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Eukaryotic viruses can maintain latency in dividing cells as extrachromosomal plasmids. It is therefore of
vital importance for viruses to ensure nuclear retention and proper segregation of their viral DNA. The bovine
papillomavirus (BPV) E2 enhancer protein plays a key role in these processes by tethering the viral DNA to
the host cell chromosomes. Viral genomes that harbor phosphorylation mutations in the E2 gene are trans-
formation defective, and for these mutant genomes, neither the viral DNA nor the E2 protein is detected on
mitotic chromosomes, while other key functions of E2 in transcription and replication were wild type. More-
over, secondary mutations in both the E2 and E1 proteins lead to suppression of the phosphorylation mutant
phenotype and resulted in reattachment of the viral DNA and the E2 protein onto mitotic chromosomes,
suggesting that E1 also plays a role in viral genome partitioning. The E1 protein was cytologically always
excluded from mitotic chromatin, either as a suppressor allele or as the wild type. In the absence of other viral
proteins, an E2 protein containing alanine substitutions for phosphorylation substrates in the hinge region
(E2-A4) was detected as wild-type on mitotic chromosomes. However, when wild-type E1 protein levels were
increased in cells expressing either the A4 mutant E2 proteins or wild-type E2, the E2-A4 protein was much
more sensitive to chromosomal dislocation than was the wild-type protein. In contrast, suppressor alleles of E1
were not capable of such abrogation of E2 binding (A4 or wild-type) to chromosomes. These results suggest that

wild-type E1 can be a negative regulator of the chromosomal attachment of E2.

Some DNA viruses, such as papillomaviruses and lympho-
tropic herperviruses, maintain their genomes as stable episo-
mal plasmids in the nuclei of infected cells. Papillomaviruses as
a family usually infect the dividing basal epithelial cell layers
and give rise to benign lesions (papillomas), while certain fam-
ily members, such as bovine papillomavirus type 1 (BPV-1),
can infect both epithelial and fibroblast cell types (7). Upon
infection, the cells take up the virus, and the viral genome is
transported to the nucleus, where it is kept as a multicopy
plasmid. In this stage of infection the amplification of viral
DNA and its stable maintenance have been modeled by viral
amplification in transient DNA replication and stable transfor-
mation of cultured cells. The only players needed for replica-
tion and stable plasmid maintenance are the virally encoded
El and E2 proteins and a plasmid containing the viral origin
(17, 24, 25), making the BPV system a very useful model for
the study of DNA replication and plasmid persistence in eu-
karyotic cells.

The virally encoded helicase, E1, is required for replication
initiation and elongation (6, 7, 21, 28). E1 also binds specifi-
cally to the viral origin, and an assembly pathway targeting the
initiator protein to the ori is regulated by the viral E2 protein
(3, 4, 15, 19, 26, 27, 29). The multifunctional transcription
factor E2 regulates gene expression from several viral promot-
ers and enhances the functions of E1 by binding cooperatively
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with E1 to the viral origin (15, 20, 21, 29). A very stable hetero-
typic E2 dimer and E1 monomer complex can form without
DNA, yet the physiological significance of this complex is un-
known. Indeed, to date most studies have focused on the inter-
actions between the two proteins, with an eye towards the ternary
complex with DNA, which is stabilized by interactions between
the amino-terminal activation domain of E2 and the carboxy-
terminal helicase domain of E1. Two additional forms of the
E2 protein, E2C and E8/E2, are N-terminal deletions of E2
that lack the transcriptional activation domain and act as re-
pressors of E2-mediated transcription and replication (5, 10, 13).

In order to maintain the episomal viral genome in the nuclei
of infected cells following mitosis, viruses like BPV and the
large lymphotropic herpesviruses must ensure effective ge-
nome partitioning to the resulting daughter cells. If the viral
genome is not somehow targeted to the nucleus, then following
nuclear membrane reassembly, the genomes may be left be-
hind in the cytoplasm and lost in the population of cells, either
through degradation or dilution after cell division.

Several groups have shown that the E2 protein is a key
player in the viral genome nuclear retention and segregation
mechanism (2, 8, 11, 23). The cellular factor bound to mitotic
chromosomes that serves as the receptor for viral attachment is
not known. It is, however, clear that this factor, likely a protein,
is conserved throughout many vertebrate species, as such E2
binding has been measured in hamster, mouse, and human cell
lines (8, 11, 23; unpublished data). Studies have shown that the
amino-terminal activation domain of E2 is by itself sufficient
for chromosomal binding (2), though functional tethering of
the viral plasmid requires both the activation and DNA-bind-



VoL. 76, 2002

ing domains of E2. These data are consistent with the simple
hypothesis that a reasonably abundant and evolutionarily con-
served mitotic chromosomal protein binds the activation do-
main of E2 and the plasmid DNA hitchhikes onto chromo-
somes via binding to the DNA-binding domain of the viral
protein.

Previously, we showed that the E2 protein is phosphorylated
within the flexible hinge region and that at least one of the
phosphorylation sites is critical for efficient viral transforma-
tion (11, 12). An E2 protein containing alanine substitutions at
four serine residues in the hinge region (E2-A4), which serve
as substrates for phosphorylation in wild-type E2, severely crip-
ples viral transformation. Mutations of all four serines were
required for this phenotype. The block in viral transformation
is not due to insufficient DNA replication, since the E2-A4 as
well as the E2-A3 mutant (E2-A3 has only three of the four
serines substituted with alanine) resulted in even higher tran-
sient replication levels than that detected with the wild-type
virus. The transformation defect of the E2-A4 mutant could be
overcome by the substitution of A235 with aspartate, which is
thought to mimic phosphorylation at serine residues. This re-
sult suggests that phosphorylation of the hinge region is critical
for transformation.

Further insight into the role of the E2 protein in viral trans-
formation was gained from a genetic screen for suppressors of
the original A4 mutation. Isolation of BPV DNA from the few
morphologically transformed foci that grew from an A4 trans-
fection revealed that secondary mutations in both the E2 and
E1 proteins could allow A4 transformation (11). In the context
of these mutants and for wild-type viral genomes, a perfect
correlation was uncovered between attachment of viral DNA
and E2 protein to mitotic chromosomes and stable plasmid
maintenance. With E2 mutants that could not be phosphory-
lated, neomycin-resistant colonies obtained by cotransforma-
tion with the drug resistance marker and viral plasmids quickly
lost replicating viral DNA. These data thus genetically sepa-
rated replication and transcription functions from a vital main-
tenance activity of E2.

How all of these data fit together was, however, not clear.
For example, if the E2 protein by itself was sufficient for chro-
mosomal binding, what role could E1 play in this process? The
suppressor mutations that mapped to E1 established that phos-
phorylation of E2 was not obligatory for chromosomal attach-
ment, and we speculated that E1 mutants could bypass this
apparent requirement for modification (11). Moreover, recent
work indicates that E2 phosphorylation leads to its degradation
and that mutating phosphorylation sites increases E2 accumu-
lation (16). In our laboratory, the mutant E2-A4 and wild-type
alleles of E2 showed identical transactivation functions when
tested in transient assays out of the context of the viral genome
(12). This was perhaps due to the overexpression of E2 by the
cytomegalovirus promoter in our vectors.

In the context of the viral genome, the apparent activities for
transactivation by E2 as measured by the expression of a re-
porter cotransfected with the viral genomes showed a different
phenotype for the wild type and E2-A4 mutant. The pheno-
types of the viral genomes harboring the A4 allele of E2 have
thus enhanced replication and transactivation activities (12),
consistent with increased E2 activity and unstable plasmid
maintenance. The rapid loss of viral DNA could not be as-
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cribed to runaway replication for two reasons: (i) the E2-A3
mutant stably transforms cells with wild-type levels, and its
transient replication was enhanced but identical to that of the
genome harboring the E2-A4 allele and (ii) coselection with an
integration drug marker resulted in equal numbers of drug-
resistant colonies when comparing wild-type, E2-A3, and
E2-A4 alleles. Thus, we concluded that a segregation function
was affected.

In this work we show that wild-type E1 can block E2 binding
to mitotic chromosomes and that the E2-A4 mutant expressed
by itself is indeed as competent as the wild type for chromo-
some binding. The E2-A4 mutant, however, is more sensitive
to the negative effect of wild-type E1, and the suppressor E1
mutants are not competent to block chromosomal attachment.
These data are consistent with a model that has a pathway for
the release of E2 from E1 in the tethering process.

MATERIALS AND METHODS

Cell culture. C127, COS-7, and CMT4 cells were maintained in Dulbecco’s
modified Eagle’s medium plus 10% fetal calf serum (FCS) supplemented with
penicillin and streptomycin. Transfections through electroporation were carried
out using a Gene Pulser (Bio-Rad) at 290 V and 960 pF, using 5 X 10° cells in
250 ml. The sample DNAs were cotransfected with 50 ug of sheared salmon
sperm DNA as a carrier.

The cells were split into two to four plates posttransfection. When appropriate,
neomycin-resistant (Neo") cells were selected with 1 mg of G418 (Gibco) per ml
of medium 24 h posttransfection for 10 days, followed by maintenance in 0.5 mg
of G418 per ml. Transfection with Lipofectamine (Gibco-BRL) was carried out
using 1 wg of DNA, 50 pl of Lipofectamine, and 30 pl of PLUS reagent in
serum-free medium. After 3 h the medium was replaced with serum-containing
medium.

Plasmids. The BPV genome plasmid pMLBPV has been described. The sup-
pressor mutant genotypes were used in a repressor-minus environment. To
knock out both E2 repressor forms E2C and E2/E8, the ATG codon for E2C was
disrupted by a T to C change at nucleotide3092 and the splice donor AGGT was
changed by a silent mutation to AGAT at nucleotide 1235.

Recombinant SV40 production. SB11 DNA, a plasmid containing pBR322 and
the simian virus 40 (SV40) genome without T antigen, and plasmid PAVA-
RMYV, recombinant SV40 DNA expressing the repressor-minus BPV E2 protein,
were a generous gift from Dan DiMaio. The plasmids for expression of different
E1l and E2 proteins were obtained by introducing a BamHI site immediately
upstream of the ATG codon and immediately downstream of the stop codon of
the respective gene. The fragments were cloned into the BamHI site of SB11. To
release the SV40 fragment of SB11, the plasmid was digested with EcoRI and
Xmnl, and the purified SV40 DNA was religated overnight at 16°C with 1 U of
ligase (NEB).

For transfection, 1 g of religated recombinant SV40 DNA was mixed with 55
wl of Lipofectamine and incubated for 30 min. The DNA-Lipofectamine mix was
brought up to 6 ml with serum-free medium and placed on top of CMT4 cells
attached to the plastic dish and incubated for 3 h. After removing the medium,
10 ml of PAVA medium (DMEM, 10% FCS, HEPES [pH 7.2], Na,HCO;, 1 pM
CdCl,, 100 mM ZnCl,) was added to the cells. CMT4 cells express SV40 T
antigen under a metallothionine promoter, and therefore addition of the heavy
metals induces T-antigen expression and enables viral amplification and pack-
aging. After 3 days the cells were subjected to repeated freeze-thaw cycles. After
removal of the cell debris by low-speed centrifugation, the supernatant was used
for subsequent amplification. After three rounds of amplification, the virus titer
was determined by immunofluorescence, employing an antibody directed against
the viral capsid protein VP1.

The ratio of DAPI (4',6'-diamidino-2-phenylindole)-stained cells to cells pos-
itive for VP1 gives a measure of the number of infected cells and infectious units
per milliliter by a applying a standard Poisson equation (—In [1 — number of
infected cells/number of cells] = multiplicity of infection [MOI]). For infections,
cells were plated on cover slips in six-well plates at a density of 1.7 X 10°. The
next day, different MOI of recombinant SV40 were allowed to adsorb in 1 ml of
medium for 3 to 4 h at 37°C. After that, 2 ml more of medium was added to each
well, and the cells were incubated for 24 to 48 h to allow protein expression.

Western blots. To determine the amount of protein expressed or to check for
correct protein molecular weight, ~5 X 10° cells were taken up in 50 pl of
loading buffer and boiled for 5 min. After a 30-s vortexing step to shear the
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genomic DNA, 5 to 20 pl of this extract was fractionated by electrophoresis
through sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gels. After transfer
to a polyvinylidene difluoride membrane, the proteins were detected with pri-
mary antibodies, followed by horseradish peroxide-conjugated secondary anti-
body and chemiluminescence reagents (Renaissance; NEN).

Protein immunolocalization. Transformed C127 or cells infected with recom-
binant viruses were grown on cover slips in six-well plates (2 X 10°) for 1 day. The
experiments were performed as described previously (11). Briefly, the cells were
fixed with 50% methanol-50% acetone for 5 min and rehydrated with phosphate-
buffered saline (PBS) for 5 min. The slides were blocked with PBSTB (0.1%
Triton X-100, 10%FCS, 3% bovine serum albumin [BSA] in PBS) for 30 min.
Primary antibody was diluted in PBSTB to the appropriate dilution and allowed
to bind for 1 h. After three 15-min washes with PBST, a goat anti-mouse
immunoglobulin (Ig) secondary antibody coupled to either indocarbocyanine
(Cy3) or fluorescein isothiocyanate was allowed to bind for 1 h in the dark. After
three more washes with PBST, cells were counterstained with DAPI and
mounted with 2% N-propylgallate (NPG; Sigma) in 70% glycerol. Fluorescence
was detected by using either a Zeiss axioplan fluorescence microscope or a Leica
TCSNT confocal laser scanning imaging system.

Coimmunoprecipitation. Baculovirus-infected Sf9 cells were lysed in lysis
buffer (100 mM Tris [pH 7.5], 100 mM NaCl, 5 mM KCl, 0.5 mM MgCl,, 1 mM
EDTA, 0.3% NP-40), and the extracts were incubated with anti-E1 antibody
coupled to protein G-Sepharose for 30 min at 4°C. The E1 antibody was BPV104,
a generous gift by A. Stenlund. After washing the BPV104 beads three times with
a 10-fold excess of lysis buffer, the beads were incubated with 0.4% N-lauroyl-
sarcosine in lysis buffer for 1 h at 4°C. N-Lauroylsarcosine is a detergent that
disrupts protein-protein interactions, but under these conditions does not disrupt
antibody-antigen interactions. Therefore, with an N-lauroylsarcosine elution,
only the proteins that are bound to the antigen are eluted.

After detection of the E2 protein by Western blotting, the bands were quan-
titated using a Fluorchem 8000 (Alpha Innotech Corp.). El levels were also
measured by quantitative chemiluminescence, and after normalization for the E1
protein levels, the value for the highest wild-type E1:E2 ratio for a given pair of
interactions was set as 100% and the other values in one experiment were taken
as a percentage of the maximum. The error bars for each point were calculated
from three individual experiments.

RESULTS

E1 suppressor mutants restore E2-A4 colocalization onto
mitotic chromosomes. Previous work had established that E1
mutations could suppress the defective transformation pheno-
type of the E2-A4 allele and that this suppression was concom-
itant with viral DNA tethering to mitotic chromosomes. If the
E2 protein is the key factor required for attachment of the viral
genomes to the mitotic chromosomes, then the disrupted E2
localization in the A4 mutant should be reversed in the sup-
pressor mutations. We therefore proceeded first to ask if, in
cells stably transformed by the E2-A4/E1 suppressor genomes,
the E2-A4 protein relocated to mitotic chromosomes.

In order to visualize the intact E2-A4 protein in such cells it
was necessary to use viral genomes that do not encode the
cross-reacting repressor forms of E2. These repressor forms,
devoid of the activation domain, do not bind to chromosomes
and obscure the immunocytological signal provided by the
full-length E2 protein. Therefore, the cytological observation
of E2 in stably transformed cells with wild-type BPV is impos-
sible with current antibodies. When observing the intact E2
protein in these repressor-minus strains, we detected chromo-
somal association with the A3 genome in stable or transient
assays and dislocation in the A4 variant in transient assays (11)
(data not shown).

Interestingly, one or another of these repressor forms is
required for stable morphological transformation and plasmid
maintenance in a wild-type BPV-1 background (9), but in ei-
ther the E2-A3 or E2-A4/E1 suppressor genotypes the repres-
sor minus mutations do not show this defect (C. Lehman, C.
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Voitenleitner, and M. Botchan, unpublished observations).
Cells stably transformed by the E2-A3 allele provided the only
lines that showed a clear wild-type E1 signal, presumably be-
cause of the increased copy number and consequently higher
levels of the E1 protein. The lines transformed with E2-A3,
E2C, and E8/E2™ thus provide the best material to observe the
compartmentalization of wild-type and suppressor forms of E1.

C127 cells were transfected with viral genomes harboring
either the A3 mutation or several different A4 suppressor
mutations. After drug-resistant colonies were selected and ex-
panded, the transformed cells were maintained in G418-con-
taining medium and stained with the E2 monoclonal antibody
B201, and E2 localization in mitosis and interphase was mon-
itored by immunofluorescence microscopy. For these experi-
ments, a higher magnification was used than in our previous
studies for E2 localization (11), and a punctate pattern rather
than a diffuse E2 localization on mitotic plates could be un-
covered (see, for example, Fig. 5). The use of high-magnifica-
tion confocal microscopy also allowed us to take optical slices
of the cell and more clearly distinguish the boundaries between
condensed chromosomes and cytosol.

As shown in Fig. 1 the mutant E2 protein was, as anticipated,
localized onto the mitotic chromosomes for three E1 suppres-
sor mutants. In these E1 suppressor genomes, the E2-A4 was
localized onto chromosomes in the same punctate manner as
the A3 allele of E2. Thus, the E1 suppressor restores E2-A4
binding, as predicted. An E2 suppressor mutant, A4D255G
(11), also resulted in E2’s relocalizing back onto mitotic chro-
mosomes (data not shown).

E1 does not colocalize with mitotic chromosomes. To ex-
plore the role of El in the localization of E2 in these trans-
formed cells, we determined the cytological position of El
itself in mitotic cells. If E1 were a cofactor involved in a
complex with E2 on mitotic chromosomes, this might be evi-
dent upon immunostaining. Stably transformed cells harboring
BPV genomes with the E2-A3 allele or the three E1 suppressor
alleles within the E2-A4 allele were thus stained with a mono-
clonal antibody against the E1 protein (BPV104). E1 localiza-
tion was examined following immunofluorescence microscopy.
Figure 2 shows that in all cell lines examined, the E1 protein
was not localized to mitotic chromosomes. The E1 protein was
nuclear in interphase (data not shown) and was excluded from
condensed chromosomes and localized outside of the chroma-
tin during mitosis. These results suggest that E1 does not
associate with mitotic chromosomes and does not play a role
for maintenance of E2 attachment to the mitotic chromosome,
but provide an insight into the roles that E1 might play in the
initiation of this process.

E2-A4 mutant behaves differently outside the viral context.
To examine the chromosome binding of the E1 and E2 pro-
teins in the absence of other virally encoded proteins and the
influence of E1 on the chromosomal binding of E2, we used
recombinant SV40 viruses that encoded either the E1 or E2
protein alone. These so-called PAVA viruses express the de-
sired protein in place of large T antigen and can be replicated
and packaged in simian cells expressing the SV40 large T
antigen (22).

Figure 3A shows that when COS-7 cells were infected with a
PAVA virus encoding E1, the E1 protein localized in mitotic
cells as it did when E1 was expressed in the context of the
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FIG. 1. E2 protein is localized to mitotic chromosomes in suppressor mutant-transformed cells. Cells stably transformed with BPV-1 genomes
of different genotypes were obtained via coselection with a Neo" marker, and E2 proteins were detected by confocal microscopy using a Leica
TCSNT confocal laser scanning imaging system. Green, E2 immunofluorescence with monoclonal antibody B201; red, DAPI staining of chro-
mosomal DNA. For the confocal processing, we chose red for the DAPI signal. The upper left panel shows an anaphase mitotic cell from C127
cells transformed with the A3 mutant of BPV. The other panels show E1 suppressor mutants of the A4 genome of BPV at different stages of mitosis
(E2-A4/E1 C484F, metaphase plate; E2-A4/E1 F237L, anaphase; and E2-A4/E1 324E, telophase). Mitotic figures from the nontransformed C127
cells did not stain for E2 protein (control). Bar, 10 wm. The E2-A4 mutant genome does not stably transform cells, and the localization of E2 for
this allele from intact plasmids can only be assessed through transient assays and has been described previously (11); the protein in the genome

context is not associated with mitotic chromosomes.

entire genome: E1 was found in the nucleus during interphase
and was not associated with mitotic chromosomes when the
cells entered mitosis (Fig. 3A). A distinct chromosomal sparing
of E1 stain was observed in mitotic cells.

As reported previously (23), we found that when the wild-
type E2 protein was expressed alone, it was attached to mitotic
chromosomes, as shown in Fig. 3B. Mock-infected cells showed
no E1 or E2 signal. We infected COS-7 cells with a PAVA
virus encoding E2-A4. This experiment was important even
though others have reported that the hinge region of E2 can be
deleted for mediation of tethering or chromosomal binding of
E2 (1, 23). For example, perhaps only in the context of an
intact protein would phosphorylation of the hinge region be of
some significance to chromosomal binding per se. Comparing
the intensities of the chromosomal signals for the wild-type and
E2-A4 proteins observed at a variety of MOIs, we found no
difference in the signal (Fig. 4). From these data we conclude
that the behavior of the E2-A4 protein in binding to mitotic
chromosomes in cells transformed by BPV-1 must be affected

by other factors. Given the well-known interaction between E1
and E2 in forming complexes and the genetic interactions for
tethering uncovered by the suppressor mutations in E1, we
sought to measure the effects of E1 on E2 chromosomal bind-
ing.

E1 dislocates E2 from mitotic chromosomes. The data pre-
sented above, taken together with our previous studies (11),
suggest that either E1 transiently helps E2 to bind more effi-
ciently to chromosomes (and the suppressor E1 allele might do
so more efficiently) or that E1 interferes with E2 binding (and
conversely that the suppressor alleles are deficient for this
effect). We coinfected COS-7 cells with constant MOIs of the
E2 PAVA virus and increasing levels of the E1 PAVA virus, as
shown in Fig. 5. At 24 h postinfection, E2 protein localization
was monitored by immunofluorescence microscopy.

In the case of the wild-type E1 and E2 proteins, E2 was
routinely localized onto chromosomes at an E1/E2 viral ratio
of 1:1 (Fig. 5A, first row of panels). At higher levels of the
El-encoding virus (20:1 ratio), the E2 protein was dramatically



3444 VOITENLEITNER AND BOTCHAN

A4 C484F

J. VIROL.

A4 K324E

A4 F237L

control

FIG. 2. Wild-type and mutant E1 proteins do not associate with mitotic chromosomes. The transformed cell lines described in Fig. 1 were used
here. Wild-type and mutant E1 proteins were detected by confocal microscopy using monoclonal antibody BPV104, followed by Cy3-conjugated
Ig secondary incubation (green). Red, DAPI staining of chromosomal DNA. Bar, 10 pm. We could not detect E1 by these cytological methods
in wild-type BPV-1-transformed cells. Thus, the E2-A3 variant, which transforms stably and shows no segregation defects, served as the wild-type

control. Control, nontransformed C127 anaphase cell.

dislocated from the mitotic chromosomes (Fig. 5A, second
row). Similarly, when the E2-A4-encoding virus was used, the
A4 protein also dissociated from mitotic chromosomes (Fig.
5A, third and fourth rows). However, in this combination, only
a 1:1 ratio of E1 to E2-A4 virus was sufficient for a significant
increase in the number of cells with dislocated E2-A4 protein.
In both cases of dislocation, a distinct chromosomal sparing for
stain was detected on top of a diffuse but bright E2 staining of
the entire cellular compartment.

Conspicuously, when the E2 protein binds to mitotic chro-
mosomes by itself, essentially no staining other than chromatin
association is observed. This reciprocal pattern (cytosolic, or
condensed chromosome) was paralleled in the patterns re-
ported previously for the A4 versus A3 protein in the context
of the viral genome. Cytologically we did not detect a change
in E2 brightness upon increasing E1 coinfections. Immunoblot
analysis of PAVA virus-infected extracts showed that within
the range of E1 virus levels used in these experiments, the E2
protein expression levels did not change significantly (Fig. 5B),
suggesting that the dislocation of E2 from mitotic chromatin is
not due to decreased E2 protein levels.

In order to quantitate the findings in Fig. 5B, we set up a

series of infections with wild-type E2- or E2-A4-encoding
PAVA viruses and increasing levels of wild-type E1- or El
suppressor mutant-encoding PAVA viruses. For each ratio of
viruses, the localization of the E2 protein in mitotic cells that
expressed the E2 protein was scored and numbers were tabu-
lated. For each point, at least 60 mitotic cells were scored, and
an average for three separate experiments is presented. Figure
5C shows a graph depicting the percentage of cells with E2
localization onto the mitotic chromosomes versus the ratio of
El- and E2-encoding viruses. In the case of both E1 and E2
wild-type proteins, decreasing amounts of the E2 protein were
found on mitotic chromosomes as the El virus levels were
increased. However, for the wild-type case, a significant drop in
the mitotic chromosome localization of E2 only occurred when
the E1/E2 ratio was at 5:1, and at a 20:1 ratio of E1 to E2 virus
levels, 40% of the cells examined still showed E2 protein lo-
calized on the mitotic chromosomes. In contrast, the A4 mu-
tant was dislocated significantly at a ratio of 1:1 (Fig. 5C). As
E1 PAVA virus levels increased, the percentage of E2-A4
bound to mitotic chromosomes decreased to 20%. We note
that the endpoints for titrating E2 off chromosomes likely
represent a pseudosaturation. We assume a Poisson distri-
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FIG. 3. PAVA-E2 and PAVA-E1 expressed protein is detected in
COS-7 cells by immunofluorescence. COS-7 cells were grown on cover
slips and incubated with 5 MOI of virus for 24 h. After fixation, E2 and
E1l were detected by immunofluorescence with a Zeiss axioplan fluo-
rescence microscope using monoclonal antibodies B201 and BPV104,
respectively, and the DNA was stained with DAPI. As a negative
control, mock-infected cells were incubated with B201 or BPV104,
followed by the Cy3-conjugated secondary antibody. Bar, 20 pm.

bution of infection multiplications per cell, and a significant
fraction of cells will presumably not have the excess E1 virus.

In contrast to the wild-type E1, with the E1 suppressor
mutant, increasing levels of virus encoding these proteins had

ROLES OF BPV El1 AND E2 IN VIRAL TETHERING 3445

no significant effect on either E2 or E2-A4 protein localization
(Fig. 5C). From these data we conclude that the wild-type E1
protein interferes with E2 binding to mitotic chromosomes and
that the E2-A4 mutant is more sensitive to this interference
than wild-type E2. Moreover, the suppressor mutations in E1
abolish this blocking effect.

One notion that might help to explain the negative effects of
E1 on E2 tethering function would be the formation of an
E1-E2 complex that competes with E2 binding to a chromo-
somally bound factor. To partially explain the mutant pheno-
types, we might posit that normally a phosphorylated E2 would

B201

FIG. 4. E2-A4 protein by itself colocalizes with mitotic chromo-
somes. COS-7 cells were infected with the recombinant SV40 virus
PAVAE2-A4, and after 24 h the E2-A4 protein was detected as de-
scribed for Fig. 3. An infected anaphase cell is shown by fluorescence
microscopy, using a Zeiss axioplan fluorescence microscope. Lower
panel, E2-A4 immunofluorescence (yellow); upper panel, DAPI stain-
ing (blue). Bar, 10 pm.
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FIG. 5. E1 expression is sufficient for E2 delocalization from mitotic chromosomes. (A) COS-7 cells were grown on cover slips and infected with
a constant amount of PAVA-E2 or PAVA-A4 (1 MOI) and increasing amounts of PAVA-E1 (0 to 20 MOI). After 24 h, the cells were fixed, and
E2 was detected by immunofluorescence. The panels show representative fields of E2 distribution for the outlined E1/E2 ratios. Right side, E2
immunostaining (yellow); left side, DAPI staining (blue). Bar, 20 pm. (B) Immunoblot analysis of PAVA-E2- and PAVA-El-infected cell extracts.
For detection, both the E1- and E2-specific monoclonal antibodies were used. Shown are extracts derived from COS-7 cell infections using constant
amounts of PAVA-E2 (1 MOI) and increasing amounts of PAVA-E1 (0, 5, 10, and 20 MOI) (lanes 1 to 4, respectively), as well as mock-infected
extracts (lane 5). At the levels of expression used for these and subsequent experiments, no differences in E2-A4 or wild-type levels were detected
(data not shown). Lane 6 shows the level of the E1F237L mutant protein (10 MOI) and E2 (1 MOI). The points at which mutant and wild-type
E1 accumulate to the same level as E2 are equivalent. Lanes 7 through 9 show the level of E1 that accumulated at an MOI of 10 for the wild-type,
E1-F237L, and E1-K235E alleles in side-by-side infections from total cell extracts. The positions of the E1 and E2 protein bands are indicated on
the left side of the panel. (C) Quantitative evaluation of the dislocation of the E2 proteins by wild-type and mutant E1 proteins. For each ratio
of E1- and E2-encoding viruses, approximately 60 mitotic cells that were positive for E2 protein were examined for E2 localization. The percentage
of mitotic cells that had chromosomally located E2 was plotted against the ratio of the two viruses. Shown are averages and the standard deviation
for three experiments for each E1-E2 combination. @, wild-type El/wild-type E2; A, E1-F237L/wild-type E2; m, wild-type E1/E2-A4; =, E1-

K324E/E2-A4; X, E1-F237L/E2-A4).

weaken this complex and increase the pool size of free E2 for
tethering. One direct approach to this speculation is to bio-
chemically monitor E1-E2 complex formation between the
E2-A4 protein and various El proteins and compare this to
wild-type interactions. To do so in late G, or mitotic stages
would be ideal, but data relevant for such predicted differences
in affinity are more reliably obtained from interactions between
overexpressed forms in recombinant systems.

We set up a series of infections in S9 cells infected with bacu-
loviruses encoding the El protein or the E1F237L mutant and
increasing amounts of viruses encoding the E2 protein or the
E2-A4 protein. Total soluble protein was captured by beads with
an E1 antibody (BPV104). For each E1/E2 ratio point, we exam-
ined the amount of coimmunoprecipitated E2 protein with West-
ern blotting utilizing an E2 monoclonal reagent. Figure 6 shows a
graph depicting the percentage of E1-E2 complex as formed
for each E1/E2 ratio at constant levels of El. In the case of
wild-type E1 and E2 protein, the percentage of E1-E2 complex
increased, reaching a saturation point, which was determined
by the set amount of E1 protein present in the extracts. For this
figure, we assumed that each El molecule can bind one
dimeric E2 molecule, so increasing the E2 protein concentra-
tion beyond a certain point as expected had no effect on the
amount of E1-E2 complex once El is saturated.

At each multiplicity of infection for the wild-type E2 and
E2-A4 virus, the levels of total soluble E2 protein detected
were equivalent. When a virus encoding the E2-A4 protein was
used, an equivalent level of saturation was reached, but at a
lower E1/E2 ratio than in the wild-type case (Fig. 6). One likely
explanation for this effect is that the E2-A4 protein has a
higher affinity for E1 than does wild-type E2 and saturation is
therefore reached at a lower level of E2 protein. Therefore, the
two- to threefold difference in saturation point for the E1-E2
complex shown in Fig. 6 likely represents a modest increase in
binding affinity for the E2-A4 protein to El relative to the
wild-type E2. In the case of the mutant suppressor E1 protein,
the graphs for both the E2 protein and the E2-A4 protein
resemble that of the wild-type case. Thus, for the suppressor
forms of E1, no measurable differences in affinities with a
phosphorylated or hypophosphorylated form of E2 were ap-
parent.

E1 and E2 levels are comparable in transformed C127 cells.
Our experiments suggested that the ratio of E1 to E2 is critical
for maintenance of the viral genome in transformed cells,
perhaps with some optimal transformation occurring when E1
and E2 levels are regulated so that there is not an excess of E1
to interfere with the critical late step in the cell cycle mediated
by E2. Extrapolating from the data in Fig. 5, we might suggest
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FIG. 6. Coimmunoprecipitation of E2 proteins with E1. Sf9 cells were infected with 1 MOI of baculoviruses encoding either E1 or mutant
E1F237L proteins and increasing MOIs of baculoviruses encoding either wild-type E2 or E2-A4 protein. At 48 h postinfection, the cells were lysed,
and the extracts were incubated with monoclonal antibody BPV104 coupled to protein G-Sepharose. After three wash cycles, the E2 protein was
eluted with 0.4% N-lauroylsarcosine and detected by Western blotting. After quantitation of the bands, the values were normalized for equal E1
protein concentration and plotted against the E1/E2 MOI ratio, with the value of the highest wild-type E1/E2 ratio set at 100%.

that when E2 levels fall much below the levels of El in a
wild-type E1 background, tethering will become problematic
(especially in the A4 case).

To determine the levels of the E1 and E2 proteins in trans-
formed cell lines, which surprisingly have never been measured
side by side, we performed immunoblot analysis on two trans-
formed C127 cell lines: one transformed with the A3 genome
(11), and the other transformed with an E1 suppressor mutant

A4
A3 KB324E

E1

genome (K324E). To correct for different sensitivities between
the E1 and the E2 antibody, increasing levels of Escherichia
coli purified E1 and E2 were used as standards and processed
in parallel to the extracts, and the signals were detected by
quantitative immunoblot analysis (Fig. 7, lanes 3 to 10) (see
Materials and Methods). The standards reveal that at low E1
and E2 levels, the signal for the E2 protein was about two to
three times higher than the signal for the corresponding

E2

e

I e I

E1—

E2—

4

FIG. 7. El and E2 are expressed at comparable levels in stably transformed cells. Shown is an immunoblot analysis of nuclear extracts derived
from C127 cells that were transformed with the A3 or the El-suppressor mutant K324E. The location of the E1 E2 proteins is indicated on the
left. Lanel: A3-transformed cells; lane 2: E1 suppressor mutant K324E transformed cells; lanes 3-6: increasing amounts (1, 3, 5, 10 ng) of E. coli
produced E1; lanes 7-10: increasing amounts (1, 3, 5, 10 ng) of E. coli produced E2.
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FIG. 8. Model for the function of the E1 and E2 proteins in viral replication and nuclear retention of the viral genome during mitosis. E1 (green
circles) and E2 (red circle/square) interaction facilitates the origin-specific binding of E1 to the viral DNA. It is believed that E2 must be removed
in order for E1 to form double hexamers and perform its unwinding functions on viral origins for replication of the viral genome to occur (19).
We propose that a second pool of E1-E2 complexes is present in the nucleus, especially when E1 levels are higher, as in the mutants. An unknown
pathway that includes phosphorylation modification of the hinge region of E2 helps to disassemble such complexes. E2 can then bind to the pool
of viral DNA that accumulates after S phase and, through interaction of the transactivation domain with a chromosomal receptor, associate with
mitotic chromosomes. Phosphorylation of E2 proteins peaks in G,/M phase (15a). However, we do not know if chromosomally bound E2 is indeed
phosphorylated. As the cellular chromosomes separate in mitosis, the tethered viral DNA is also segregated, ensuring that each daughter cell

contains a nuclear copy of the viral genome following cell division.

amount of E1 protein (compare Fig. 7, lanes 3 and 7 or lanes
4 and 8). From these results (Fig. 7, lanes 1 and 2), we can
conclude that in the A3 case, the levels of the E1 and E2
proteins are about equal, whereas in the case of the E1 sup-
pressor mutant, there seems to be only a slightly elevated E1
protein level. Unfortunately, in BPV-1 wild-type-transformed
cells, the low levels of both proteins precluded an accurate
assessment of the ratios. These experiments do show that in
stably transformed cells of different genotypes, the ratio of E1
to E2 does not vary dramatically.

DISCUSSION

BPV-1 establishes its genome in transformed cells as a mul-
ticopy nuclear plasmid with the ability to amplify its genome,
and as such it seems likely that the key segregation function
mediated by E2 is nuclear retention. Upon nuclear membrane
breakdown, viral plasmids untethered to mitotic chromosomes
may be lost after reassembly of the new nuclear membranes in
late telophase. This model would be consistent with the very
rapid and catastrophic loss of plasmids, as detected as sectored
colonies by fluorescent in situ hybridization in earlier studies
of the A4 mutant genome. It seems possible that the BPV-1
minichromosomes are too large to efficiently reenter the nu-
cleus after cytosolic dispersion.

These issues clearly bring into focus the problem of how
effectively and by what mechanisms these viruses deliver the
initial minichromosomes to the nucleus in the first place. These
questions aside, as E2 is not known to be associated with the
virion, the A4 mutations in E2 do not diminish any direct
replication or transcriptional activity of E2. Thus, the genetics
clearly separated the tethering pathway from other known ac-
tivities of the proteins. The central purpose of the present

study was to understand more directly the nature of the mu-
tations and the role played by the suppressor alleles of E1.

The key data and conclusions presented here are that phos-
phorylation of E2 must only indirectly affect the tethering
activity of the regulatory protein. When expressed from recom-
binant PAVA viruses, no differences in chromosomal binding
by the proteins were found even at limiting E2 levels. The
other important finding is that E1 serves, when its levels in-
crease significantly above those of E2, as a negative regulator
of such tethering activities. It seems rather obvious but perhaps
inescapable to posit that the E1-E2 complex forms in the cell
and that this complex blocks the E2 activation domain from
finding a chromosomally bound factor to interact with. What
role would phosphorylation play in such a regulatory pathway?
We suspect that there is no simple model as yet that can
explain all of our data, though several points indicate that the
tethering process may require a pathway rather then a simple
binding step.

The disruption of the major phosphorylation sites in E2 at
residues 298 and 301 by themselves lead to an increase in E2
trans-acting activity in transient assays (12) and increased E2
protein accumulation and a longer half-life for mutant E2 (16).
A simple model might then include an overexpression of E2 in
the A4 mutant genomic context, leading subsequently to an
overexpression of E1. Such an imbalance of E1 could then in
turn “squelch” E2 from its tethering functions. In previous
studies, we found that the E2-A3 genomes stably transformed
cells with a higher copy number than the wild type, perhaps
because of increased E2 activity. However, no further increase
in accumulated E2 levels could ever be detected in comparing
the E2-A3 to the E2-A4 alleles in transient assays (12), yet the
A4 genomes are severely transformation defective. Further-
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more, the simplest model does not at all account for our
finding that the E2-A4 protein is much more sensitive to E1
squelching than is the wild-type allele when the factors are
expressed from recombinant vectors and chromosomal binding
is measured (Fig. 5).

Another idea that must be considered for an understanding
of the mutant phenotypes is that phosphorylation of E2 may
disrupt E1-E2 complexes and that the A4 alleles of E2 allow a
more stable complex and accumulate throughout interphase.
Data from a previous study (14) indicated that E1 would only
associate with E2 that was not modified by phosphorylation.
Our data are consistent with a somewhat increased affinity
(two- to threefold) between the unmodified and modified
forms. This small difference may indeed be of significance
when one considers the abundance and affinity that E2 might
have for the unknown cellular chromosomal factor that E2
must interact with. Perhaps this factor is not as abundant as E1
and has a comparable binding affinity. In such a scenario, very
small effects on E1-E2 interactions may be relevant. In the
absence of any data relevant to receptor concentrations and
affinities, such speculation is of course premature.

We must, however, point out that this concept—phosphor-
ylation by itself destabilizes inactive complexes—does not sim-
ply explain why the suppressor alleles of E1 are not capable of
squelching either the wild-type E2 or the A4 mutant form. In
our experiments, both forms of E1 accumulated in mitotic cells
to the same level, as judged from fluorescent signals, and no
indication of differences in levels of proteins was measured by
Western blotting (data not shown). Thus, the E1 suppressors
have lost some activity that does not manifest in standard E1
experiments. For example, its ability to form a complex with
the mutant and wild-type E2 forms of the protein is identical,
a point that by itself would be somewhat problematic with a
simple requirement for phosphorylation of E2 in the tethering
pathway. In a final scenario, some combination of E1 levels, E2
modification, and perhaps other factors may be playing a role
in this pathway.

The squelching effects of excess E1 on the mitotic tethering
functions of E2 may also be relevant to the requirements for
the E2C or ES:E2C repressor protein in the wild-type genome.
In repressor-minus BPV-1 plasmids, transient replication is
higher than wild type, yet stable transformation is not measur-
able. Moreover, in the E2-A3 background, the repressor forms
are not required for stable transformation. A speculation that
would explain these findings might be that for the wild-type
case, the repressors are needed to keep El levels below a
threshold to keep E1 from blocking E2’s late step in the cell
cycle for plasmid maintenance. In the case of the A3 allele, an
increased level of E2 due to increased stability may in this case
throw the balance between E1 and E2 back towards a man-
ageable ratio.

We would posit that a single phosphorylation site in the
E2-A3 allele at residue 235 in the hinge region can, when
modified, serve to weaken the E1-E2 complex just enough to
allow tethering. In the E2-A4 genome, this site for modifica-
tion is not available, and E1 levels may be intolerable for stable
maintenance. Continuing along this line of thought, the E1
suppressor mutations, through some unknown effect, alleviate
the squelching behavior.

Figure 8 summarizes our current data and ideas pertaining
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to the roles of E2 and E1 in plasmid replication and tethering.
To understand the E2-A4 allele phenotypes, an excess of E1
may squelch E2 chromosomal binding, but, as argued above,
E2 modification by itself does not reasonably account for all
these data. Clearly E1 may be modified (or unmodified) in
post-S-phase periods, and such modifications as the sumoyla-
tion of BPV-1 E1 (18) do indeed affect E1 localization in the
cell. Such loss (or gain) of modification or the association with
other factors may release E2 from inactive E1-E2 complexes in
the nucleus.

A major goal is to uncover the nature of the chromosomal
protein to which E2 binds for tethering. Perhaps insight into
the behavior of this activity will provide further clues to the
pathway by which stable BPV-1 plasmids are segregated.
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