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We examined bovine papillomavirus type 1 (BPV-1) DNAs mutated in the E2 open reading frame (ORF) to
determine their ability (i) to transform C127 cells and (ii) to remain extrachromosomal in transfected cells.
Results obtained with deletion mutants and insertion mutants containing a linker with translational termination
codons in all possible reading frames indicated that an E2 ORF gene product(s) is necessary for efficient
transformation, as well as viral plasmid replication and maintenance in the context of the full BPV-1 genome.
Complementation assays in which mutant BPV-1 DNAs were transfected into cell lines expressing some viral
functions from integrated BPV-1 cDNAs demonstrated that the E2 ORF product, when provided in trans, could
allow BPV-1 E2 mutants to remain extrachromosomal. The E2 function could also augment transformation of
some, but not all, BPV-1 E2 mutants, allowing identification of another region of BPV-1 involved in cellular
transformation. It is likely that the role of the BPV-1 E2 product(s) in transformation and plasmid maintenance
is indirect. A BPV-1 mutant altered in the E5 ORF is transformation defective and unable to replicate as a

stable plasmid in C127 cells.

Bovine papillomavirus type 1 (BPV-1) is the prototype of
a subgroup of papillomaviruses which can cause benign
fibropapillomas in their natural hosts, induce fibroblastic
tumors in heterologous species such as hamsters, and readily
transform susceptible rodent cells in vitro (13). Although
these viruses have not yet been successfully propagated in
cell culture, the molecular biology and genetics of the
papillomaviruses have been studied extensively with cloned
DNA. Like intact virus, cloned BPV-1 DNA, or a
subgenomic BPV-1 fragment comprising 69% of the viral
genome (BPV69T), can transform mouse C127 or NIH 3T3
cells in vitro (16). In transformed cells, fibroblastic tumors,
and naturally occurring fibropapillomas, the viral DNA
persists stably as an extrachromosomal multicopy plasmid
(15).
The BPV-1 genome is a 7,945-base-pair (bp), circular,

double-stranded molecule which has been sequenced (4). All
of the open reading frames (ORFs) longer than 400 bp are
located on the same strand (see Fig. 1). Eight ORFs,
designated El through E8, have been identified within
BPV69T, which contains all of the viral genes required for
transformation and plasmid replication and maintenance.
Transcriptional analyses of the viral polyadenylated RNAs
in BPV-1-transformed cells have shown that these RNAs
map to BPV69T (11). Both unspliced and spliced RNA
species have been identified by electron microscopy and
cDNA analysis (28, 29). Several different viral transcrip-
tional promoters apparently function in transformed cells,
evidenced by the fact that at least three sets of viral RNAs
can be distinguished by their 5' ends (28, 29). All share a
common 3' terminus at the polyadenylation site at BPV-1
base 4203 (29). Two transcriptional enhancer regions have
been identified in BPV69T. A conditional enhancer which can
be activated in trans by the E2 ORF gene product is located
in the 1,000-bp long control region (LCR) upstream of the
eight early ORFs (26). This region was previously designated
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the noncoding region; however, in light of findings that this
region contains coding exons for certain species of early and
late viral RNAs (C. C. Baker and P. M. Howley, manuscript
in preparation; M. R. Botchan, personal communication),
we feel that this region is more appropriately termed the
LCR. Another sequence which can activate a heterologous
promoter in a position- and orientation-independent manner
maps at the distal end of the BPV69T region (3, 17). However,
this distal enhancer has been shown not to be cis essential
for plasmid maintenance or transformation by BPV-1 DNA
in vitro (12).

Mutagenesis studies of full-length viral DNA and experi-
ments with subgenomic DNA fragments expressed from
surrogate promoters have mapped regions of the viral
genome involved in cellular transformation (6, 19, 21, 23-25,
29). In addition to regions which have essential transcrip-
tional control sequences, several loci which apparently
encode proteins involved in transformation have been iden-
tified. A domain critical for transformation maps to the E5
ORF downstream from the methionine codon at base 3879;
disruption of this part of the E5 ORF by introduction of an
in-frame termination codon (30) or by frameshift mutations
(25) has a marked inhibitory effect on transformation effi-
ciency. A second viral function which is necessary for
expression of the fully transformed phenotype maps to the
region containing the E6 and E7 ORFs (23). Expression of
the E6 ORF from a strong surrogate promoter is sufficient for
morphologic transformation of C127 cells (24, 29). The
BPV-1 E6 protein has recently been detected in transformed
cells (2). A third region which is essential for transformation
when the full-length BPV-1 region, rather than subgenomic
fragments, is examined maps to the E2 ORF (6, 19, 23).
Since the E2 gene has been shown to encode a product
which can function to trans activate transcriptional regula-
tory sequences in the LCR (27), it is not clear whether the
role of the E2 product in transformation is direct or in-
direct.

Genetic analyses of BPV-1 DNA have also defined regions
of the genome involved in plasmid replication and mainte-
nance. Two independent sequences, designated plasmid
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maintenance sequences (PMS-1 and PMS-2) have been de-
scribed as cis-essential elements which are capable of sup-
porting extrachromosomal plasmid maintenance when dif-
fusible viral replication factors are provided in trans (18).
The El gene product is essential for plasmid replication and
maintenance. Mutations in this region invariably result in
integration of viral DNA into the host chromosome (19, 23),
and this function can be complemented in trans (18). Fur-
ther, the E7 ORF product has been ascribed a role in
regulating plasmid copy number based on mutagenesis of the
E7 ORF and complementation studies with mutant DNAs
(19). The role of the E2 ORF product in plasmid replication
and maintenance has been disputed. In our studies (23), as
well as those of DiMaio et al. (6), mutagenesis of the E2 ORF
has resulted in loss of plasmid maintenance. However,
Lusky and Botchan (19) have described mutants deleted of
part or all of the E2 ORF which are able to replicate as stable
extrachromosomal plasmids.
A limitation of the genetic analyses which we performed

previously (23) was that our mutants with large deletions
affected the integrity of more than one ORF because of the
overlapping genetic organization of BPV-1. This study
presents a further genetic analysis of BPV-1 with mutated
DNAs with targeted alterations which affect specific ORFs
or groups of ORFs. Experiments are described which exam-
ine the ability of these mutated DNAs to transform C127
cells and to stay extrachromosomal in such cells. Further-
more, we performed a series of complementation experi-
ments in which various mutated BPV-1 DNAs and cDNAs
were tested for their ability to provide functions in trans to
defective counterparts in the same cell.

In this report we provide evidence that, in the full viral
genomic background, expression of the E2 ORF is essential
for stable plasmid maintenance and is important for efficient
focus formation. We demonstrated that a product of the E2
ORF can act in trans to allow extrachromosomal plasmid
maintenance by showing that, in cells expressing the E2 gene
product(s) from an integrated cDNA, E2 ORF mutants are
able to replicate as stable plasmids. Furthermore, we found
that the product of the full E2 ORF can act in trans to
augment transformation by certain BPV-1 E2 mutants but
not others. These results indicated that the BPV-1 3' ORFs
encode in part a gene product which, in addition to the
putative full E2 ORF product and the E5 protein, is involved
in transformation.

MATERIALS AND METHODS

Cell lines. Mouse C127 cells (7) and C127 cells containing
BPV-1 DNAs were maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum, penicil-
lin (100 U/ml), and streptomycin (100 ,xg/ml). Cell lines
containing BPV-1 C59 and mutated C59 cDNAs have been
previously described (30). C59 cDNA contains the complete
BPV-1 E2, E3, E4, and E5 ORFs expressed from the simian
virus 40 early promoter (29).

Transfections. We performed transfections of C127 cells
by using a modification of the calcium phosphate
coprecipitation which has been described previously (22).
Briefly, each 60-mm (diameter) dish of cells received 10 ,ug
of a precipitate containing 1 ,ug of BPV-1 DNA and 9 ,ug of
salmon sperm carrier DNA. When cells were to be selected
for drug resistance to G418, 1 ,ug of a plasmid in which the
Tn5 neomycin resistance gene is expressed from the mouse
metallothionine promoter [pMMTneo(302-3)] (14) was
added, and the amount of carrier DNA was reduced accord-

ingly. Four hours after transfection, the cells were treated
with 15% glycerol for 2 min and then washed. The cells were
incubated in complete medium with 5 mM sodium butyrate
for 24 h (9), and each 60-mm plate was split into two 100-mm
dishes. For selection of drug-resistant cells, G418 (400
,ug/ml) was added to the dishes 72 h after transfection, and
the cells were maintained continuously under selection (5).
For focus assays, the plates were stained after 2 weeks as
previously described (22).

Cellular DNA extraction. Total cellular DNA was ex-
tracted from C127 cells by a method described previously
(15). Restriction endonuclease digestion, gel electrophore-
sis, and Southern blot analysis of the DNAs were performed
by standard methods (20).

Construction of BPV-1 mutant DNAs. The BPV-1 DNAs
used in this study are diagrammed in Fig. 1. Except where
otherwise noted, the starting plasmid for all of the BPV-1
mutant DNAs was p142-6, which contains the entire BPV-1
genome cloned at the BamHI site of pML2d (22).
The BPV-1 mutant DNAs p593-6, p620-7, p327-25, and

p448-5 have been described in detail previously (23). The
plasmids p593-6 and p620-7 are mutated only in the El ORF;
p593-6 was generated by insertion of a HindIlI linker at the
unique BstEII site (base 2405) in BPV-1 DNA, whereas
p620-7 is deleted of sequences between the EcoRI site (base
2113) and the BstEII site (base 2405). The mutants p327-25
and p448-5 each contain deletions extending upstream from
the BclI site at base 3838; p327-25 has a 101-bp deletion
between the BclI sites at 3737 and 3838 which affects the 3'
end of the E2 ORF and the E5 ORF 5' to the first methionine
codon; p448-5 is deleted of the 383 bases between the KpnI
site (base 3455) and the BclI site (base 3838).
Two additional BPV-1 deletion mutants were constructed

for this set of experiments. We produced the mutant p631-1,
which is affected only in the E2 ORF, by cleaving p142-6
DNA with NcoI and religating, thereby removing a 211-bp
NcoI fragment. We made p715-5 by deleting the sequences
between the PstI sites at 2775 and 4172; an XhoI linker is
present at the site of the deletion. This mutant lacks all of the
E3, E4, and E5 ORFs and most of the E2 ORF.
To target mutations which would lead to premature trans-

lational termination of the products of specific ORFs, we
developed a different approach. An oligonucleotide linker
element containing an HpaI cleavage site was synthesized
and inserted into the full-length clone of BPV-1 DNA
(p142-6) at a variety of different restriction enzyme sites.
This 12-bp element, a translational termination linker (TTL),
as designed to contain a translation stop codon in each of the
three reading frames when inserted, regardless of orienta-
tion. The sequence of the TTL is:

5'TTAGTTAACTAG 3'
AATCAATTGATC

The TTL was inserted in the El ORF at the PstI site at
base 1299 (p743-23) and in the E5 ORF by introduction of the
TTL into the BstXI site at base 3881 (p830-1). The p830-1
mutant is similar to the p744-1 plasmid, which has previously
been described by us, except that p830-1 contains a single
TTL and p744-1 contains multiple linkers. We generated two
BPV-1 DNAs mutated in the E2 ORF by moving restriction
fragments containing the TTL from the background of the
BPV-1 C59 cDNA, which contains the E2, E3, E4, and E5
ORFs intact (29), into the p142-6 background. The cDNAs,
C59-2878 and C59-3235, containing the TTLs have been
described previously (30); each was cleaved with BstE2 and
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FIG. 1. Genomic organization of BPV-1 DNA and structure of BPV-1 mutants. The full-length molecule (7,945 bp) of BPV-1 opened at
the unique HindlIl site (base 6959) is marked off with restriction endonuclease sites and bases at the bottom of the figure. The BPV-1
subgenomic fragment which contains all of the sequences necessary for autonomous plasmid replication (15) and transformation (16) is
indicated by a solid bar. The direction of transcription and the region transcribed in transformed cells are indicated by the arrow at the top
of the figure (11). The open bars represent large ORFs and, therefore, potential coding sequences in each of the three translation frames
predicted from the sequence (4). ORFs within the transforming region are designated El to E8. Those expressed only in productively infected
fibropapillomas (1, 8) are designated Li and L2. The numbers beneath the ORFs designate the first and last bases of an ORF. The recombinant
plasmids are listed on the right, and the restriction endonuclease sites used in generating the various mutants are listed on the left. In each
case, the plasmid consisted of BPV-1 DNA sequences linked to the pML2d vector sequences at the BamHI site (A). Symbols: =I, BPV-1
sequences covalently linked at the sites indicated; O, XhoI linker elements; ....... deleted sequences; _, linkers in TTL insertion mutants.

KpnI, and the resultant 1,050-bp BPV-1 DNA fragment was
transferred into p142-6, which had been deleted of the
analogous fragment. Ligation of these DNA fragments gen-
erated the plasmids p771-1 and p772-1, which contain the
TTL at bases 2878 (NcoI) and 3235 (TthIII), respectively, in
the full-length BPV-1 genome.

RESULTS

These experiments were initiated as part of an analysis of
the genetic elements involved in BPV-1 transformation and
plasmid maintenance. Our previous analysis of E2 ORF
deletion mutants, indicated that the product of this ORF had
a role in both of these functions. We found that, compared
with the full-length genome, BPV-1 DNAs deleted of se-

quences in the E2 ORF had diminished transforming ability

(23). Analysis of the viral DNA in cells selected for trans-
formation by these E2 mutants revealed that the DNA was

integrated into the host chromosome (23). These results
differed from those of Lusky and Botchan (19), who reported
that the E2 ORF was important for transformation but that
the E2 ORF product was not absolutely required for plasmid
replication and maintenance. We initiated the experiments
described in this report to examine in more detail the role of
the E2 gene product in transformation and plasmid mainte-
nance.

Transformation by E2 ORF mutants. Our initial experi-
ments investigated the role of the E2 ORF in transformation.
For these experiments, deletion and linker insertion mutants
were generated in the E2 ORF.
Two deletion mutants, p715-5 and p631-1, were con-

structed. p715-5 had the viral sequences between the PstI

L2 I Li
5593/5597 7093

D0 c
x I
I I

DNA

p142-6

p593-6

p327-25

p448-5

p631 -1

p715-5

p743-23

p771 -1

p772- 1

p830-1

J. VIROL.



BPV-1 TRANSFORMATION AND PLASMID MAINTENANCE FUNCTIONS

TABLE 1. Transformation capacity of cloned mutated
BPV-1 DNAs

No. of foci/0.5 ,ug of DNA per
Plasmid ORF(s) affected 10_ cells

Cleaveda Uncleaved

p142-6 None >500, >500 104, 93
p593-6 El 276, 260 65, 71
p743-23 El, E8 200 35, 38
p631-1 E2 1, 1 4, 6
p771-1 E2 26, 34 3, 4
p772-1 E2, E4 0, 0 0, 0
p448-5 E2, E3, E4, E5b 0,1 NDC
p327-25 E2, E5c ND 101, 91
p830-1 E5d 0, 0 6, 6
p715-5 E2, E3, E4, ESY ND 0, 0

a BamHI clea,ved to release BPV-1 DNA sequences from pML2d sequences
(23). Dual numbers refer to duplicate plates.

b The portion of the E5 ORF deleted in each of these mutants is located
upstream of the first AUG methionine codon at bases 3879 to 3881.

c ND, Not determined.
d This mutant affects the E5 ORF 3' to the methionine ATG at bases 3879

to 3881.
e This mutant deletes the entire E5 ORF.

sites at bases 2775 and 4172 deleted; this mutant lacks all of
the E3, E4, and E5 ORFs and all but the most 5' 194 bp of the
E2 ORF. The BPV-1 distal enhancer and early-region
polyadenylation signals are present. The mutant p715-5 is
similar to the Bal 15 mutant previously described by Lusky
and Botchan, which was reported to be capable of plasmid
replication and maintenance (18). The p631-1 mutant was
deleted of a 211-bp NcoI fragment which alters the reading
frame of E2 but does not affect E3, E4, or ES.
Although the mutation in p631-1 is localized to the E2

ORF, the deletion of 211 bp could theoretically affect the
expression of other viral genes, possibly by affecting mRNA
stability. To alter the translational capacity of specific viral
ORFs without grossly altering the viral genome, we decided
to use linker insertion mutagenesis. A 12-bp linker element
was designed which contained a translational termination
codon in each of the possible reading frames in either
orientation. The presence of this linker could be confirmed
by virtue of the presence of an HpaI restriction site con-
tained within it.
Two mutant DNAs (p771-1 and p772-1) containing the

TTL in the E2 ORF were generated. The mutant p771-1
contained the TTL inserted at base 2878, and p772-1 con-
tained the TTL inserted at base 3235. Introduction of the
TTL at base 3235 in p772-1 also introduces a stop codon into
the E4 ORF. An additional TTL mutant (p830-1) which
contained the TTL at the BstXI site (base 3881) in the ES
ORF was made. The TTL was also inserted at base 1299 in
the El ORF to make the mutant p743-23. The presence of a
single linker at each of these sites was confirmed by DNA
sequencing (data not shown).
Each of these BPV-1 mutants, either linked to the pML2d

vector DNA or cleaved from the vector with BamHI, was
assayed for the ability to form foci on mouse C127 cells
(Table 1). The E5 mutant p830-1 transformed at approxi-
mately 1% of the efficiency of p142-6. The mutants p715-S
and p772-1 induced no foci, whereas p631-1, p771-1, and
p448-S each transformed poorly, with an efficiency of ap-
proximately 1 to 10% of that of p142-6 DNA. As expected,
the El mutants p593-6 and p743-23 transformed at approxi-
mately equal efficiencies, slightly less than the p142-6 con-
trol. These experiments confirmed our original findings and

independent results from other laboratories that the integrity
of the E2 ORF is required in the IPV-1 wild-type DNA
context for efficient focus formation (6, 19).
The IE2 ORF product is necessary for stable plasmid main-

tenance. We determined the state of the viral DNAs of each
of the E2 mutants by examining the total intracellular DNAs
from cell lines transfected with the mutant BPV-1 DNAs.
When possible, individual foci were selected and expanded,
and the DNA was analyzed by Southern blot analysis.
Additionally, each mutant DNA was cotransfected with
pMMTneo(302-3) into C127 cells, and G418-resistant colo-
nies were selected and expanded to obtain DNA for South-
ern blot analysis.
The results from these experiments are listed in Table 2.

The data from Southern blot analysis of DNA from cells
established from foci induced by p631-1 or from G418-
resistant colonies established by cotransfection with this
mutant DNA and pMMTneo(302-3) are shown in Fig. 2
(lanes c to f). Regardless of the selection, the viral DNA was
integrated. These data are in agreement with the results of
DiMaio et al. (6), who found that an identical deletion mutant
integrated into the host chromosome regardless of whether
cells were selected for focus formation or for expression of
an unlinked second marker. The state of the viral DNA was
also assessed in cell lines established from foci and G418-
resistant cotransformants for the E2 mutant p771-1 and the
E2-E4 mutant p772-1. The viral DNA of each of these
mutants was found to be integrated into the host chromo-
some regardless of the selection. The integrated state of the
viral DNA is shown in Fig. 2 for three lines containing p771-1
(lanes g, h, and i) and for two lines containing p772-1 (lanes
j and k) selected for drug resistance.
A mutation in the E5 ORF affects stable plasmid mainte-

nance. We also tested the ability of p830-1, which contains
the TTL at base 3881 in the E5 ORF, to replicate as a
plasmid in C127 cells. This DNA, which has very low
transforming ability (Table 1), was cotransfected into C127
cells with pMMTneo(302-3). After selection in G418, the
drug-resistant foci were pooled and intracellular DNA was
prepared. Southern blot analysis of the total cell DNA
revealed viral DNA migrating with high-molecular-weight
cellular DNA and extrachromosomal tnonomeric circular
DNA (Fig. 3A, lane f). Similar analysis of the E2 mutant
p771-1 and of the El mutant p620-7, revealed only integrated

TABLE 2. State of mutant BPV-1 viral DNAs in
mouse C127 cellsa

Plasmid ORF(s) State of DNA in State of DNAPlasmid affected transformed cells in neor cells

p142-6 None Extrachromosomal Extrachromosomal
p593-6 El Integrated Integrated
p743-23 El, E8 Integrated Integrated
p631-1 E2 Integrated Integrated
p771-1 E2 Integrated Integrated
p772-1 E2, E4 NDb Integrated
p448-5 E2, E3, E4, E5 Integrated Integrated
p327-25 E2, E5 Integrated Integrated
p830-1 E5 ND Unstablec

a In each case, the physical state of the recombinant plasmid consisting of
the mutated BPV-1 DNA cloned in pML2d was determined. Mouse C127 cells
were transfected with intact hybrid plasmid. Transformed foci were selected
and expanded or neomycin-resistant colonies were selected and expanded for
DNA analysis.

b ND, Not determined.
c The DNA was apparently integrated in three of four clonal lines examined.

In the line 4 it was rearranged. In pooled resistant colonies examined 3 weeks
after selection, extrachromosomal plasmid DNA could be detected (Fig. 3).
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FIG. 2. Southern blot analysis of total cellular DNA from C127
cells transformed with BPV-1 ORF E2 mutants. Lanes a and b
contained, respectively, 10 pg of uncleaved p142-6 marker DNA and
10 pg of XbaI-cut, linearized p142-6 DNA. Lanes c to k each
contained 10 ,ug of XhoI-cleaved DNA from the following cell lines
(lanes): c, MR 631-1 G-B; d, MR 631-1 G-C; e, MR 631-1 A; f, MR
631-1 C; g, MR 771-i G-A; h, MR 771-1 G-B; i, MR 771-1 G-C;j, MR
772-1 G-A; k, MR 772-1 G-C. XhoI does not cut within p631-1,
p771-1, or p7724. Cell lines designated with the letter G represented
in lanes c, d, g, h, i, j, and k were expanded from individual G418
resistant colonies. All other cell lines were established from individ-
ual BPV-1-transformed foci. A nick-translated 32P-labeled full-
length BPV-1 genome probe was hybridized to this filter. Note that
the viral DNA was integrated into the high-molecular-weight DNA
in all of these lines. The small quantity of faster-migrating DNA in
lanes c, f, and j appears to be integrated DNA. The roman numerals
indicate the positions of migration of form I (supercoiled circles), II
(nicked circles), and III (linear molecules) DNAs.

DNA (Fig. 3A, lanes d and e). These data suggested that the
E5 ORF product, which is important in transformation, is
not absolutely essential for plasmid replication. To study this
point further, we examined the state of p830-1 DNA in four
independent cell lines expanded from individual G418-
resistant foci. Total cellular DNA was examined, and the
viral DNA migrated with the high-molecular-weight cellular
DNA in three of the lines (Fig. 3B), indicating integration. In
the fourth cell line (MR830-1B), some extrachromosomal
DNA could be detected in addition to the integrated DNA,
although the restriction endonuclease cleavage patterns in-
dicated that the plasmid DNA had undergone rearrange-
ments. Thus, it appears that the integrity of the ES ORF is
required for stable plasmid maintenance in the background
of the full viral genome.
The E2 function for plasmid replication can be comple-

mented in trans. The inability of the E2 mutants to be
maintained as stable plasmids in mouse C127 cells suggested
that a product of the E2 ORF was required for this function.
We therefore assessed whether this plasmid replication and
maintenance function could be provided in trans in cells
constitutively expressing the E2 gene function. For these
studies we cotransfected each BPV-1 mutant DNA with
pMMTneo(302-3) into YC-C59, a transformed C127 cell line
containing and expressing an integrated copy of the BPV-1
cDNA, C59. This cDNA contains the complete BPV-1 E2,
E3, E4, and E5 ORFs expressed from the simian virus 40
early promoter (29). The YC-C59 cell line was established
from a single transformed focus induced by C59 DNA and
has been shown to express the E2 trans-activation function,
which affects a BPV-1 LCR transcriptional regulatory ele-
ment (26).

After pMMTneo(302-3) cotransfection of the YC-C59 cell
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FIG. 3. (A) Southern blot analysis of total cellular DNA from pooled G418-selected C127 cells cotransfected with pMMTneo(302-3) and
the indicated mutated BPV-1 cloned DNAs. DNA was prepared from pooled G418-selected colonies. Lane a contained 50 pg of the marker
pBPV-1(142-6) (forms I, II, and III). Lanes b to f contained 10 ,ug of sheared cellular DNA from the pooled cotransfected colonies (lanes):
b, cotransfected with wild-type pBPV-1(142-6); c, transfected with pMMTneo(302-3) alone; d, cotransfected with the BPV-1 El mutant
p620-1; e, cotransfected with BPV-1 E2 mutant p771-1; f, cotransfected with BPV-1 E5 mutant p830-1. The blot was hybridized to
nick-translated 32P-labeled BPV-1 DNA (2 x 108 cpm/4Lg) and washed under stringent conditions. (B) Southern blot analysis of total cellular
DNA from selected foci of C127 cells cotransfected with p830-1 and pMMTneo(302-3). DNAs were prepared from four individual
G418-resistant cell lines (A to D) established from individual foci. Each lane contained 10 ,ug ofDNA from each of the cell lines treated with
no enzyme, SalI (a one-cut enzyme for p830-1), or BamHI (a two-cut enzyme for p830-1). The marker lane (M) to the left contained 400 pg
of p830-1 DNA divided among forms I, II, and III of the plasmid. The marker lane (M) to the far right contained 200 pg of p830-1 cleaved with
BamHI, releasing the 8.0-kilobase (Kb) BPV-1 DNA insert. The blot was hybridized and washed as described above.
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pooled G418-selected colonies. For )
by passing it through a 26-gauge n(
cleaved the DNA with ApaI, a no-cu
DNA plasmids used. DNA was subje
0.85% agarose, transferred to nitro
bridized to 32P-labeled, full-length
conditions. Cellular DNA (10 ,ug) wa
the wild-type BPV-1 recombinant ir
p743-23 contain mutations in the El
and p772-1 contain mutations in the

line with various mutant BPV-1
multiple-drug-resistant colonies
DNA was prepared, and the stal
DNA was examined. The resu

presented in Fig. 4A, in which the
mild shearing of the total cellula
which the cellular DNA was cle
no-cut enzyme for the recombina
first lanes contained DNA from n
and demonstrated the integrated
The second lanes contained the
wild-type p142-6 DNA wa:
extrachromosomal DNA copies
mutants (p593-6, p620-7, and p
controls; the DNAs were found

Y) L mutants were tested in this experiment. The E2 deletion
N CJ LO mutants p327-25 and p448-5 were each found to remain as
X gs00 (extrachromosomal plasmids in the YC-C59 cells. The TTL
NtC j- r-.Is mutants p771-1 and p772-1, which integrated into C127 cells

CY) - r (Fig. 2), were found to replicate as stable plasmids in
Q. D. 0. a CL YC-C59 cells. Thus, the YC-C59 cell line provided a factor
l l l l l which acted in trans to permit the E2 mutants, but not the El

mutants, to replicate as stable plasmids. It should be noted,
however, that the wild-type BPV-1 DNA (pl42-6) was pre-
sent at a higher copy number in these cells than were any of
the E2 ORF mutant DNAs (Fig. 4). This suggested that,
although the YC-C59 cells provided a factor which acted in
trans to permit the E2 mutants to replicate as stable plas-
mids, the cells may not provide a fully permissive environ-
ment for plasmid replication and maintenance for the E2
mutants. Indeed, two of the E2 mutants (p448-5 and p772-1)
were present at very low copy number in these cells,
suggesting that other viral factors encoded in part by the E2
or E4 ORF may be involved in plasmid replication and
maintenance. Further experiments are in progress to resolve
this question.

| As mentioned above, the C59 cDNA which was used to
generate the YC-C59 cell line contains the BPV-1 E2, E3,
E4, and E5 ORFs intact. Therefore, in addition to expressing
the E2 transcriptional trans-activation function, this line
could also potentially express viral gene products from the
E3, E4, and E5 ORFs. To test whether the factor expressed
in YC-C59 cells did indeed arise from the E2 ORF, we
determined whether BPV-1 mutant DNAs could replicate as
stable plasmids in cell lines transformed with mutated C59

*. * - DNAs which were altered in the E2 ORF by insertion of the
TTL. The mutant C59 cDNAs, C59-2878 and C59-3235, have
been described previously (30). C59-2878 contains the TTL
at the NcoI site at base 2878, and C59-3235 contains the TTL
inserted at the TthIII site at base 3235. Each of these mutant
cDNAs can transform C127 cells because of expression of

of cellular DNAs from line the E5 ORF, but they do not express the E2 trans-activation
L DNAs. El and E2 mutants of function (30). Cell lines transformed with each of these
WTneo(302-3) on YC-C59 cells mutated cDNAs were cotransfected with the full-length
containing the BPV-1 E2, E3, BPV-1 mutant DNAs and pMMTneo(302-3). After selection
ilar DNA was prepared from in G418, intracellular DNA was isolated from pooled drug-
A, we gently sheared the DNA resistant foci and analyzed by Southern blot analysis. Sev-
ut enzyme for the recombinant eral of the BPV-1 mutant DNAs tested in YC-C59 cells were
cted to electrophoresis through also tested in the two cell lines described above. Only
cellulose membranes, and hy- wild-type p142-6 DNA remained extrachromosomal in the
BPV-1 DNA under stringent latter two lines. The El mutant p620-7 integrated, as did
.s loaded in each lane. p142-6 is each of the E2 mutants (p771-1 and p772-1) tested (data not
n pML2d. p593-6, p620-7, and shown). Thus, it is the E2 ORF thgLt encodes a1 diffusible
ORF. p327-25, p448-5, p771-1, factor which is capable of acting in trans to complement E2
E2 ORF. mutant DNAs and which allows them to remain

extrachromosomal in C127 cells.
DNAs and G418 selection, An E2 ORF product can act in trans to increase transfor-
were pooled, total cellular mation efficiency. Having shown that an E2 ORF product can
te of the input mutant viral act in trans to allow E2 mutant DNAs to remain as
ltts of this experiment are extrachromosomal multicopy plasmids, we asked whether
t DNAs were analyzed after the E2 ORF product might also act to augment the transfor-
ir DNA, and in Fig. 4B, in mation capacity of the E2 mutants in trans. To address this
aved with ApaI, which is a question, we transfected full-length BPV-1 mutant DNAs
Lnt DNA plasmids used. The into either C127 cells or the YC-C59-3881 cell line containing
iontransfected YC-C59 cells an integrated copy of a mutated C59 cDNA (C59-3881). We
I BPV-1 cDNA sequences. used this approach rather than cotransfection to avoid po-
positive controls, in which tential problems introduced by recombination between het-
s transfected; multiple erologous DNAs during the transfection procedure. The
; were apparent. ORF El C59-3881 cDNA contains a TTL in the E5 ORF at the BstXI
743-23) served as negative site at base 3881. The cDNA is cloned behind the simian
[ integrated. Four E2 ORF virus 40 early promoter and expresses the E2 trans-
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TABLE 3. Complementation of BPV-1 mutant DNAs in C127
cells expressing integrated BPV-1 C59-3881 cDNA functions'

No. of foci/0.5 pLg per 106 cells
Plasmid

C127 YC-C59-3881

p142-6 168, 132 165, 159
p631-1 3 162, 152
p771-1 7, 17 135, 160
p772-1 0, 0 0, 0
p448-5 0, 0 0, 0
p830-1 0, 0 0, 2

a Transformation ability is expressed as the number of transformed foci per
60-mm (diameter) dish receiving 0.5 pLg of plasmid DNA. We cleaved the
plasmid DNAs with BamHI to release BPV-1 DNA from procaryotic pML2d
sequences. Foci were counted 21 days after transfection after staining as
shown in Fig. 5. Dual numbers refer to duplicate plates.

activation function but is transformation negative. The YC-
C59-3881 cell line containing this cDNA was selected by
cotransfection with pMMTneo(302-3) and is not morpholog-
ically transformed. The presence of the intact BPV-1 DNA
segment was confirmed by Southern blot analysis.
The results from these experiments are shown in Table 3.

As expected, neither the wild-type (p142-6) nor the E5
(p830-1) mutant DNA showed any difference in transforma-
tion efficiency on the two cell lines. By contrast, two of the
E2 mutants, p631-1 and p771-1, transformed C59-3881 cells
much more efficiently than C127 cells, indicating that the E2
mutation in each of those mutants could be complemented in
trans. It is noteworthy that these mutants are altered only in
the E2 ORF. These mutants approached wild-type levels in
their transforming ability in C59-3881 cells; the foci were
larger and visible at earlier times after transfection (Fig. 5).
To our surprise, the p448-1 and p772-1 mutants were not
complemented in transformation by the E2 gene product
expressed in the YC-C59-3881 cell line. Plates demonstrating
enhanced transformation of the p771-1 plasmid in YC-C59-
3881 and C127 cells are shown in Fig. 5.
These data suggested that, in addition to the full E2 ORF

product and the E5 transforming gene, there is a domain of
an additional BPV-1 function involved in transformation,
which maps to the 3' ORFs. From the data presented in this
report, it is unclear to which ORF this function maps. The
E2-specific mutants mapping upstream of the splice acceptor
at base 3224 are not mutated in this function. The E2 mutant
p772-1, which contains the TTL at base 3235, is mutated in
the E4 ORF, as well as in the E2 ORF downstream from the
splice acceptor at base 3225, suggesting that this additional
function maps to one of these coding domains.

DISCUSSION

The experiments described here extend our previous
genetic analyses, which identified regions of the BPV-1
genome involved in transformation and plasmid replication
and maintenance. With the study of BPV-1 DNA deletion
and TTL mutants, we demonstrated that mutations in the E2
ORF reduce the transforming capacity of the DNA and
destroy the ability of the viral DNA to remain extra-
chromosomal. Whereas the mode of action of the E2 prod-
uct(s) in transformation and plasmid maintenance needs to
be more fully defined, we showed with complementation
experiments that the E2 product(s) can act in trans to
provide each of these functions to certain E2 mutants.

Several questions concerning the role of the E2 gene

product(s) in plasmid maintenance and in transformation
remain to be resolved. One is whether or not there is an
absolute requirement for the full E2 ORF product in plasmid
maintenance and replication. Although we found expression
of the E2 ORF to be essential for extrachromosomal plasmid
maintenance in the assays outlined in this report, Lusky and
Botchan have described a replication-competent deletion
mutant (Bal 15) which is deleted of viral sequences between
bases 2694 and 4172 and includes almost the complete E2
ORF (18). None of our E2 mutants, even p715-5, which has
a deletion somewhat analogous to that in Bal 15, remained
extrachromosomal in C127 cells. These differences in struc-
ture may be critical in determining function. Another dis-
crepancy between our results and those of Lusky and
Botchan pertains to NcoI deletion mutant p631-1 (19). In our
assay, this mutant integrated into the host chromosome
regardless of the mode of selection. DiMaio et al. (6), using
an identical mutant, have found the same results. Using this
mutant, however, Lusky and Botchan (19) found the DNA
integrated in cells selected for focus formation and
extrachromosomal in cells selected for G418 resistance, by
using an unlinked cotransfection assay. These differences
suggest that the role of the E2 gene product in plasmid
replication is indirect and that its function can be circum-
vented in some cell lines and under certain experimental
conditions. It is possible that, under certain growth condi-
tions, a cellular factor functionally analogous to the E2
product could be induced and permit plasmid maintenance of
E2 mutants. Spalholz et al. (27) have demonstrated that the
full E2 ORF product can act in trans to activate a transcrip-
tional regulatory element in the BPV-1 LCR. It is possible
that the role of the E2 product in plasmid maintenance is
entirely indirect through activation of the LCR enhancer,
leading to expression of critical viral replication functions.
The experiments presented in this report, however, do not
rule out the possibility of a direct role for an E2 gene product
in plasmid maintenance. Another question which remains to
be addressed is whether or not there is an additional 3' ORF
function involved, directly or indirectly, in stable high-copy-
number BPV-1 plasmid maintenance. Our results indicate
that expression of the full E2 ORF product in YC-C59 cells
can complement E2 mutants, permitting plasmid replication.
The reduced copy number of monomeric plasmids observed
(Fig. 4) could be due to the absence of a viral gene product
in these cells. Such a product could be necessary for
establishment or maintenance of a high plasmid copy num-
ber. Potentially, products encoded in part by ORFs up-
stream of E2, joined through RNA splicing to E2 or E4,
could play such a role.

It is also not clear whether the role of the trans-acting E2
gene product in transformation is direct or indirect. Al-
though it was previously suggested that the E2 gene might
encode a transforming protein (23), in view of the role of E2
in transcriptional transactivation (27) it now seems likely
that the role of E2 in transformation is indirect. Most of the
E2 mutants analyzed in this study have a similar phenotype;
they are (i) significantly impaired in their ability to trans-
form, (ii) replication incompetent, and (iii) unable to trans
activate the LCR enhancer (23, 27, 30). The BclI deletion
mutant (p327-25), however, has a different phenotype. Al-
though this mutant is replication incompetent in C127 cells
and is unable to trans activate the LCR enhancer (30), it
transforms at an efficiency comparable to that of the wild-
type BPV-1 plasmid, p142-6 (Table 1) (23). Therefore, it
seems that the reduced transformation capabilities exhibited
by most of our E2 mutants cannot be fully explained by
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S.S. DNA p142-6 p771 -1

a

C127

YC-C59-388 1

FIG. 5. Representative plates of C127 mouse cells and YC-C59-3881 cells 21 days after transfection with the indicated DNA. DNA
transformation was performed by a modified calcium phosphate precipitation technique as described in Materials and Methods. Plates were

stained with 1% methylene blue and washed extensively before counting. p142-6 is the full-length BPV-1; p771-1 and p772-1 contain a TTL
in the E2 ORF (Fig. 1). Note the larger size of the foci in YC-C59-3881 cells transfected with p142-6 and p771-1 DNAs compared with those
in C127 cells. See Table 3 for the full compilation of data from this experiment. S.S. DNA, salmon sperm DNA.

invoking only an indirect role for the E2 gene product(s) in
viral transcriptional control.

It should be stressed, however, that a direct transforming
function for the E2 gene has not yet been identified. When
expressed from either the simian virus 40 early promoter or

a Harvey sarcoma virus long terminal repeat, the primary
transforming function of the 3' ORFs (E2, E3, E4, and ES)
maps to the E5 ORF, downstream from the first AUG at
3879, not to the E2 ORF (25, 30). We carried out these
transformation experiments by assaying for focus formation
on the immortalized cell lines C127 and NIH 3T3. It remains
possible that a direct role for E2 in transformation could be
demonstrated in alternative assays with nonimmortalized or

epithelial cells.
Our study of E5 mutant p830-1 confirms previous reports

that expression of the 3' portion of the E5 ORF is essential
for transformation by BPV-1 (25, 30). Although in short-term
plasmid replication studies the BPV-1 ORF mutant can be
found as a plasmid, we found, in agreement with Groff and
Lancaster (10), that this mutant did not remain as a stable
plasmid in clonal lines selected for G418 resistance. Recent
studies from this laboratory have revealed the presence of
the E5 transforming protein in BPV-1-transformed cells (26).
The mechanism by which the mutation in the ES ORF at

the BstXI site at base 3881 influences plasmid stability and
replication remains to be determined. It is possible that this
region of the BPV-1 genome contains an element required in
cis to assure plasmid stability. Alternatively, the ES product
itself (26) or another product generated from a spliced RNA
containing the ES ORF as a coding exon joined to an

upstream ORF could be involved in plasmid maintenance.
The mutant Bal 15 described by Lusky and Botchan (18) is
replication competent and is deleted of the E2 and E5 ORFs.
Thus, it is unlikely that a cis element critical for plasmid
maintenance is located at this site or that the product of the
ES ORF has a direct role in plasmid maintenance.
By complementation assays with mutant BPV-1 DNAs

and cDNAs, we demonstrated the existence of yet another
viral function which affects transformation. Whereas the
nature of this viral function is still obscure, it is clear that its
function cannot be activated or augmented in trans by a

product from the E2 ORF. The newly identified viral func-
tion was mapped to the 3' end of the early region and is
mutated in the p772-1 and p448-5 plasmids. As such, it maps
to a portion of the BPV-1 genome where the E2 and E4
ORFs overlap downstream from the splice acceptor site at
base 3225 (29). Unpublished data indicate that mutations
specific for the E4 ORF do not affect transformation (P.
Hermonat and P. M. Howley, manuscript in preparation; K.
Neary, B. Horwitz, and D. DiMaio, submitted for publica-
tion). It is possible that the function is a cis-essential
regulatory element, which perhaps influences expression of
the E5 ORF or affects viral mRNA stability. However,
indirect evidence suggesting that this region is important as
a protein coding sequence, rather than as a cis-essential
regulatory region, comes from the structural analysis of
cDNAs of viral mRNAs in BPV-1-transformed cells (29).
Viral cDNAs have been characterized which contain this
region (downstream sequences from the splice acceptor at
base 3225) of the BPV-1 genome spliced to upstream se-
quences. Therefore, proteins composed of amino acids from
upstream sequences linked to the product of the E4 ORF or
the colinear E2 ORF sequences may play a role, either direct
or indirect, in BPV-1 transformation.
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