol. Chem. 266:18411-18414.

McBride, A. A., R. Schlegel, and P. M. Howley. 1988. The carboxy-terminal
domain shared by the bovine papillomavirus E2 transactivator and repressor
proteins contains a specific DNA binding activity. EMBO J. 7:533-539.
Mohr, L. J., R. Clark, S. Sun, E. J. Androphy, P. MacPherson, and M. R.
Botchan. 1990. Targeting the E1 replication protein to the papillomavirus
origin of replication by complex formation with the E2 transactivator. Sci-
ence 250:1694-1699.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

AMINO ACIDS CRITICAL FOR BPV-1 E2 FUNCTIONS 29

Rabson, M. S., C. Yee, Y. C. Yang, and P. M. Howley. 1986. Bovine papil-
lomavirus type 1 3’ early region transformation and plasmid maintenance
functions. J. Virol. 60:626-634.

Sandler, A. B., S. B. Vande Pol, and B. A. Spalholz. 1993. Repression of
bovine papillomavirus type 1 transcription by the E1 replication protein. J.
Virol. 67:5079-5087.

Sarver, N., J. C. Byrne, and P. M. Howley. 1982. Transformation and repli-
cation in mouse cells of a bovine papillomavirus-pML2 plasmid vector that
can be rescued in bacteria. Proc. Natl. Acad. Sci. USA 79:7147-7151.

Seo, Y., F. Muller, M. Lusky, E. Gibbs, H. Kim, B. Phillips, and J. Hurwitz.
1993. Bovine papilloma virus (BPV)-encoded E2 protein enhances binding
of El protein to the BPV replication origin. Proc. Natl. Acad. Sci. USA
90:2865-2869.

Skiadopoulos, M. H., and A. A. McBride. The bovine papillomavirus type 1
E2 transactivator and repressor proteins use different nuclear localization
signals. Submitted for publication.

Spalholz, B. A., A. A. McBride, T. Sarafi, and J. Quintero. 1993. Binding of
bovine papillomavirus E1 to the origin is not sufficient for DNA replication.
Virology 193:201-212.

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

Stenlund, A., and M. R. Botchan. 1990. The E2 trans-activator can act as a
repressor by interfering with a cellular transcription factor. Genes Dev.
4:123-136.

Thierry, F., N. Dostatni, F. Arnos, and M. Yaniv. 1990. Cooperative activa-
tion of transcription by bovine papillomavirus type 1 E2 can occur over a
large distance. Mol. Cell. Biol. 10:4431-4437.

Ustav, E., M. Ustav, P. Szymanski, and A. Stenlund. 1993. The bovine
papillomavirus origin of replication requires a binding site for the E2 tran-
scriptional activator. Proc. Natl. Acad. Sci. USA 90:898-902.

Ustav, M., and A. Stenlund. 1991. Transient replication of BPV-1 requires
two viral polypeptides encoded by the E1 and E2 open reading frames.
EMBO J. 10:449-457.

Ustav, M., E. Ustav, P. Szymanski, and A. Stenlund. 1991. Identification of
the origin of replication of bovine papillomavirus and characterization of the
viral origin recognition factor E1. EMBO J. 10:4321-4329.

Winokur, P. L., and A. A. McBride. 1992. Separation of the transcriptional
activation and replication functions of the bovine papillomavirus-1 E2 pro-
tein. EMBO J. 11:4111-4118.

Winokur, P. L., T. R. Sarafi, and A. A. McBride. The transactivation and
DNA binding domains of the bovine papillomavirus E2 protein have differ-
ent roles in cooperative origin binding with the E1 protein. Submitted for
publication.

Yang, L., R. Li, I. J. Mohr, R. Clark, and M. R. Botchan. 1991. Activation of
BPV-1 replication in vitro by the transcription factor E2. Nature (London)
353:628-632.

Yang, L., I. Mohr, E. Fouts, D. A. Lim, M. Nohaile, and M. Botchan. 1993.
The E1 protein of bovine papillomavirus 1 is an ATP-dependent DNA
helicase. Proc. Natl. Acad. Sci. USA 90:5086-5090.

Yang, Y. C., H. Okayama, and P. M. Howley. 1985. Bovine papillomavirus
contains multiple transforming genes. Proc. Natl. Acad. Sci. USA 82:1030-
1034.



