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The E2 gene of bovine papillomavirus type 1 encodes at least three nuclear phosphoproteins that regulate
viral transcription and DNA replication. All three proteins have a common C-terminal domain that has
DNA-binding and dimerization activities. A basic region in this domain forms an alpha helix which makes
direct contact with the DNA target. In this study, it is shown that in addition to its role in DNA binding, this
basic region functions as a nuclear localization signal both in the E2 DNA-binding domain and in a heterol-
ogous protein. Deletion of this signal sequence resulted in increased accumulation of the E2 transactivator and
repressor proteins in the cytoplasm, but nuclear localization was not eliminated. In the full-length transacti-
vator protein, another signal, present in the N-terminal transactivation domain, is used for transport to the
nucleus, and the C-terminal nuclear localization signal(s) are masked. The use of different nuclear localization
signals could potentially allow differential regulation of the subcellular localization of the E2 transactivator
and repressor proteins at some stage in the viral life cycle.

The E2 gene of bovine papillomavirus type 1 encodes several
proteins that are required for regulation of transcription of
early viral promoters and for replication of the viral genome
(reviewed in references 12, 15, and 27). A 48-kDa polypeptide
(E2-TA) is a transcriptional transactivator and contains an
amino-terminal transactivation domain and a carboxy-terminal
DNA-binding and dimerization domain, separated by a hinge
region. Two smaller E2 polypeptides, E2-TR (31 kDa) and
E8/E2 (28 kDa), are transcribed from different promoters and
have common C-terminal sequences with E2-TA. The initiat-
ing methionine of E2-TR is located at codon 162 of the E2
open reading frame, and E8/E2 contains 11 amino acids from
the E8 open reading frame fused to codon 206 of E2 by use of
alternative promoter and splicing sites. All three protein spe-
cies can form stable homodimers and heterodimers, which bind
to specific E2 DNA-binding sites (ACCN6GGT). The smaller
E2 proteins can antagonize the function of the E2 transactiva-
tor and act as transcriptional repressors (3, 7, 18). Two mech-
anisms for this repression have been postulated. In one model,
the E2 repressors form inactive heterodimers with E2-TA:
these heterodimers could bind to E2 DNA-binding sites within
the BPV-1 enhancer elements but would be unable to activate
the promoters. In the other model, the E2-TR and E8/E2
proteins bind to E2 DNA-binding sites as homodimers and
block binding of E2-TA. The E2 transactivator is also required
for viral DNA replication (42). E2-TA forms a stable complex
with the E1 protein, and these proteins bind cooperatively to
the origin of replication, which contains an E1-binding site
flanked by E2-binding sites (33, 39, 41, 43, 45, 46). The E2-TA
protein also enhances DNA replication by alleviating nucleo-
somal repression in the replication origin (20) and by interact-
ing with replication proteins such as replication protein A (19).
The ratio of the E2 transactivator and repressor proteins varies
throughout the cell cycle, and increased amounts of the E2
transactivator are present during S phase (47).

Cell fractionation and indirect immunofluorescence studies
have shown that the E2 proteins are localized predominantly in
the nucleus (4, 16). Proteins that function in the nucleus must
first be transported from the cytoplasm, through the nuclear
membrane, and into the nucleus. Several nuclear transport
models have been proposed (reviewed in references 10 and
37). Small proteins are able to enter the nucleus by diffusion if
their size is within the exclusion limit of the nuclear pores,
which has been estimated to be between 40 and 60 kDa. How-
ever, proteins smaller than this may still be transported by an
active-transport mechanism. Active transport requires a nu-
clear localization signal (NLS) and is mediated by an NLS-
binding protein that, along with other cellular factors, shuttles
proteins across the nuclear membrane in an energy-dependent
manner. Proteins as small as the H2B histone protein (15 kDa)
have been shown to enter the nucleus by NLS-mediated active
transport (30). Proteins that do not have an NLS can enter the
nucleus by ‘‘piggyback’’ transport, which requires interaction
with a protein that does contain an NLS.
An NLS consensus sequence has not yet been established,

other than a preponderance of basic residues within a rela-
tively short stretch of amino acids (9). Two major classes of
NLS have been described: the simian virus 40 (SV40) large
T-antigen-type NLS (PKKKRKV), which consists of several
basic amino acids in close proximity, and the bipartite NLS,
which consist of two basic regions separated by a spacer region
of variable length (usually 10 to 12 amino acids [aa]) (32).
Proteins may have more than one NLS, and one or all may be
required for nuclear localization.
The ability to control entry of a protein into the nucleus

appears to be a regulatory mechanism for many proteins. Phos-
phorylation at sites adjacent to NLSs can regulate nuclear
transport. For example, phosphorylation at casein kinase II
sites near the SV40 T-antigen NLS affects the rate of entry of
T antigen into the nucleus (17), and phosphorylation of the
yeast SWI5 protein regulates transport of this protein into the
nucleus in a cell cycle-dependent manner (29). Nuclear trans-
port can also be regulated by masking the NLS sequence. This
can be achieved by interaction with another polypeptide, such
as occurs with the NF-kB protein (2), or by an intramolecular
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conformational change, such as occurs in the human heat
shock factor 2 (36).
In this study, we have used indirect immunofluorescence to

identify the NLSs of the E2 proteins. We have determined that
the E2-TA protein utilizes an NLS located in the unique N-
terminal transactivation domain. The E2-TR protein does not
contain this sequence and uses other signals to enter the nu-
cleus. However, although these C-terminal NLS sequences are
also present in the E2 transactivator, they appear to be masked
and do not function in nuclear transport.

MATERIALS AND METHODS

Cell culture and viruses. Cos-7 and CMT4 cells (11) were grown in Dulbecco’s
minimal essential medium supplemented with 10% fetal calf serum. Recombi-
nant SV40 PAVA E2 virus was produced in CMT4 cells, as described previously
(34).
Plasmids and mutagenesis. The recombinant PAVA virus expressing the E2

protein, pPAVAkzE2, has been described previously (pSB-E2kz [23]). pPAVA
E2-TR consists of pPAVA with an amber mutation (TAC to TAG) at nucleotide
3082 (34). Plasmids C59-E2kz, C59-E2dl1–52, C59-E2dl92–161, C59-E2dl158–282,
C59-E2dl220–309, C59-E2dl361–410 (E21–360) and C59-E2dl211–410 (E21–210) have
been described previously (24). BstEII (nucleotide 2405) to BstXI (nucleotide
3889) fragments containing the E2 sequences were cloned from the C59 plasmids
into pPAVA-E2 to generate pPAVA-E2dl1–52, pPAVA-E2dl92–161, pPAVA-
E2dl158–282, pPAVA-E2dl220–309, pPAVA-E2dl361–410, and pPAVA-E2dl211–410.
pPAVA-E2290–410 was generated by replacing the BstEII-BstXI fragment of
pPAVAkzE2 with that from pTZmodE2290–410. pTZmodE2290–410 was generated
from pTZE2290–410 (24) by cleaving with StyI (nucleotide 3535) and PflMI (nu-
cleotide 3683) and replacing the released fragment with five pairs of overlapping
oligonucleotides. Two of the oligonucleotides generated new unique restriction
sites in the E2 gene without changing the E2 amino acid sequence (DraII, A to
C at nucleotide 3585; ClaI, C to A at nucleotide 3633). To generate deletion
(dlBR3) or substitution (sbBR3) mutations, double-stranded oligonucleotides
encoding aa 325 to 359 were ligated between the new DraII and PflMI (nucle-
otide 3683) sites of pTZmodE2290–410. In pTZE2290–410/dlBR3, the oligonucleo-
tides generated a deletion of aa 339 to 352, and in pTZE2290–410/sbBR3, residues
K-339, R-342, R-344, K-346, K-347, R-350, and R-352 were substituted to as-
paragine by replacing each arginine and lysine codon with the nucleotides AAC.
The E2 DNA-binding domain containing these mutations was subcloned into
pPAVA290–410, pPAVAkzE2, and C59-E2-TR.
C59-E2-TR (aa 162 to 410), a plasmid that expresses the E2-TR cDNA, has

been described previously (p1153 [18]). C59-E2-TRdl284–410 was generated by
inserting a translation termination linker (59 TTAGTTAACTAA 39) into the
Asp718 (nucleotide 3460) site of C59-E2-TR.
Plasmids pCMVT7-E2dl41–50, pCMVT7-E2dl101–110, and pCMVT7-

E2dl111–120 were provided by J.-M. Gauthier, Pasteur Institute, Paris, France.
These constructs have the 10 aa indicated deleted and replaced with a linker
encoding a SacI site and amino acids GlyAlaLeu. The BstEII-BstXI E2 insert of
these plasmids was cloned into pPAVAkzE2 to generate pPAVA-E2dl41–50,
pPAVA-E2dl101–110, and pPAVA-E2dl111–120, respectively. pPAVA-E2dl101–120
and pPAVA-E2dl41–120 were created by subcloning the SacI-BstXI fragment of
pPAVA-E2dl111–120 into pPAVA-E2dl101–110 and pPAVA-E2dl41–50, respectively.
pPAVAkzE2-TA, pPAVAkzE2TAdl101–110, pPAVAkzE2TAdl111–120, pPAVAkz

E2TAdl101–120, pPAVAkzE2TAdl41–120, pPAVAkzE2TAdlBR3, and pPAVAkz
E2TAsbBR3, were designed to express the E2-TA protein only. The initiating
methionine of E2-TR in these constructs was changed to an isoleucine by mu-
tating nucleotide 3093 from ATG to ATC with the Transformer mutagenesis kit
(Clontech). All mutations were verified by DNA sequencing.

b-Galactosidase fusion protein expression vectors were created by inserting
double-stranded oligonucleotides, specifying the sequence for BR1 (ARKKG),
BR2 (EPKRCFKKGARV), BR3 (NQVKCYRFRVKKNHRHRY), or the T-
antigen NLS (PKRKKKV) into the unique Asp718 site of pCH110 (Pharmacia)
such that the inserted sequences were fused in frame near the N-terminal end of

b-galactosidase. To create the b-galactosidase–E2 fusion expression vector, a
PCR-generated E2 fragment was ligated into the EcoRI site (nucleotide 3500) of
pCH110, such that the E2 coding sequence (codons 3 to 410) was fused in frame
near the C-terminal end of b-galactosidase.
Transient expression and immunofluorescence. Cos-7 cells were plated onto

glass slides 16 h before infection or transfection. For PAVA virus E2 expression,
Cos-7 cells were infected with virus at a high multiplicity of infection and
analyzed for E2 expression after 40 to 44 h. For transfections, Cos-7 cells grown
on slides in 100-mm-diameter plates were transfected with 20 mg of plasmid
DNA by using DEAE-dextran or Lipofectamine (Gibco/BRL). Transfection
experiments were repeated several times by both methods. Transfected cells
were analyzed approximately 40 h posttransfection. Cells were fixed for 30 min
in 3.7% formaldehyde solution in phosphate-buffered saline (PBS) and perme-
abilized with 0.1% Triton X-100 in PBS for 4 min. Slides were incubated in PBS
block solution (0.25% gelatin plus 0.25% bovine serum albumin [BSA] in PBS)
for 1 h at room temperature. Mouse monoclonal anti-E2 antibodies B201 and
B202 (provided by Elliot Androphy) were added at dilutions of 1:10 and 1:100 in
PBS, respectively. Affinity-purified rabbit polyclonal antiserum SRQE was used
at a 1:30 dilution in PBS (28). Antibodies against b-galactosidase were used at a
1:100 dilution (Sigma Immunochemicals). Slides were incubated for 1 h with the
primary antibody, washed three times with PBS, and incubated for 1 h with goat
anti-mouse immunoglobulin or donkey anti-rabbit immunoglobulin G conju-
gated to fluorescein isothiocyanate (1:100 dilution; Jackson Immunochemicals).
Following three washes in PBS, slides were mounted in Vectashield mounting
fluid (Vector Laboratories). Immunofluorescence was detected and photo-
graphed with a Bio-Rad MRC600 confocal laser scanning imaging system.

RESULTS

A b-galactosidase–E2 fusion protein is transported to the
nucleus. Theoretically, monomeric E2 proteins are small
enough to enter the nucleus by diffusion. To determine
whether the E2 transactivator is transported to the nucleus by
active transport, as opposed to diffusion, a plasmid that ex-
presses a b-galactosidase–E2-TA fusion protein was gener-
ated. Cos-7 cells were transfected with this plasmid, and the
subcellular location of the protein was examined by using in-
direct immunofluorescence and anti-b-galactosidase antibod-
ies. As shown in Fig. 1, fusion of the E2 open reading frame to
the C-terminal end of b-galactosidase causes this normally
cytoplasmic protein to enter the nucleus. Therefore, the
E2-TA protein contains sequences that mediate active trans-
port across the nuclear membrane.
DNA binding and dimerization are not required for local-

ization. The E2 proteins form dimers through the C-terminal
DNA-binding domain. To analyze whether DNA binding and
polypeptide dimerization are required for nuclear localization
or for nuclear retention, the subcellular localization of E2
proteins with point mutations in the DNA-binding domain was
examined. These proteins have amino acid substitutions in the
DNA-binding domain and are able to bind DNA and dimerize
(K339R, C340G), are defective only in DNA binding (R344K),
or are defective in both properties (V345R) (5, 26). Cos-7 cells
were infected with PAVA viruses that express these E2 pro-
teins, and their subcellular location was determined by indirect
immunofluorescence. As shown in Fig. 2, the wild-type E2
protein shows strong nuclear immunofluorescence that is ex-
cluded from the nucleolus. All of the mutated E2 proteins are
also located in the nucleus, showing that the DNA-binding and

FIG. 1. A b-galactosidase–E2 fusion protein is transported to the nucleus. b-Galactosidase-expressing plasmids were transfected into Cos-7 cells, and subcellular
localization was determined by indirect immunofluorescence with antiserum against b-galactosidase. mock, no DNA; bgal, pCH110; bgal/E2, pCH110-E2.
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dimerization properties are not required for either localization
or retention of the E2 protein in the nucleus.
The basic region in the DNA-binding domain of BPV-1 E2

can function as an NLS. The primary amino acid sequence of

the E2 protein was examined for potential NLSs, and three
regions that contain basic residues in close proximity were
identified (Fig. 3A). These regions were designated BR1, BR2,
and BR3. Only the third region (BR3), which is present in the

FIG. 2. DNA binding and dimerization are not required for localization. Cos-7 cells were infected with recombinant viruses expressing the indicated mutated E2
proteins. Subcellular localization was determined by indirect immunofluorescence with B201 E2-specific antiserum. mock, no virus; SV40, SV40; E2, PAVAkzE2;
E2-TR, PAVAkzE2-TR; K339R, PAVAkzE2K339R; C340G, PAVAkzE2C340G; R344K, PAVAkzE2R344K; V345R, PAVAkzE2V345R.

FIG. 3. (A) Location of basic regions in the E2 proteins. Amino acid sequence of the BPV-1 E2-TA protein with the basic regions BR1, BR2, and BR3 boxed. Basic
residues are shown in boldface type. (B) The basic region in the DNA-binding domain of BPV-1 E2 can function as an NLS. b-Galactosidase-expressing plasmids were
transfected into Cos-7 cells, and subcellular localization was determined by indirect immunofluorescence with antiserum against b-galactosidase. mock, no DNA; b-gal,
pCH110; b-gal/TagNLS, pCH110-TagNLS b-gal/BR1, pCH110-BR1; b-gal/BR2, pCH110-BR2; b-gal/BR3, pCH110-BR3.
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DNA-binding domain, is common to all three species of the
BPV-1 E2 polypeptides. This region has been shown to form
an alpha helix that directly contacts the E2 DNA-binding site
(13) and is highly conserved among all papillomavirus E2 pro-
teins.
To determine whether the basic-residue-rich regions of the

E2 protein could function as NLSs, sequences encoding them
were fused in frame near the N-terminal end of b-galactosi-
dase. The SV40 large T-antigen NLS (PKKKRKV) was used as
a positive control. Cos-7 cells were transfected with the b-ga-
lactosidase fusion vectors, and the subcellular location was
determined by using antibodies against the b-galactosidase
protein. As shown in Fig. 3B, only the BR3 sequence from the
DNA-binding domain of the E2 protein and the large T-anti-
gen NLS were able to direct b-galactosidase to the nucleus.
Therefore, the basic region of the BPV-1 E2 DNA-binding
domain is an NLS that can mediate transport of a heterologous
protein into the nucleus.
BR3 is required for nuclear localization of an E2 DNA-

binding domain polypeptide but is not absolutely required for
nuclear localization of the E2-TR and E2-TA proteins. To
examine whether BR3 can function as an NLS within the
context of the E2 protein, this sequence was mutated in a
polypeptide that contains the DNA-binding domain of E2
(E2290–410 [see Fig. 5A]). This 122-aa polypeptide, which is
common to all three species of E2, can form dimers and bind
DNA (24, 28) and can repress transcription in vivo (22). As
shown in Fig. 4, this polypeptide is localized to the nucleus.
When BR3 is deleted (dlBR3) in this protein or when all the
lysine and arginine residues in BR3 are converted to aspara-
gine (sbBR3), localization to the nucleus is disrupted. Cells
expressing the E2290–410/sbBR3 or E2290–410/dlBR3 proteins dis-
played either a punctate pattern in the cytoplasm, a weak nu-
clear staining, or staining that was distributed throughout the

cytoplasm and the nucleus. E2290–410/dlBR3 and E2290–410/sbBR3
proteins were examined for their ability to bind DNA or form
dimers and were found to be completely defective for these
activities (data not shown). These results demonstrate that
BR3 is required for nuclear localization within the context of
the E2 C-terminal domain.
To establish whether BR3 was necessary and sufficient for

nuclear transport of the E2-TA and E2-TR proteins, the effect
of the BR3 deletion and substitution mutations in the back-
ground of these full-length proteins was analyzed. As shown in
Fig. 4, nuclear localization was affected but not completely
blocked by the substitution or deletion of BR3. Strong nuclear
staining was detected in Cos-7 cells transfected or infected with
vectors expressing these proteins, but a reproducible increase
in cytoplasmic staining was also observed. Thus, the basic re-
gion in the DNA-binding domain is required for efficient nu-
clear localization of the E2 proteins, but other signals may also
be involved.
Analysis of the subcellular localization of E2 proteins con-

taining deletions. The ability of the E2-TA and E2-TR dlBR3
and sbBR3 proteins to localize to the nucleus suggested that
the E2 proteins contained additional NLSs. To examine this
possibility, the subcellular location of a series of E2 proteins
with deletions in the transactivation domain, DNA-binding
domain, or hinge region was examined by indirect immunoflu-
orescence. As shown in Fig. 5, deletion of the extreme C-
terminal region of E2 (aa 361 to 410) or a portion of the hinge
region of E2 (aa 158 to 282; aa 220 to 309) had no apparent
effect on localization of E2 to the nucleus, suggesting that these
sequences are not required for nuclear transport. These dele-
tions do not remove basic regions BR1, BR2, or BR3.
Truncation of the entire C-terminal half of the E2-TR (E2-

TRdl284–410) or E2-TA (E2dl211–410) proteins altered nuclear
localization of E2. These proteins localized mainly in the nu-

FIG. 4. Effect of deletion or substitution of BR3 on E2 proteins. Cos-7 cells were infected (E2-TA and E2290–410) or transfected (E2-TR) with recombinant viruses
or DNAs expressing E2290–410, E2-TR, or E2-TA proteins with deletion or substitution of BR3, as indicated. E2 localization was determined by indirect immunoflu-
orescence with the E2-specific antisera SRQE(E2290–410) or B201 (E2-TA and E2-TR). wt, wild type.
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FIG. 5. (A) Deletion mutations in the E2 protein. A diagram of the E2-TA and E2-TR proteins is shown at the top, with the positions and sequences of the BR1,
BR2, and BR3 regions indicated. The structures of the mutated E2 proteins are shown below. (B) Deletion analysis of the E2 proteins identifies additional sequences
affecting nuclear localization. Cos-7 cells were infected with recombinant PAVA viruses expressing the mutated E2 proteins indicated. E2 localization was determined
by indirect immunofluorescence with the E2-specific antisera B202 (E2 and dl158–282) or B201 (dl220–309, dl361–410, dl211–410, mock, E2-TR, dl283–410, dl1–52,
dl101–110, dl111–120, and dl41–120).
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cleus but also accumulated in the cytoplasm, indicating that
sequences required for complete nuclear localization had been
perturbed. However, the molecular weight of these polypep-
tides would be predicted to be below the exclusion limits of the
nuclear pore, and passive diffusion could occur.
Deletion of the extreme N-terminal end of E2-TA (E2dl1–52),

which includes BR1, also did not affect nuclear localization.
However, deletion of BR2 (E2dl101–120) or portions of BR2
(E2dl111–120 or E2dl101–110) resulted in a mixed population of
cells with respect to the subcellular distribution of the E2
protein. The majority of cells displayed nuclear staining, but a
significant proportion stained both the nucleus and cytoplasm
or the cytoplasm exclusively. Since BR2 is present in the
unique transactivation domain, deletion of this region probably
affects the localization of only the E2-TA protein. Because the
E2-TR protein is expressed from a promoter contained within
the E2 open reading frame, the PAVA viruses can express both
the E2-TA and E2-TR proteins. This could explain the mixed
distribution of E2 staining observed in cells infected with these
viruses. This analysis is further complicated by the ability of the
E2 proteins to form heterodimers between E2-TA and E2-TR
species.
The E2-TA protein contains an NLS in the N-terminal

transactivation domain. To examine the role of BR2 in the
E2-TA protein, the initiating methionine (codon ATG) of
E2-TR was mutated to isoleucine (codon ATC), thereby elim-
inating the expression of E2-TR from the recombinant viruses.
This mutation has no effect on the transactivation or replica-
tion properties of the E2 proteins (42). As shown in Fig. 6,
E2-TA expressed in the absence of E2-TR is nuclear, and
deletion of aa 101 to 110 and/or 111 to 120 resulted in accu-
mulation of the protein in the cytoplasm. This demonstrates
that the BR2 region may function as an NLS that is necessary
for nuclear localization of the E2-TA protein. In addition, we
found that E2-TA proteins with a proline-to-glycine substitu-
tion at residue 106 accumulate in the cytoplasm (38).
A nuclear targeting signal(s) is masked in the E2 transac-

tivator. Small deletions in BR2 (dl101–110, dl111–120, or
dl101–120) resulted in cytoplasmic accumulation of the E2-TA
protein. However, E2-TA proteins containing these deletions
still encode the BR3 NLS and any other NLSs utilized by the
E2-TR repressor, yet these signals do not appear to be used.
This finding suggests that in the background of the E2-TA
protein, the C-terminal signals are normally masked. Further-

more, proteins with larger deletions in the transactivation do-
main (dl41–120 or dl92–161) were targeted to the nucleus in
many of the cells examined (Fig. 6). This suggests that the
larger deletions are disrupting protein conformation and are
unmasking the C-terminal NLS. A further deletion of BR3
within the background of E2-TA dl41–120 perturbs nuclear
localization, which may indicate that BR3 is, at least partially,
responsible for nuclear uptake of the dl41–120 E2 protein
(data not shown). These findings are summarized in the dia-
gram in Fig. 7.

DISCUSSION

We have identified two regions in the BPV-1 E2 proteins
that are required for efficient localization to the nucleus. The
E2-TA polypeptide is completely defective for nuclear uptake
when a basic region (BR2) in the transactivation domain is
deleted. Deletion of either aa 101 to 110 or 111 to 120 resulted
in cytoplasmic localization of E2-TA. This region contains five
positively charged residues flanked by proline and valine
(PKRCFKKGARV) and bears some similarity to the SV40
large T-antigen NLS (PKKKRKV). However, unlike the T-
antigen NLS, this sequence was unable to direct b-galactosi-
dase to the nucleus. This inability to direct a cytoplasmic pro-
tein to the nucleus has also been found with the NLSs of other
proteins (8), and it has been suggested that this may be due to
improper presentation of the NLS in the context of the heter-
ologous protein. Alternatively, BR2 may only be part of a
larger NLS in E2 and may be unable to function alone. Dele-
tion of a larger region around BR2 in the E2-TA transactiva-
tion domain restored nuclear uptake of the E2 protein. This
could indicate that the larger deletion exposed another NLS
which is masked in the full-length E2-TA protein. Control of
nuclear entry by unmasking of NLSs has been described for
NF-kB (14), the glucocorticoid receptor (31), and human heat
shock factor 2 (36). The N-terminal NLS of the precursor form
of NF-kB is blocked intramolecularly by a C-terminal domain,
which is cleaved during maturation of the protein and allows
the NLS to be exposed and NF-kB to localize to the nucleus.
The mature form of NF-kB (p50-p65) is also regulated by
masking of the NLS, but in this case masking is achieved by
interaction with an inhibitor molecule, IkB (2). The human
heat shock factor 2 (HSF2) protein contains two hydrophobic
arms that interact to block the NLS. Under heat stress, a

FIG. 6. E2-TA contains an NLS in the N-terminal domain, and C-terminal NLSs are masked. Cos-7 cells were infected with recombinant PAVA E2-TA viruses
expressing the mutated E2 proteins indicated. The initiation codon of E2-TR was mutated in these viruses, so that only the E2-TA protein could be expressed. E2
localization was determined by indirect immunofluorescence with the E2-specific antiserum B201.
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conformational change takes place to expose the NLS, and
HSF2 is taken into the nucleus. Studies are in progress to
determine the mechanism by which the C-terminal NLSs are
masked in the E2 protein.
A second NLS (BR3) located in the DNA-binding domain of

E2 was identified by its ability to direct b-galactosidase to the
nucleus. Mutation of this sequence in a functional protein
consisting of the E2 DNA-binding domain disrupted nuclear
localization and resulted in cells staining for E2 either exclu-
sively in the cytoplasm, exclusively in the nucleus, or in both
the nucleus and cytoplasm. In the background of the E2-TR,
proteins with BR3 deletions or substitutions were found pre-
dominantly in the nucleus but a significant proportion were
retained in the cytoplasm. It is difficult to determine whether
the BR3 NLS is actually the predominant nuclear targeting
signal in the E2-TR protein, because deletion of this region
may allow other cryptic signals to be used that do not normally
function in the wild-type protein. However, there are no other
sequences that resemble typical NLSs in this polypeptide, and
it is possible that the signal is not linear but depends on protein
conformation. Alternatively, E2-TR proteins with BR3 muta-
tions may enter the nucleus by other mechanisms. This analysis
is also complicated by the fact that proteins with deletions or
substitutions in BR3 are defective in dimerization and there-
fore are below the exclusion limits of the nuclear pores.
The X-ray crystallographic structure of the E2 DNA-binding

domain bound to DNA shows that BR3 forms an alpha helix
that contacts DNA (13). The basic residues within this helix are
exposed on the surface of the protein, and some are crucial for
recognition of specific base pairs in the E2 DNA-binding site.
It is likely that the basic residues are also involved in BR3-
mediated nuclear transport. Furthermore, in the tertiary struc-
ture of the E2 protein, a second, smaller alpha helix (aa 384 to
393), which contains conserved basic residues, lies in close
proximity to BR3 (13). While this region does not appear to be
important for DNA recognition, it could potentially form part
of the NLS sequence in the E2 DNA-binding domain.
A number of other nuclear proteins such as NGFI-A (21),

Fos (40), and Jun (6) contain NLSs in their DNA-binding
domains, and it has been suggested that DNA-binding domains
may have been archetypal targeting domains during the evo-
lution of the nuclear membrane (9). In the case of Fos, the
basic DNA recognition region can direct a cytoplasmic protein

to the nucleus but deletion of this sequence did not disrupt
nuclear localization of Fos (6), suggesting that Fos contains
additional NLSs. The basic DNA recognition regions of the
Fos/Jun family of proteins have some sequence similarity with
the BR3 region of the E2 proteins, including a conserved
cysteine residue that must be in the reduced state for DNA
binding (1, 26). In the v-Jun protein, this cysteine has been
mutated to serine, resulting in cell cycle-dependent nuclear
localization (6). As shown in this study, an E2 protein contain-
ing a similar mutation in the redox-sensitive cysteine residue is
nuclear. However, we are currently examining the localization
of the E2 proteins at different stages of the cell cycle.
Nuclear localization of the yeast transcription factor SWI5 is

regulated by CDC28 kinase-dependent phosphorylation at
serines adjacent to the SWI5 NLS (29), and phosphorylation of
serine residues near the NLS of SV40 large T-antigen by casein
kinase II enhances nuclear import (17). The bovine papilloma-
virus type 1 E2 proteins are phosphorylated at two major sites
near the basic region of the DNA-binding domain, and muta-
tion of one of these sites results in greatly increased virus copy
number (25). Studies are under way to determine whether E2
phosphorylation regulates nuclear transport.
A variety of nuclear proteins contain multiple NLSs; these

include the p53 tumor suppressor, which contains several sig-
nals in its C-terminal end (35), and the MyoD protein, which
contains two NLSs that can function independently (44). This
study shows that the E2 proteins contain multiple NLSs. More-
over, although the repressor and transactivator proteins have
overlapping sequences, they use different NLSs, and the C-
terminal signals that are common to both proteins appear to be
masked in the full-length E2-TA protein. This would suggest
that at some time in the virus life cycle, these nuclear targeting
signals could be differentially regulated. The ratio of the E2
transactivator and repressor proteins varies throughout the cell
cycle: the transactivator is most abundant at S phase, when it is
required for DNA replication, and the repressors are more
abundant at other stages in the cell cycle (47). E2 expression is
also regulated by cellular differentiation, and expression is
limited to cells within the lower stratum spinosum in a papil-
loma (4). However, the latter studies could not discriminate
between E2 transactivator and repressor species. The relative
ratios and amounts of E2 protein present at specific times
appear to be important in regulating the virus life cycle. Het-

FIG. 7. Summary diagram of E2 NLSs.
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erodimerization among E2 transactivator and repressor spe-
cies may also be an important regulatory mechanism. Small
changes in the concentration of E2 in the nuclear pool, as may
occur when NLSs are masked, may be sufficient to significantly
alter E2-mediated transactivation and viral DNA replication.
Therefore, control of subcellular localization could be used to
fine-tune the relative amounts of E2 transactivator and repres-
sor proteins at certain points during the virus life cycle.
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