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Papillomavirus DNA persists in infected cells as a nuclear plasmid, causing epithelial lesions in many hosts,
including humans. The viral protein E2 is required for both replication and transcription to facilitate this per-
sistence. Bovine papillomavirus E2 protein is phosphorylated at two predominant sites. Phosphorylation of one
of these sites (serine 301) inhibits replication of the genome. Using mass spectrometry and Edman sequencing,
we have mapped additional phosphorylation sites in tryptic peptides to positions which lie primarily in the puta-
tively unstructured hinge region of E2. Mutation of the major sites facilitates transformation in the absence
of viral repressors and only has a minor effect on transformation when the repressors are present. Mutation
of the major phosphorylation sites combined with one additional change at a newly discovered site (serine 235)
blocks transformation. Transformation can be restored by mutating this residue to aspartic acid, mimicking
a phosphorylated amino acid, suggesting that phosphorylation is key to the regulation. Transformation by the
mutant genome can also be rescued by ectopic expression of the E2 enhancer protein, demonstrating a loss of
function by the mutant protein and not a toxic defect. In transient assays, phosphorylation site mutants of E2
protein were normal for all viral functions tested, including replication, transcriptional activation and repres-
sion (by the overlapping mutant repressors), protein accumulation, and surprisingly, viral oncogene E5 pro-
moter activation. While the mutant genome transiently replicated to high levels, stable replication was defec-

tive, suggesting that a function of E2 required for plasmid retention is regulated by phosphorylation.

Papillomaviruses induce benign epithelial lesions (papillo-
mas and warts) in many mammalian species. Several human
papillomavirus subtypes can produce lesions progressing to
malignant carcinomas and are the leading causal agent for
cervical cancer (52, 71). Bovine papillomavirus (BPV), which
causes warts in cattle, has been a prototypic papillomavirus,
with its transformation of mouse cells serving as a model for
certain aspects of oncogenic transformation (12). In particular
this virus has provided a system for genetic analysis of viral
persistence and virus-cell interactions for plasmid replication.

Several viral proteins have been found to be required for
plasmid retention and oncogenic transformation (9, 15, 32, 47,
69). Utilizing the mouse C127 cell transformation assay, ES,
which is the smallest known oncogene, has been found to be
the major oncogene in BPV, being both necessary (10, 53, 70)
and sufficient (27) for such transformation. E5 protein induces
cellular proliferation and abrogation of contact inhibition, re-
sulting in oncogenic transformation. Other important transfor-
mation phenotypes require E6 and E7 proteins facilitating
anchorage-independent growth in soft agar (41). Very different
assays have been used for human papillomavirus but one can
conclude that ES retains its oncogenicity in the human viruses
and that full transformation depends on E6 and E7 proteins
(reviewed in reference 19).

The E2 open reading frame encodes a family of proteins
which form the central regulatory system of the virus, control-
ling directly both viral gene expression and replication. E2 acts
as a transcriptional activator by interacting with E2 binding
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sites, thereby enhancing transcription of all early viral tran-
scripts (60). For example, E2 expression is autocatalytic, as the
protein activates expression from several promoters that can
produce an effective E2 mRNA (3, 57, 63). The transcription of
viral promoter P4 (also known by the coordinate of a major
start site P,,45) is stimulated by E2, producing a predominant
unspliced mRNA encoding E2 and a spliced transcript which is
the major message for ES production (3, 57).

Viral transcription is down regulated by two shorter repres-
sor forms of E2. These naturally occurring truncated forms of
E2 share the C-terminal DNA binding domain with full-length
E2 but lack the transcriptional activation domain. They there-
fore act as transcriptional (7, 23) and replicational (6, 30)
repressors. The promoters for these repressors (P3 and P5) are
themselves also controlled by E2. P5 has two E2 binding sites
that cooperatively interact with Sp1 for activity (29, 58). By
controlling the balance of viral activator and repressors, regu-
lation of plasmid copy number is achieved. Genetic studies
have shown that mutations that cripple E2C initiation lead to
enhanced viral gene activity and higher stable plasmid copy
number, while inactivation of both repressor proteins abolishes
transformation and stable plasmid maintenance (24, 50). More-
over, the ratio of the repressors to the activator changes
through the cell cycle (68), but how this ratio is achieved is not
fully understood. It is interesting that the E2 binding sites
within the E2C promoter have relative affinities more than
10-fold lower for E2 than do those in the upstream regulatory
region (URR) that activate promoters for full-length E2 (28).
Despite this difference, and the repressor’s shorter half-life
(20), repressors predominate in the steady state, suggesting
that other cellular factors contribute to the balance of repres-
sors and activator.

The E2 protein family also plays a key role in the regulation
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of viral DNA replication. E2 and the viral helicase E1 are both
required for efficient plasmid replication in vivo (47, 62) and in
vitro (67). E2 is thought to aid in E1 binding to the origin, thus
helping in the efficiency and specificity of E1 assembly at the
start site. Whereas E2 acts as an ancillary factor for replication
activity in vitro, it is absolutely required in vivo for initiation of
BPV DNA replication. This absolute requirement in vivo is
likely due to E1 levels and to its affinity for the viral origin and
competing cellular sites which titrate E1 away from its tem-
plate (55, 67).

The critical roles that E2 plays in the viral life cycle and the
numerous cellular proteins with which it interacts have pro-
vided impetus for many structure-function studies. The protein
has been functionally divided into three domains by sequence
analysis (14), mutagenesis (11, 35, 37, 45), and X-ray crystal-
lography (17). These studies have defined separate protein
folding regions and genetically distinct cassettes that have in-
dependent activity. An amino-terminal activation domain (crit-
ical for both replication and transcription functions of E2) has
been separated from a carboxy-terminal DNA binding/dimer-
ization domain by an internal, putatively unstructured hinge.
The evidence that the hinge region is unstructured is based
solely on the prevalence of prolines within this domain and its
accessibility to proteases (11). Consistent with this view for an
unstructured linker between two functional domains is the lack
of conservation in this region among papillomaviruses despite
conservation in the DNA binding and activation domains. De-
letion analysis has shown that some hinge sequence (perhaps a
critical length) is required for replication function (65). Al-
though these sequences were largely dispensable for transient
transcription when high levels of E2 protein were present,
potentially important interactions with cellular transcription
machinery may also be dependent on this domain (16, 48).

The BPV E2 protein is known to contain two phosphoryla-
tion sites which are located in the hinge region, serines 298 and
301, accounting for much of the phosphorylation (36). Consis-
tent with the notion that the hinge plays a critical role in E2
activity was the finding that when phosphorylation of amino
acid 301 is prevented by mutation to an alanine, the resulting
genome replicates to high levels in both transient and stable
assays (38). This finding implies that phosphorylation of this
site negatively regulates some function of E2 required for
replication in the cell. Down regulation of E2 replication ac-
tivity by phosphorylation is consistent with its change in phos-
phorylation state through the cell cycle. E2 appears to be in an
underphosphorylated state in S phase (43). In contrast to the
enhanced replication phenotype, the oncogenic transformation
efficiency and transcriptional activation of the genome contain-
ing phosphorylation site mutations appear normal. The specific
replicational effect of the 301 mutation may be accounted for
by the observation that E1 interacts with underphosphorylated
E2 (33). However, in our laboratory, no biochemical activity
has been found to be altered by E2 phosphorylation at the 298
and 301 sites (59), and the biochemical correlates of these
modifications remains uncertain.

This history and the interesting effects of E2 modifications
on replication activity led us to identify additional phosphory-
lation sites and to examine how mutation of these sites affects
E2 function. In this study, three new phosphorylation sites
have been mapped to the hinge region of E2 protein. One of
these sites had no observable phenotype when it was mutated
singly. However, in combination with mutations at the other
major hinge phosphorylation sites, the mutant protein was
severely crippled for function(s) required for viral plasmid
retention and oncogenic transformation. Surprisingly normal
E2 function was observed in all transient assays used. Taken
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together with prior results, our data suggest that phosphoryla-
tion can both positively and negatively regulate some as yet
unidentified function(s) required for stable plasmid replica-
tion.

MATERIALS AND METHODS

Cell culture. Cells of the insect Spodoptera frugiperda Sf9 cells were maintained
in suspension by using Grace’s insect medium supplemented with 10% fetal calf
serum (FCS), 0.33% Yeastolate (Difco), 0.33% lactalbumin (Difco), and 0.1%
Pluronic F-68 (Gibco) at 26°C with shaking. Cells were infected at a density of
5 % 10° to 8 X 10° cells/ml with recombinant Autographa californica baculovirus
expressing wild-type or mutant E2 protein at a multiplicity of infection of 3 to 5;
the cells were harvested 48 h post infection. For metabolic labeling of protein,
cells were washed with Tris-buffered saline (TBS) 42 to 48 h postinfection,
starved in phosphate-free Ex-Cell 401 medium (JRH Biosciences) plus 10%
dialyzed FCS, 0.17% Yeastolate, 0.17% lactalbumin, and 0.1% Pluronic F-68 for
2 to 3 h, and then labeled in suspension for 2 to 3 h with Hy*?PO, (1 mCi/ml;
ICN) at 2 X 107 to 4 X 107 cells/ml with shaking at room temperature. When
indicated, cells were treated for the last 30 min of the incubation with the
phosphatase inhibitor okadaic acid (OA; Gibco or LC Services) at 310 nM. Cells
were pelleted, washed with TBS, and frozen at —70°C until processed.

Mouse mammary tumor fibroblast (C127) cells were maintained in Dulbecco
modified Eagle medium plus 10% FCS, supplemented with penicillin and strep-
tomycin. Transfections were by electroporation using a Gene Pulser unit (Bio-
Rad) at 290 V and 960 pF, using ~5 X 10° cells in 250 to 270 pl. In all elec-
troporation experiments, sample DNAs were cotransfected with 50 pg of sheared
salmon sperm DNA as a carrier. The samples were split onto two to six plates.
For mammalian cell metabolic labeling, C127 cells were washed with TBS 40 to
48 h posttransfection, starved for 2 h in phosphate-free Dulbecco modified Eagle
medium plus 10% dialyzed FCS, and labeled in 1.5 ml per 10-cm-diameter plate
with 1 mCi of H;*?PO,, per ml for 2 to 3 h with rocking at 37°C. When appro-
priate, neomycin-resistant (Neo") cells were selected with 1 mg of G418 (Gibco)
per ml beginning 48 h posttransfection for 1 week, followed by maintenance at
0.5 mg of G418 per ml.

Protein purification. E2 protein was purified by DNA oligo affinity chroma-
tography (21), using three copies of a double-stranded E2 binding site (biotin-
CTC(AAACCGTCTTCGGTGC); and its complement bound to streptavidin-
agarose) in a method similar to that described elsewhere (28). Briefly, frozen Sf9
cell pellets from baculovirus infections were thawed and mixed in 4 pellet vol-
umes of lysis buffer (25 mM HEPES [pH 7.4], 300 mM KCl, 5 mM EDTA, 20%
glycerol, 0.3% Triton X-100, 50 mM NaF, 5 mM NaHPO,, 1 mM dithiothreitol
[DTT]) plus protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 0.7 pg of
pepstatin per ml, 10 pg of leupeptin per ml) for 30 min on ice; diluted with 10
volumes dilution buffer (lysis buffer with no KCI, Triton X-100, NaF, or
NaHPO,); mixed with 45 wg of sheared salmon sperm DNA per mg of protein
and incubated on ice 10 min; and spun at 100,000 X g for 20 min at 4°C. The
supernatant was loaded on a 1-ml oligo affinity column with a Superose 6B
precolumn preequilibrated with Z buffer (25 mM HEPES [pH 7.4], 100 mM KCl,
5 mM EDTA, 20% glycerol 0.1% Triton X-100, 1 mM DTT, protease inhibitors).
The oligo column was washed with 20 column volumes of Z buffer followed by 20
column volumes of Z buffer minus Triton X-100. Bound E2 protein was eluted
with Z buffer minus Triton X-100 plus 1 M KCl, and column fractions were
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE). Proteins were detected by silver staining, with fractions containing
purified E2 pooled and dialyzed against 500 ml of 20 mM KHPO, (pH 7.5)-100
mM K glutamate-1 mM EDTA-10% glycerol-1 mM DTT. Purified **P-labeled
E2 was used directly without dialysis. Various baculovirus E2 expression vectors
(wild type, A3, A4, and AS5) were constructed as described below, and the
resulting proteins were purified by oligo affinity chromatography.

Peptide analysis. Tryptic peptide mapping was performed as follows. Fifty
micrograms of unlabeled OA-treated A3 protein and ~10° cpm of 3?P-labeled,
OA-treated A3 protein were mixed and precipitated for 1 h on ice at a final
concentration of 15% trichloroacetic acid. The pellet was washed with 70%
ethanol and suspended in 50 pl of 50 mM NH, bicarbonate. The partially
dissolved pellet was digested at 37°C with 15 pg of sequencing-grade trypsin
(Boehringer Mannheim) for 20 to 24 h followed by 10 pg of fresh trypsin for an
additional 20 to 24 h. High-pressure liquid chromatography (HPLC) was per-
formed on a 1- by 150-mm reversed-phase C,g column (Michrom Bioresources
Inc.) with samples loaded in 5% acetonitrile-0.1% trifluoroacetic acid. Elution
was with a 5 to 50% acetonitrile gradient at 60 wl/min over 35 min, with protein
monitored by absorbance at 210 nm; individual peaks were manually collected,
and 3P signal was detected by Cerenkov counting. Fractions containing 3?P were
injected into a Hewlett-Packard model 5989A quadrupole mass spectrometer
equipped with a model 59987A electrospray ion source. Hewlett-Packard soft-
ware facilitated charge state assignment and deconvolution of the data yielding
peptide masses. The predicted masses were determined with MacBioSpec 1.0.1
software (PE Sciex Instruments), using averaged masses. All peptides were
considered in making assignments, including those not predicted to be generated
by consensus trypsin cleavage sites. Peptides whose sequences predict masses
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within 2 Da of the measured masses (and +80, 160, or 240 Da for phosphorylated
peptides) were included, but only those within 1 Da are presented (see Table 1).

Protein analysis. For mass analysis, full-length protein was purified by oligo
affinity chromatography, further purified by HPLC on a reversed-phase Cg
column, and injected into the mass spectrometer. E2 protein that was metabol-
ically labeled in C127 cells was immunoprecipitated from lysates after a 30-min
incubation at 4°C in 1 ml of radioimmunoprecipitation assay buffer (150 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 50 mM NaF, 5 mM NaHPO,, 1 mM EDTA,
1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, protease inhibitors) per 10-
cm-diameter plate. Monoclonal antibody B202, which was previously epitope
mapped to bind amino acids 284 to 310 within E2 protein (1), was precipitated
by binding to protein A-agarose beads. The immunoprecipitated material was
separated by SDS-PAGE and transferred to an Immobilon-P membrane (Milli-
pore). Total E2 protein was detected by using antibody B202 and protein A-
horseradish peroxidase (Amersham) and developed by using enhanced chemi-
luminescence (NEN). Protein levels were quantitated by scanning several X-ray
film exposures with the signal integrated by using NIH Image software. This
quantitation was possible because the signals were within 30% of each other and
within the linear range as established by standards in another blot. Subsequent to
Western blotting, the membranes were washed with TBS and dried, and the
32P-E2 was detected by autoradiography (quantitated with a Fuji phosphorim-
ager). ES protein was immunoprecipitated from cells transfected with BamHI-
cleaved pMLNeoBPV. After selection with G418, individual drug-resistant col-
onies were picked and amplified. Each of three 10-cm-diameter nearly confluent
plates were lysed with 0.6 ml of E5 radioimmunoprecipitation assay buffer (20
mM morpholinepropanesulfonic acid [pH 7.0], 150 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40, 1% deoxycholate, 0.1% SDS, protease inhibitors) as described
above except that ES peptide antiserum (kindly provided by Dan DiMaio) was
used, followed by Western blotting with the E5 antibody (54).

Amino acid analysis. For phosphoamino acid analysis, radiolabeled E2 protein
was trichloroacetic acid precipitated, and the pellet was washed with 70% eth-
anol and boiled in 5.7 M HCl for 1 h, followed by lyophilization. The pellet was
dissolved in pH 1.9 buffer (7.8% acetic acid, 2.5% formic acid), mixed with 0.5 g
of each unlabeled phosphoamino acid reference, and separated by two-dimen-
sional thin-layer electrophoresis, using the pH 3.5 buffer (5% acetic acid, 0.5%
pyridine) for the second dimension as described elsewhere (56). The amino acid
standards were visualized by ninhydrin staining; >°P was detected by autoradiog-
raphy and phosphorimager analysis. Edman degradation sequencing was per-
formed on HPLC fractions containing 2P, using an Applied Biosystems model
477A sequencer equipped with a model 120A analyzer.

Plasmid construction. The origin-containing plasmid pKSO (67); cytomega-
lovirus (CMV) promoter-driven E1, E2, E2C, and E8/E2 expression constructs
pCGEl1, pCGE2, pCGE2C (62), and pCGES/E2, respectively (7); the BPV
genome pMLBPV, Neo" genome, and vectors pNeoBPV and pNeo5 (32); the
repressorless BPV genome pMLBPV E2C™, ES/E2™ (also called p1474-1 [24]);
and the chloramphenicol acetyltransferase (CAT) reporter constructs pPBPVES-
CAT (46) and pBPVE2-CAT (also called p805-88 [58]) have been described. The
luciferase reporter construct pE2RE1tkLuc (25) was made by replacing the
BgllI-PfIMI fragment containing the CAT gene from pE2RE1tk-CAT with the
BgITI-PAIMI fragment of pT81 containing the luciferase coding sequence (42).
pE2RE1tk-CAT was made by ligation of the HindIII-to-blunted Ndel sites of the
vector fragment of pBLCAT (31) to the Smal-to-HindIII fragment of UR229.
UR229 is composed of BPV positions 6958 to 7831 containing the E2 response
element 1 (E2RE1) region ligated to the BamHI and blunted HinclI sites in the
pUC18 polylinker.

Site-directed mutagenesis was by the ung dut method (51). pGC2 is a small
cloning vector into which was cloned the 5’ end of E2, creating pGC2HXE2,
which was used for mutagenesis. Specific individual sequence changes are as
indicated in Table 2. Mutations were confirmed by restriction site polymorphisms
and sequencing and were transferred within a Sphl-to-Asp718 restriction frag-
ment to pCGE2, within a PpuMI-to-Binl fragment to pCGE2C and pCGES/E2,
or within a Blnl-to-Asp718 fragment to pMLBPV. The A3 mutations were de-
rived from p550 (38) and cloned into each construct within an Asp718-to-BstXI
fragment.

To eliminate the possibility of other mutations as the cause of the A4 pheno-
type, the A4 mutation in the BPV genome was marker rescued by using restric-
tion fragments which had in common either a Binl-to-Asp718 fragment or an
AspT18-to-BstXI fragment. Both strands of the Binl-to-Asp718 fragment were
sequenced and found to contain the single point mutation at nucleotide 3310
coding for alanine at amino acid 235. One strand of the Asp718-to-BstXI frag-
ment was sequenced and found to contain the three introduced point mutations
coding for A3. These 235 and A3 mutations within a BlnI-to-BstXI fragment
were also sufficient to poison the transformation by an otherwise wild-type viral
genome.

Replication and oncogenic transformation assays. Plasmids pCGE1, pCGE2
(with or without mutations), and pKSO were cotransfected into C127 cells,
plated onto 10-cm-diameter dishes, and harvested at the indicated time points by
a modified Hirt method (18). Briefly, plates were washed with phosphate-buff-
ered saline and lysed with 1 ml of lysis buffer with rocking for 5 min; 0.25 ml of
5 M NaCl was added; the components were mixed for 10 min on ice and spun for
10 min. The Hirt supernatant was further purified by extraction with 0.75 ml of
phenol-chloroform-isoamyl alcohol (25:24:1), the aqueous phase was isopropa-
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nol precipitated, and the pellet was washed with 70% ethanol. The purified DNA
was digested with EcoRlI, creating a linear DNA and methylation-sensitive Dpnl,
and analyzed by Southern blotting using a random prime-labeled pKSO probe.
Analysis of intact viral DNA replication was similar except that only the BarmHI-
cleaved pMLBPV DNA was transfected, and random prime-labeled BPV was used
as a probe. Replicated, Dpnl-resistant DNA was detected by autoradiography
and quantitated by phosphorimager (Molecular Dynamics or Fuji) analysis.
Transformation assays were performed with 1 pg of BamHI-cleaved pMLBPV
DNA. Two weeks posttransfection, the cells were fixed with glutaraldehyde and
stained with methylene blue.

Gene expression assays. Reporter constructs (pE2RE1tkLuc, pURR-Luc,
pBPVE2CAT, or pBPVESCAT) were cotransfected with an E2 source (pCGE2
or pMLBPV) into C127 cells. Samples were harvested at the times indicated by
washing the plates with phosphate-buffered saline and the addition of the ap-
propriate reporter lysis buffer. For CAT activity, 0.6 ml of CAT lysis buffer (25
mM Bicine [pH 7.8], 2 mM CDTA [Sigma], 0.5% Tween 20) was used per
10-cm-diameter plate, and the plates were frozen at —70°C until assayed. Protein
levels were determined in the extracts (clarified by brief centrifugation) by the
Bradford assay (Bio-Rad). Equivalent amounts of protein were examined for
CAT activities. CAT assays used 25 to 100 g of extract in 120 mM Tris-HCI (pH
7.8)-0.8 mM acetyl coenzyme A (Calbiochem)-20 uM p-threo-[dichloroacetyl-
1-'*C]chloramphenicol (Amersham) in 135 pl for 2 to 20 h (adjusted to retain
linearity). Acetylated forms of chloramphenicol were isolated and separated by
thin-layer chromatography as described previously (51), detected by autoradiog-
raphy, and quantitated by phosphorimager analysis. For luciferase activity, 0.4 ml
of luciferase lysis buffer (25 mM Tris-phosphate [pH 7.8], 2 mM CDTA, 10%
glycerol, 1% Triton X-100, 2 mM DTT) was used per 6-cm-diameter plate to
extract the enzyme. Extracts were collected after a 15-min room temperature
lysis followed by clarification by brief centrifugation. Luciferase assays used 20 .l
of extract plus 100 wl of reaction buffer (19 mM Tricine [pH 7.8], 1 mM Mg
carbonate, 2.5 mM MgSO,, 0.1 mM EDTA, 33 mM DTT, 270 uM coenzyme A,
470 pM luciferin, 540 uM ATP), with the light signal integrated over 15 s by
using a Turner luminometer.

RESULTS

Phosphate mapping of baculovirus-expressed E2 protein. In
mapping the major phosphorylation sites, McBride and co-
workers noticed seven spots in their two-dimensional gel anal-
ysis of full-length E2 (36). Residual labeling of E2 protein,
mutant for the two major sites (serines 298 and 301), was also
seen. These results suggest that there are up to six different
phosphorylation sites on E2, including the two previously iden-
tified residues. To simplify the mapping of these additional
positions, protein mutant at the predetermined sites was used.
This form of E2 is called A3 because amino acids 298, 301, and
290 were mutated to alanines. Because many phosphorylation
sites may be only transiently phosphorylated, the cells produc-
ing E2 protein were incubated with a phosphatase inhibitor
during the labeling period to prevent removal of the phosphate
groups by cellular enzymes. Many precedents are available for
the functional significance of sites which are only transiently
phosphorylated. A specific example relating to viral replica-
tional control is found in simian virus 40 T antigen, in which an
apparently minor phosphorylation site has dramatic effects on
its activity (40).

Insect cells were infected with recombinant baculovirus ex-
pressing the A3 protein. At 48 h postinfection, the cells were
treated with the phosphatase inhibitor OA and harvested 30
min later. The concentration of OA used here (310 nM) should
strongly inhibit protein phosphatase 2A (PP2A) with a 50%
inhibitory concentration [ICsy] of ~1 nM, to a lesser extent
inhibit PP1 (ICs, 10 to 15 nM), but not inhibit PP2B (ICs, 5
wmM) or PP2C (ICs,, >10 uM) (4, 8). A parallel smaller-scale
infection was metabolically labeled with phosphate and also
treated with OA. E2 proteins from each infection were purified
separately by binding to an oligo affinity column containing
multimerized E2 binding sites, and the radiolabeled material
was used as a tracer for phosphorylated amino acids and pep-
tides. As shown in Fig. 1A, homogeneous protein with respect
to mass and phosphate incorporation was obtained and used as
the starting material for mapping the phosphorylation sites.
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FIG. 1. E2 protein purified from baculovirus was used for mapping phos-
phorylated residues. (A) The proteins were separated on a 12% gel by SDS-
PAGE. Lane 1 shows A3 protein which was purified from cells treated with OA
and silver stained. Lanes 2 and 3 show an autoradiogram of two eluted fractions
of 3?P-labeled protein from DNA affinity chromatography which were pooled
and provided the tracer for subsequent procedures. (B) Metabolically labeled A3
protein was hydrolyzed to its constituent amino acids, which were separated as
described in Materials and Methods. The positions of phosphoamino acid stan-
dards were detected by staining and are indicated by the dotted lines on this
autoradiogram. Sizes are indicated in kilodaltons.

A fraction of the phosphate-labeled E2 protein was hydro-
lyzed to its constituent amino acids, which were then separated
by two-dimensional thin-layer electrophoresis (Fig. 1B). About
98% of the phosphorylated material comigrated with a ninhy-
drin-stained phosphoserine standard. The remaining 2% comi-
grated with a phosphothreonine standard (no phosphotyrosine
was apparent). Therefore the effort to identify modified sites
was concentrated on the 36 serine residues in E2.

Purified labeled and unlabeled proteins were mixed, precip-
itated, and trypsin digested into manageably sized peptides for
identification of phosphopeptides. These tryptic peptides were
separated on a reversed-phase HPLC column, and protein
absorbance and radioactivity were measured (Fig. 2A). Five
major peaks containing phosphate were obtained. Individual
fractions containing **P-peptides were injected into an elec-
trospray ionization mass spectrometer to determine their pre-
cise masses (for a review see reference 34). To identify pep-
tides corresponding to each mass species, the masses of all
possible E2 peptides were determined by computer analysis
and compared to the observed values. Generally an unambig-
uous mass assignment within 1 Da of that observed could be
made. One example of the results obtained with the peak
eluted at about retention time 14 min is shown in Fig. 2B.
From the mass spectrometry, one can deduce that the charge
states produced by electrospray for this example derive from a
single homogeneous peptide species with a molecular mass of
1,765.06 Da. This mass uniquely fits an E2 peptide, residues
275 to 291, with a single phosphate group. A summary of the
phosphopeptides identified by this analysis is shown in Table 1.

Interestingly, one phosphate-containing species mapped by
mass spectrometry contained two peptides linked together by a
disulfide linkage (Table 1). This species was composed of res-
idues 227 to 247 of the hinge region linked to residues 340 to
342 of the DNA binding domain. As the material was not
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reduced prior to proteolysis, one expects retention of existing
disulfide bonds after trypsin digestion and HPLC separation.
The assignment of a disulfide between these two peptides can
be made with some confidence for several reasons. First, the
HPLC fraction contains a peptide with a mass consistent to this
linkage within 0.4 to 0.6 Da in two different preparations. In a
subsequent experiment using another vector (A4 [Table 1]),
the mass of this material drops by 16 Da when amino acid 235
is mutated to alanine as predicted by the mass change for such
a protein. Finally, the Edman sequence data match the pre-
dicted sequence for this peptide. Because this is the primary
species containing this peptide, it is unlikely that this disulfide
bond was formed by random mixing after proteolysis. The
presence of a disulfide bond between these regions of the
protein suggests close proximity between the DNA binding
domain and the hinge in its tertiary structure and may be
relevant to the effects of redox potential on DNA binding (39).

Several other radioactive fractions were also subjected to
Edman protein sequencing to confirm the peptide identifica-
tions made by mass spectrometry. In addition to confirming a
particular mass assignment, the sequence data could also be
used in some cases to further refine the assignment of a phos-
phorylated position to a particular serine within a peptide. In
this sequencing method, phosphorylated residues are seen as a
blank (or reduced signal for partially phosphorylated sites) for
that cycle. For example (Fig. 2C), a tryptic peptide starting at
amino acid 275 begins with three serines. The first two sites
yielded a strong signal eluting at the position predicted for
serine, while the third residue yielded a much lower signal
demonstrating that residue 277 is phosphorylated.

The data shown in Fig. 2 demonstrate that the major phos-
phorylated position in A3 protein purified from baculovirus
was serine 277. This can be inferred from the fact that it was
the major phosphate-containing peak of the five (containing
30% of the total counts per minute) and was found to be
homogeneous both by mass spectrometry and thin-layer chro-
matography (Fig. 2B and reference 26). Other phosphate
peaks were found to contain a mix of peptides by these meth-
ods. Table 1 summarizes the mass spectrometry and sequenc-
ing data obtained with several recombinant E2 expression vec-
tors. The positions cluster predominantly in the putatively
unstructured hinge region, with some also present in the ami-
no-terminal activation domain. Figure 3 summarizes the three
major sites of phosphorylation mapped in this study and the
two positions previously mapped (36). Only those sites identi-
fied both by mass spectrometry and sequencing are indicated
here. The other peptides shown in Table 1 were identified by
only one or the other method, and therefore the confidence in
their assignment is decreased. It is possible that other peptides
not identified here are also phosphorylated to a lesser degree
or were so hydrophilic that they were not separated by the
reversed-phase column.

Serine-to-alanine mutations at codons in the E2 gene were
introduced into vectors to block phosphorylation at the
mapped positions. In some cases, the serines were also mu-
tated to aspartic acid in order to mimic phosphorylation of that
amino acid (Table 2 shows the mutations made and the no-
menclature used). These mutations were introduced singly and
in sets into baculovirus and mammalian cell expression con-
structs.

We also measured the phosphate levels of intact E2 protein
(i.e., without proteolysis). Full-length E2 protein was purified
from insect cells expressing wild-type and mutant A4 (E2 pro-
tein with alanines replacing serines at positions 235, 290, 298,
and 301) protein with and without prior treatment with phos-
phatase inhibitor (Fig. 2D). These preparations were further
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FIG. 2. Identification of phosphorylated tryptic fragments and amino acids in
E2. (A) Peptides were separated by HPLC, the protein was measured by absor-
bance at 210 nm, and phosphate was measured by Cerenkov counting. The iden-
tities of phosphoamino acids within these fractions are indicated above the spec-
C D trum where they were subsequently found. Individual fractions were subjected to
E2 A4 mass spectrometric analysis as described in Materials and Methods. One example
- - of this analysis is shown i panel B. The abundance of particular mass-to-charge ratio
OA f thi lysis is shown in panel B. The abund: f particul harge rati
(m/z) species is indicated. The two major peaks derive from charge states of the same
—/— Ser-277 peptide with the observed mass ind_icate(_l. The po§sible masses of peptides deyived
from E2 were calculated as described in Materials and Methods; the predicted
,JL Ser-276 P-E2 -66 mass of a phosphorylated peptide and its amino acid (aa) coordinates are shown.
Tl . . 45 The predicted mass of this peptide includes that for one phosphate and was within
Ak_ E2— -36 0.2 Da of that observed. (C) Positions corresponding to serine in three sequential
Ser-275 Edman sequencing cycles. The signal in the third cycle may result from carryover
-29 from the prior cycle. This result indicates that a predominant phosphoserine is at this

third position (amino acid 277). (D) Phosphatase inhibitor treatment causes a mo-
bility shift of E2 protein. Seventy-five nanograms of wild-type or A4 mutant protein
purified from cells untreated (—) or treated (+) with OA was subjected to SDS-
PAGE followed by silver staining. The more slowly migrating heterogeneous species
are indicated here as P-E2. Mass spectrometry is consistent with the notion that this
shift is due to hyperphosphorylation. Sizes are indicated in kilodaltons.
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TABLE 1. Phosphorylated tryptic peptides
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Mass (Da)
Peptide(s . Retention .
(SSr,ThE)”)' Protein® ime* (min) Predicted Observed A Edman sequence?
mass mass

50-84 (3S,T) A5 18 3,955.55 + 1P 3,954.81 -0.74 Not in seq

18 4,035.53 + 2P 4,034.87 —0.66
59-101 (5S,2T) A5 22 5,228.55 + 3P 5,227.98 —0.57 ND
173-208 (6S,3T) A4 25 4,204.21 + 2P 4,204.81 +0.60 Not in seq

24 4,284.19 + 3P 4,284.20 +0.01
180-193 (2S,2T) A5 13 1,748.73 + 1P 1,749.37 +0.64 ND
227-247 + 340-342 A4 19 2,501.90 2,502.33 +0.43 EAEPAQPVASLLGsPA(C)GPI(R)
Disulfide (235A) (2S) 19 2,581.88 + 1P 2,582.27 +0.39
227-258 (235A) (2S) A4 19 3,228.69 3,228.57 -0.12 EAEPAQPVASLLGsPA(C)GPI(R)

19 3,308.67 + 1P 3,309.34 +0.67
227-247 + 340-342 A3 17.5 2,517.90 2,517.28 +0.62 EAEPAQPVSSLLG(S)P
Disulfide (3S) 17.5 2,597.88 + 1P 2,597.28 +0.60
259-274 (2S) A4 16 1,659.83 1,659.78 —0.05 ND

16 1,739.81 + 1P 1,739.57 -0.24
275-291 (3S,2T) A3 13.5 1,764.86 + 1P 1,765.06 +0.20 SSsTPV

A4 14.5 1,764.86 + 1P 1,764.76 -0.10 SSsTPVQGTVPV(D)LAA(R)

275-311 (3S,47T) A4 18.5 3,964.23 3,964.12 —0.09 ND

18.5 4,044.21 + 1P 4,043.92 -0.29
312-322 (27) A5 14 1,300.70 1,301.50 +0.80 ND

14 1,380.68 + 1P 1,381.65 +0.97

“ Phosphopeptides indicated are those identified by mass spectrometric analysis.

b The protein indicated represents the E2 mutant which was used in that tryptic mapping experiment (see Materials and Methods and Table 2).

¢ HPLC retention time on a reversed-phase C,g column.

4 Indicated in the single amino acid code. ND, not done; Not in seq, peptide not found in the analysis; lowercase amino acid, very low amino acid signal found in
that cycle; amino acid in parentheses, amino acid not found. Phosphorylated amino acids, carboxy-terminal residues, and cysteines are not expected to be observed.

purified individually by reversed-phase HPLC, and the result-
ing protein peaks were injected directly into the mass spec-
trometer. Table 3 presents the results of this analysis. Masses
consistent with an amino terminally acetylated E2 protein and
multiply phosphorylated forms were observed. The primary
sequence of the amino terminus of E2 does indeed predict an
acetylated methionine that should be retained in the steady-

p277
|
SSSTPVQGTVPVDLAAR

EAEPAQPV?SLLG?P

Pass Paso
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Transactivation

1 ]
Hinge DNA Binding

Dimerization

FIG. 3. Summary of the phosphorylated positions in E2. E2 is represented

with the three domains indicated: the amino-terminal activation domain; the
carboxy-terminal DNA binding and dimerization domain; and the unstructured
hinge. The two previously identified phosphoserines at positions 298 and 301 are
indicated as P in the body of the protein. The phosphopeptide amino acid
sequences and newly identified sites are shown. Only those which could be
unambiguously identified by both mass spectrometric and sequence data are
shown. Additional sites were found by only one of the methods and are not
indicated here (see Table 1).

state pool. Specifically, glutamic acid and threonine near the
amino terminus are predictors of acetylated methionines which
are not removed (2). As expected, OA treatment resulted in a
shift to more highly phosphorylated forms in both the wild-type

TABLE 2. E2 mutations

Amino acid Nucleotide Sequence
position® change® coordinate(s)”
62A T-G 2791
62D T—G, C—A 2791, 2792
171A T-G 3118
181A A—G, G—C 3148, 3149
187A T—-G 3166
199A T—G 3202
203A T-G 3214
235A T—G 3310
235D T—-G, C—A 3310, 3311
240A T—G 3325
271A T-G 3418
277A T—G 3436
277D T—-G, C—A 3436, 3437

“ Amino acid position indicates the serine in E2 which was mutated to alanine
(A) or aspartic acid (D). Nomenclature used for each mutation within E2 protein
or the genome: A3 = S—A at 290, 298, and 301; A4 = S—A at 235, 290, 298, and
301; A5 = S—A at 235, 277, 290, 298, and 301; A3-xxx = A3 plus an additional
S—A mutation at the indicated position.

b Change at the indicated sequence coordinates of BPV-1.
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TABLE 3. Phosphorylation of E2 protein in Sf9 cells

Mass (Da)
. Phosphorylation
Protein Ztate}L Observed A from
mass? prediction®
E2 +0P 45,497 +5
+1P 45,574 +2
+2P 45,659 +7
+3P 45,766 +34
+4P 45,817 +5
E2 + OA“ +2P 45,652 0
+3P 45,737 +5
+4P 45,813 +1
+5P 45,903 +11
+6P 45,972 0
E2A4 +0P 45,452 +24
+1P 45,518 +10
+2P 45,599 +11
E2A4 + OA +1P 45,525 +17
+2P 45,604 +16
+3P 45,676 +8

¢ Identified phosphate number determined from the observed mass.

b Measured by mass spectrometry.

¢ The mass of amino-terminally acetylated full-length E2 protein is predicted
to be 45,492 Da; E2A4 mutations alter the predicted mass to 45,428 Da. The
amino acid sequence predicts that the amino-terminal methionine would be
retained and acetylated, resulting in the addition of 42.04 Da. Each phosphate
group adds 79.98 Da to the predicted mass.

4 OA treatment of Sf9 cells prior to protein purification.

and mutant proteins. Wild-type protein was found in many
forms whose masses predict that each contains zero to four
phosphates. OA treatment increased the phosphate number by
an average of two phosphates to two to six. A4 protein went
from zero to two phosphates to one to three phosphates with
OA treatment. The mean numbers of phosphates on these
proteins were two and four for the wild type and one and two
for the mutant (without and with OA treatment, respectively).
Thus, mutation of the serines at amino acid positions 235, 290,
298, and 301 resulted in a decrease in the level of phosphory-
lation by one to three sites, consistent with the assignments.
The data also shows that the protein was heterogeneous and
contains multiply phosphorylated species. Even with these four
potential sites mutated, there are at least two additional phos-
phorylation sites beyond the major one mapped here (at Ser
277). Other positions identified here, and shown in Table 1,
may correspond to this residual phosphorylation.

To study the relevance of these modifications to viral func-
tion in mammalian cells, the extents of phosphorylation of E2
and mutants of E2 were examined in mouse cells. The proteins
were expressed in mammalian cells, metabolically labeled, pu-
rified by immunoprecipitation, and separated by SDS-PAGE.
Protein levels were measured by Western blot analysis, thus
controlling for potential differences in final yield. Figure 4
shows the results with the **P signal (top) and the total protein
levels (bottom). The specific activity of each protein was cal-
culated by dividing the quantitated 2P by the protein levels as
described in Materials and Methods. Consistent with results of
McBride and coworkers (36), A3 protein contained less phos-
phate than wild-type protein (about 40% of the wild-type level
in this experiment). Consistent with the mapping studies re-
ported above, mutation of the serine at position 277 reduced
the level of E2 phosphate labeling. Moreover, mutation of the
235 residue decreased the phosphorylation by nearly 50%. This
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result, when compared to the data from Sf9 cells, indicates that
the frequency of occupancy of a phosphate at 235 and 277 may
be different in the two systems though the same sites are
utilized. Finally, in a protein referred to as AS, five sites (amino
acids 235, 277, 290, 298, and 301) were mutated; the residual
incorporation of phosphate was only about 10% of the wild-
type level and may be ascribed to phosphorylation of residue
240. This result suggests that all major E2 phosphorylation
sites in C127 cells have been found. This result does not pre-
clude the possibility that other minor pools of phosphorylated
E2 have significant physiological significance.

Oncogenic transformation by mutant BPV genomes. To ex-
amine the in vivo functions of phosphorylation, mutants which
selectively block phosphorylation were tested in assays for E2’s
diverse activities. We initially examined the effects of these
mutations on transformation which requires direct E2 function
for viral replication and transcription. Our focus was on resi-
dues 235 and 277, the new sites found to be phosphorylated as
described above. Each of these mutations was introduced into
full-length BPV genomes either singly or in combination with
the A3 mutations. Figure 5A shows a typical transformation
assay with wild-type and mutant genomes A3, 235, and A4. The
single mutation at 235 had no effect, whereas A3 resulted in a
small reduction in oncogenic transformation. In contrast, the
combination of these mutations in the genome A4 nearly elim-
inated transformation (2 to 5% of the wild-type level).

The data summarized in Fig. 5C represents the accumulated
results of 12 separate transfections using seven different wild-
type, four different A4, and five different A3 DNA prepara-
tions. Moreover, we could show by marker rescue and marker
poisoning experiments into A4 and wild-type genomes, respec-
tively (see Materials and Methods), that the single mutations
by themselves, in contrast to the double mutants, were without
phenotype. We also extended and confirmed our observations
by using the calcium phosphate precipitation transfection
method in C127 cells and electroporation of NIH 3T3 cells
(26). In addition, similar data were obtained when the cleaved
pPMLBPV DNA was religated prior to transfection as per-
formed by other authors (38).

We were curious to investigate the transformation pheno-
types of the A4 and A3 mutants in the absence of virus-
encoded repressors. Study of such a genetic interaction be-
tween E2 phosphorylation and the repressors is warranted by
the fact that this region of the E2 hinge is also incorporated
into the repressor proteins. Furthermore, previously reported
observations showed that at least one form of the repressors is
required for viral oncogenic transformation of C127 cells (24,
64). The A4 and A3 mutations were combined with mutations

A _x
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FIG. 4. Phosphorylation of E2 in mammalian cells. C127 cells were trans-
fected with 10 wg of E2 expression constructs containing the mutation indicated
(ATG™ is the vector control). After metabolic labeling, the protein was immu-
noprecipitated with an E2 monoclonal antibody and separated by SDS-PAGE.
Total E2 protein was detected by Western blotting (ECL); phosphorylation was
detected on the same membrane by autoradiography (*?P). Bands were quanti-
tated as described in Materials and Methods. The specific activity is indicated for
each mutant protein and is expressed as a percent of wild-type (Wt) activity.
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FIG. 5. Transformation defects manifested by BPV genomes containing
phosphorylation site mutations. (A) Single or multiple amino acid changes were
introduced into the genome. One microgram of BamHI-cleaved pMLBPV was
introduced into C127 cells by electroporation. After 2 weeks, the cells on each
plate were fixed and stained. (B) Additional mutations which eliminated the
splice site for ES8/E2 and the initiating methionine for E2C were added to these
mutant genomes to isolate E2 activator from the repressor functions. The stained
plates shown are from the same experiment as shown in panel A. (C) Several
experiments were quantitated, and the mean percentage of wild-type (Wt) trans-
formation and standard deviations were plotted. Wild-type DNA yielded ap-
proximately 1,000 transformants per plate (corresponding to 2,000 to 8,000
transformants/ug of BPV DNA). The solid bars represent genomes expressing
repressors; shaded bars represent those defective for repressors. Each mean
value was derived from 5 to 11 separate transfection experiments.

Mean Tf % of Wt

which block expression of both forms of the repressors by
changes at the E8/E2 splice donor and alteration of the me-
thionine start codon of E2C. The data shown in Fig. 5B con-
firm the requirements for repressors in the wild-type genome
(compare the wild type to Rep™ in Fig. 5). Interestingly, the
A3,Rep  mutant transformed cells at frequencies close to the
wild type frequency, while the A4,Rep™ mutant did not trans-
form cells. This result shows that the phosphorylation of resi-
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dues 298 and/or 301 enhance the requirement for repressors
and that when these phosphorylation sites are mutant, repres-
sors are not obligatory. Moreover, the A4 E2 allele is distinct
in this regard. This result also clearly shows that the A4 mutant
genome produces a full-length E2 gene that has a phenotype
different from that of the A3 allele, as the differences between
A4,Rep™ and A3,Rep™ cannot be ascribed to differences in the
repressors.

Mutations at other positions in E2 together with or without
the A3 mutations (62A, 62D, 240A, 271A, 277A, and 277D)
were all found to transform at levels similar to the wild-type
level (26). Mutations of residues 235 and 277 together resulted
in no decrease in transformation, but when both of these
changes were combined with A3 (resulting in the genome
termed AS5), transformation was as low as for the A4 mutant.
These results suggest that transformation is blocked only when
a particular combination of serines cannot be phosphorylated.
To test this hypothesis, we mutated the E2 alanine codon at
position 235 in the A4 genome to an aspartic acid. This change
mimics by charge and somewhat by shape a phosphorylated
serine residue. As anticipated by a phosphorylation require-
ment, when the alanine at position 235 in the A4 genome was
mutated to an aspartic acid, transformation was restored to
that of A3 (Fig. 6A). This result supports the notion that
phosphorylation of one of these sites mutated in A4 within the
hinge is critical for transformation. It further suggests either
that there is synergy in function between the two or that either
one or the other regions (235 or 301) must be phosphorylated
for transforming function.

We next asked if the A4 mutant phenotype was due to a loss
of E2 function or a gain of some dominant negative function.
To address this, additional E2 protein was supplied by cotrans-
fecting an E2 expression construct. Figure 6B shows that the
transformation function of the A4 genome can be rescued in
trans by additional ectopic expression of either wild-type or A4
E2 protein. The A4 viral genome could be brought to wild-type
levels of transformation (about 1,000 transformants per 0.5 g
of genomic DNA) by expression of either forms of the CMV-
driven E2 protein. The wild-type genome, in contrast, was
enhanced five- to sixfold in transformation induction by this
additional E2 protein. We do not understand why the two
genomes reached different levels of transformation, but the
data are consistent with an early requirement for high levels of
E2 expression in an establishment phase and the fact that the
expression constructs do not persist or express at high levels in
later times. In any case, these results are consistent with a loss
of E2 function in the A4 genome and the conclusion that the
A4 protein is not toxic. Other experiments using cotransfection
of the Neo" gene further address this issue (see below). The
235D mutation, which retains the single point mutation from
235A in addition to a second adjacent base change, transforms
to wild-type levels by itself, which argues against a cis trans-
formation defect. These experiments in sum demonstrate that
both the A3 and A4 mutations resulted in distinct changes in
some aspect of E2 protein function. To determine which ac-
tivity was altered by these mutations, each individual function
of E2 protein was examined.

Transient replication. Replication of complete genomes or a
minimal-origin-containing plasmid was tested in transient cell-
based assays. When the minimal plasmid was used, expression
constructs providing E1 and various E2 mutants were cotrans-
fected. BPV genomes will generate transcripts making full-
length E2 and the shorter repressor forms (which contain the
hinge mutations including 235, 298, and 301). We initially
examined the activation of replication by these mutants in the
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FIG. 6. Complementation of the A4 transformation defect by mimicking a
phosphorylation site or by ectopic expression of E2 protein. (A) Mutation of
amino acid 235 to an aspartic acid (235D) mimics phosphorylation and rescued
transformation. The indicated mutations in pMLBPV were assayed for transfor-
mation as in Fig. 5, with the level of transformation in this representative
experiment expressed as a percentage of the wild-type (Wt) level. Similar results
were obtained in three independent transfections. 339M is a mutation in the
DNA binding domain which blocks DNA binding. (B) Transformation was re-
stored by the addition of E2 protein. One microgram of pMLBPV DNA with or
without the A4 mutation was transfected into C127 cells with increasing amounts
of wild-type or A4 E2 expression construct (p)CGE2) and split to two plates. The
lower two curves correspond to transformants obtained with the A4 genome,
while the upper two curves those obtained with the wild-type BPV DNA. The
dotted lines represent addition of the A4 mutant, while the solid lines represent
the wild-type E2 expression construct. The number of transformants is plotted
against added pCGE2.

context of the genome with its full complement of cis regula-
tory sites and the complete family of E2 proteins.

Consistent with previous results (38), the A3 genome repli-
cated to higher levels than the wild type (Fig. 7A). Introduction
of any other mutation (62A, 62D, 171A, 181A, 187A, 199A,
203A, 235A, 235D, 240A, 271A, 277A, or 277D) into the viral
DNA did not change the replicational activities of the resulting
genome (Fig. 7A and reference 26). Combination of any of
these individual mutations with A3 also resulted in genomes
which replicated to higher levels than the wild type. In other
words, A3, and primarily amino acid 301 (38), was the sole site
responsible for modulating transient replication activity of E2
by phosphorylation.

Because replication of the genome effectively integrates E2
replicational and transcriptional activities (since E2 regulates it
own and El’s synthesis), we also tested these mutations by
using the minimal origin plasmid pKSO. In these experiments,
E1 and E2 expression should be equivalent in each sample and
the repressors will be absent so that the only variable is the E2
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mutation. Another mutation (339M) that is defective for DNA
binding served as a negative control. Consistent with the ge-
nome replication experiments, any E2 protein which contained
the A3 mutations facilitated higher levels of replication com-
pared with wild-type protein (Fig. 7B and reference 26). This
result demonstrates that the intrinsic transient replication ac-
tivity of A4 and A3 protein was higher than wild-type activity.
However, these results did not explain either the lack of trans-
formation by A4 or the facilitation of transformation by A3
when repressors are absent.

Transcriptional activation and repression. To examine the
transcriptional functions of E2, we tested the activation of
expression of a luciferase reporter gene via a thymidine kinase
promoter and the E2RE1 enhancer (see Materials and Meth-
ods). Figure 8A shows that transcriptional activation by E2
protein derived from A3 and A4 genomes activated transcrip-
tion to higher levels than the wild type or 235 mutation alone.
In other words, the transcriptional activation by A3 and A4
genomes paralleled their replication activity (see also refer-
ence 38).

To eliminate the complication derived from differences in
replication as well as possible differences in repressor function,
we also tested transcription function by using protein derived
from CMV-driven E2 expression constructs. All of the E2
phosphorylation site mutations reported here (62A, 62D, 171A,
181A, 187A, 199A, 203A, 235A, 235D, 240A, 271A, 277A, and
277D with and without A3) activated transcription to wild-type
levels (Fig. 8B and reference 26). Similar results were obtained
in assays using a URR-luciferase reporter which contains the
entirce URR of BPV linked directly to the luciferase open

A3 A4 339M

E2 ZAAD'

pKSO-

e

FIG. 7. E2 proteins mutant for serine 301 facilitate replication of origin-
containing DNA to high levels. (A) One microgram of pMLBPV DNA with the
indicated mutation was transfected into C127 cells, and low M,-DNA was har-
vested at day 6 as described in Materials and Methods. Dpnl-resistant linear
genome-length DNA was detected by Southern analysis. A linear 7.95-kb BPV
standard (Std) representing 125 pg is also included. Wt, wild type. (B) The
minimal origin-containing plasmid pKSO was used to test E2 replication func-
tion. Two micrograms of pKSO, 1 pg of pCGEl, and 0, 0.4, 1, or 2.5 pg of
pCGE2 (either wild type or harboring the indicated mutation) were cotrans-
fected. Samples were harvested at day 6 and subjected to Southern blotting. The
positions of replicated Dpnl-resistant pKSO and the unreplicated cleaved ma-
terial are indicated.
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FIG. 8. Transcriptional activation and repression are unaffected by any of the
phosphorylation site mutations. (A) Transcriptional activation driven by the
balance of full-length E2 activator and the shorter repressors expressed from the
genome. One microgram of pMLBPYV (released from the prokaryotic vector) was
cotransfected with 1.5 pg of the luciferase reporter construct pE2RE1tkLuc, and
luciferase activity was measured at the day indicated. Light activity and standard
deviation are plotted for each genome, with four independent DNA preparations
used for the wild type (Wt), three used for A3, two used for 235, and three used
for A4 (duplicates tested for each sample). (B) Transcriptional activation driven
by E2 expression constructs. Five micrograms of pE2REltkLuc was cotrans-
fected with 0, 16, 40, or 100 ng of pCGE2, and luciferase activity was measured
on day 2. Three DNA samples were used for the wild type and A3, one was used
for 235, and two were used for A4; the means are plotted. (C) Repression of
transcription by E2C. Forty nanograms of pCGE2, 2.5 ng of pE2RE1tkLuc, and
0, 50, 250, or 1,000 ng of pCGE2C were cotransfected, and luciferase activity was
measured on day 2.

reading frame (26). Transcriptional activation was also tested
in CV-1 cells, and similar wild-type levels were obtained with
all of these mutants. Thus, the intrinsic transactivation function
was unaffected by these mutations.

Because these mutations are also present in the repressor
forms of E2, they were introduced into expression constructs
which make either E2C or E8/E2. Wild-type or mutant E2
constructs were cotransfected with their conspecific (bearing
the same mutation) repressor construct and the reporter plas-
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mid. Repression of transcription was measured at increasing
repressor concentrations with a constant activator concentra-
tion. Figure 8C shows that each E2C mutant can repress tran-
scriptional activation like the wild-type repressor. The same
result was obtained for mutant E8/E2 expression constructs
(26).

These results suggest that E2 transcription function in tran-
sient assays is not regulated by phosphorylation. However, it is
possible that only a particular promoter within the proper viral
sequence context is differentially activated. Because ES protein
is both necessary and sufficient for oncogenic transformation
by BPV in the assay used here, we sought to test whether
expression of the major transcript encoding ES was defective in
the A4 genomes. To facilitate these experiments, we made use
of constructs which have the CAT gene fused in frame with
either E2 or E5 (46). Both of these proteins are translated
from mRNAs made predominantly from the P4 promoter (3,
57).

Figure 9 shows that each of these E2 mutant proteins pro-
vided by the CMV expression vector activated the P4 pro-
moter. The reporter used has all of the viral cis elements for
transcription and replication control and expresses E1, but it
does not express E2. Because these reporter constructs can be
replicated and A3 and A4 were better at activating replication,
the transcriptional signal was higher when the vectors express-
ing these proteins were used. Quantitatively lower but quali-
tatively similar results were obtained with this reporter when
mutant genomes were the source for E2 and when pESCAT
was used as the reporter construct (26). This normal activation
of the viral oncogene promoter was surprising considering that
A4 genomes do not transform.

Stable plasmid maintenance and transformation. These ag-
gregate results demonstrated that the A4 genome was not
defective for any known viral function required for transient
replication or transcription. Moreover, in direct assays probing
the functions of the A4 allele of E2, we could not detect a
defect in its known activities. However, transformation re-
quires long-term viral protein function and viral persistence.
Thus, the next logical step was to determine if the defective
genome persisted and expressed the oncogene ES5 throughout
the maintenance phase.

As the A4 genome was defective for morphological trans-
formation, our only approach to probe the state of long-term
viral functions was to cotransfect the genomes with the Neo”
gene and to select for drug-resistant colonies. The cells which
had not received these DNAs were killed by G418 selection,
and the remaining drug-resistant cells were amplified. By mea-
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FIG. 9. Activation of the P4 promoter by E2 and E2 phosphorylation site
mutants. Two micrograms of the reporter pPBPVE2CAT was cotransfected with
100 ng of the indicated pCGE2 expression construct. CAT activity was measured
at day 3, and the percentage of chloramphenicol acetylated is shown.
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FIG. 10. The A4 mutant genome does not stably replicate itself or express
ES5. The Neo' gene and pMLBPV mutants (released from the prokaryotic vector)
were cotransfected, and drug resistant colonies were selected. (A) The number
of Neo" colonies and oncogenically transformed foci were quantitated at 2 and 4
weeks, respectively, and plotted. Wt, wild type. (B) Individual drug-resistant
colonies were picked and amplified for analysis of ES protein expression and
plasmid DNA at 3 weeks. The upper panel shows E5 protein which was immu-
noprecipitated from extracts derived from individual clones, fractionated by
SDS-PAGE (15% gel), and detected by Western blotting. The positions of
protein M, markers (in kilodaltons) and ES protein are indicated. The lower
panel shows uncut low-M, DNA revealed by Southern blotting. The positions of
supercoiled (sc) and nicked circular (nc) BPV DNA are indicated. The wild-type
sample was from a representative clone and is from a 4-week exposure; all other
lanes are from a 20-h exposure. A4 samples 1, 2, 3, 5, and 6 showed no indication
of BPV DNA even on the 4-week exposure (see also Materials and Methods).
Below each lane, the eventual oncogenic state of the clones is indicated. Transf.,
oncogenic transformation.

suring the number of Neo” colonies and comparing the number
of foci induced by the wild type, we obtained an indication of
the cotransfection efficiency. Figure 10A shows that for wild-
type genomes, the fraction of Neo” colonies which proceeded
to eventual morphological transformation was near unity. Fur-
thermore, for wild-type BPV DNA, only a small fraction of the
stained Neo" colonies appeared morphologically flat (~25%)
on the plates examined after 4 weeks. These results are con-
sistent with the notion that BPV transformation penetrates
with a slower kinetics than does neomycin resistance. In addi-
tion, when 12 Neo" colonies that were morphologically flat
were picked and expanded, all had BPV plasmids and eventu-
ally became oncogenically transformed. Thus, the cotransfec-
tion index was near 100%. Importantly, the number of drug-
resistant colonies measured was the same when either the A4
mutant or the wild-type genome was cotransfected with the
drug resistance marker. This provides further support for the
contention that the A4 gene product was not toxic or inducing
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growth arrest (for example, inducing apoptosis or a cytostatic
factor) in these cells. This is true because we assume that the
cotransformation index with the A4 genome is equivalent to
that measured for the wild-type DNA. Accordingly, if the A4
mutant was toxic or cytostatic, we would predict at least a
fourfold reduction in Neo" colonies. On the other hand, the
number of Neo® colonies which eventually became trans-
formed by A4 was, as anticipated, extremely low and equiva-
lent to that measured previously without the Neo® gene (com-
pare Fig. 5C and 10A).

Individual drug-resistant colonies were isolated after 2
weeks of selection and amplified for analysis of ES protein
expression and the state of the viral DNA. Figure 10B shows
that ES was expressed from all of the A3 clones but only one
of six clones obtained from the A4 cotransfection experiment.
This result indicates that despite the similar transient replica-
tion and P4 promoter activities of these two viruses, A4 was
defective for some function required for stable ES expression.
The eventual oncogenic transformation paralleled the E5 ex-
pression patterns of all of these clones. That is, all of the A3
and wild-type clones became visibly morphologically trans-
formed and did not show contact inhibition, whereas only one
A4 clone (clone 4) became so transformed.

Low-M, DNA was extracted from parallel plates from each
of these clones and analyzed for plasmid viral DNA. The lower
panel of Fig. 10B shows that when a particular clone expressed
ES, it also contained episomal viral DNA. All of the A3 clones
had relatively high amounts of plasmid DNA, and few if any
showed bands indicative of integrated or rearranged DNA.
Further, all clones cotransfected with wild-type BPV DNA
expressed ES protein and had plasmid DNA, though at lower
levels than for A3 (26). All of the drug-resistant clones derived
from A3 and wild-type cotransfections contained unit-length
BPV plasmids. In contrast, only one of the six Neo™ clones
picked from the A4 sample, and the one which also expressed
ES, showed any detectable plasmid DNA. The sensitivity of
this analysis indicated that the BPV DNA in these A4 clones
dropped to below the detection limit, which was less than one
copy per cell. Furthermore, these clones contained no detect-
able BPV sequence in total genomic DNA, indicating that the
viral DNA was lost and not integrated (26). The sample de-
rived from clone 4 also contained some lower-M, material
which may be a deleted or rearranged form of the BPV DNA.
The presence of deleted genomes in the A4 sample and their
absence in A3 clones suggests that deletion or another type of
mutation in the A4 genome is obligate to allow for transfor-
mation. Consistent with this view, we found that when trans-
formed foci were selected from the A4 cotransfection experi-
ment, 80% of the clones contained rearrangements in the
detected plasmids (26).

DISCUSSION

We have mapped new phosphorylation sites in the hinge
region of the BPV-1 E2 protein. These positions were phos-
phorylated both in insect and mammalian cells; apparently all
of the predominant sites modified in mammalian cells have
now been identified, as an E2 mutant at five serines (the A5
protein) incorporated less than 10% of the phosphate incor-
porated by the wild-type protein. The new sites were mapped
to three amino acids, 235, 240, and 277, in the protein; how-
ever, indications for minor phosphorylation sites in baculovi-
rus-expressed E2 protein were observed in the analysis of the
mass spectometric data. All of these sites guided our attempts
to correlate functional significance of phosphorylation in the
viral transformation and replication processes occurring in
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mammalian cells. By site-directed mutagenesis of the viral
genome, we found evidence for the functions of phosphoryla-
tion only at amino acid position 235.

While the single mutation at serine 235 had no phenotype on
its own, when it was combined with E2 mutations at the pre-
viously identified phosphorylation sites, the resulting A4 ge-
nome was severely blocked for oncogenic transformation and
plasmid retention. Every transient assay that was performed
with the mutant E2 allele, either incorporated into the full-
length activator or repressor forms in isolated expression con-
structs or in the intact viral genome, showed that the effected
genes functioned at least as well as the wild type. Thus, it seems
reasonable to suggest that the defect exposes some function of
E2 critical at later stages in the establishment of the stable
transformed state. Several lines of evidence demonstrate that
the block to stable establishment was not due to a toxic or
cytostatic effect on transfected cells. First, addition of extra
E2A4 protein in trans restored transformation by the mutant
genome. Therefore, this mutation results in a loss of function
which can be overcome by an excess of protein. Second, no
reduction in Neo" colonies compared to the wild type was
observed when the Neo" gene was cotransfected with A4 ge-
nome. Third, in the short-term transient assays (protein ex-
pression, replication, and transcriptional activation), the A4
protein yielded activities similar to those of the A3 protein with
no apparent toxicity.

That phosphorylation is directly required at this 235 site is
substantiated by the fact that the A4 genome could be rescued
for transformation by mutation of the mutant codon to an
aspartic acid triplet. These data are also not compatible with
the 235 mutation creating a cis defect, as the aspartic acid
mutation maintains an altered sequence at this position. We
conclude that phosphorylation either at position 235 or at
positions 298 and 301 is required for stable viral functions in
transformation and that loss of such capacity at both regions of
the hinge results in a loss of E2 function.

Amino acid sequences of the E2 hinge region of papilloma-
viruses are not in general conserved, although the region al-
ways contains clusters of PEST sequences (14). PEST se-
quences were so named for their richness in proline, glutamic
acid, serine, and threonine amino acids and for their propen-
sity to target the degradation of a protein in which they are
found (49). Moreover phosphorylation in the PEST region may
also be critical for determining rates of degradation (61). The
kinases that might exert this control are generally not clearly
delineated, and for E2 proteins, this is again the case. While
residues 298 and 301 are embedded in a context that fits con-
sensus sites for cyclin-dependent kinases, mitogen-activated
protein kinases, and casein kinases I or II, amino acid 235 does
not closely fit any known kinase recognition site.

One model that seems to be consistent with most of our data
and the foregoing discussion would be that the lack of trans-
formation by the A4 genome is caused by decreased protein
stability. It is possible that BPV E2 protein contains a region
within the hinge which requires phosphorylation of one of
several amino acids for stability or for degradation. If phos-
phorylation of all of these sites is blocked (as in the A4 muta-
tion), or if the phosphates are removed by a phosphatase (such
as after S phase), then the protein might be subjected to more
rapid turnover. This putative instability of mutant E2 proteins
may become apparent only at the low, limiting levels of E2 that
are expressed at the stages of transformation when plasmid
copy number reaches homeostasis. This hypothesis is required,
as we see no differences in protein accumulation in transient
assays (e.g., Fig. 4). If this model is correct, then the capacity
for recognition or degradation of the underphosphorylated
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protein must be limited in the cell, with the system being
overwhelmed by transient high-level expression of E2. Similar
suggestions were made recently to account for why certain
mutant E2 alleles appeared to be destabilized in a one-vector
expression system whereas analogous mutants in other systems
showed no such effect (13).

These ideas could also explain the curious finding reported
here concerning the requirements for repressor proteins in
BPV transformation. While wild-type genomes need at least
one form of the repressors (24, 64), we found that the A3
genome did not display such a requirement. If repressors are
normally required to down regulate the activity of E2, certain
mutations in E2 itself that destabilize its activity would sup-
press this requirement. Furthermore, pushing such a specula-
tion, we might suggest that the A4 mutation goes too far in this
destabilization and leads to a null E2 phenotype.

These notions are conservative in that we do not need to
postulate some new unidentified activity for the E2 protein
distinct from their known roles in regulating viral replication
and transcription. However, E2 may simply effect expression of
cellular genes, as it does viral genes, required for stable plas-
mid maintenance or transformation. Indeed, Brokaw and
coworkers recently reported mutations in the E2 activation
domain which despite normal transient replication and tran-
scription functions also failed to transform C127 cells (5). In
these cases, the stable replication activities of the mutant ge-
nomes have not been tested. If they are also found to be
defective for plasmid retention, it would be interesting to de-
termine if the mutations are within the same complementation
group for E2 function as in the phosphorylation site mutant
identified here.

We must also consider the possibility that E2 does have
novel activities for which we at present have no biochemical
assays. For example, the activator may play some role in plas-
mid segregation, and this activity is dependent on phosphory-
lation of the hinge region. This defect may not become appar-
ent early on but only after many rounds of replication and
cellular division occur. If at each cell division segregation
mechanisms (which are poorly understood) are defective, viral
DNA may be lost or revertants may be generated at a higher
frequency. Some indirect arguments for a requirement for E2
in nuclear retention or partitioning was suggested by Piirsoo et
al., as these authors found that replication of a minimal origin
plasmid with weak E2 binding sites was insufficient for stable
plasmid maintenance, in contrast to the plasmid’s behavior in
transient assays (44). The suggestion was made, paralleling
similar ideas in the Epstein-Barr virus oriP field (22, 66), that
multiple E2 binding sites are required to sequester E2 protein
in cis for nuclear retention or segregation functions. Along
these lines, perhaps cooperative E2 binding to multiple sites in
the URR for such purposes may rely on E2 phosphorylation.

The A4 genome transforms cells at a low level, and we have
been able to select these few transformants. We have observed
predominantly rearranged genomes from A4 transfections but
not from wild-type or A3 transfections, suggesting that these
rearrangements facilitated suppression of the A4 transforma-
tion defect. Clearly, mutation of the defective viral DNA could
suppress the E2 defect caused by mutations in the phosphor-
ylation sites of the hinge. We are currently examining these
genomes with the hope that such suppressors will yield clues to
the nature of E2 function uncovered by the phosphorylation
mutants described.
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