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Replication of papillomaviruses requires an origin of replication and two virus-encoded proteins, E1 and E2.
Using a transient replication assay for human papillomavirus type 18 (HPV-18) DNA, we have found that two
adjacent sequences present within the origin of replication can independently support replication. The first, a
77-bp region, contains one E2 binding site (E2BS) and a 16-bp inverted repeat element that probably
corresponds to the E1 binding site (E1BS). The other, an 81-bp region, includes two E2BS but lacks the
putative E1BS. A synthetic 33-bp oligonucleotide containing two high-affinity E2BS was also found to function
as an origin of replication. Replication of all these plasmids was absolutely dependent on the presence of the
HPV-18 E1 and E2 proteins. The HPV-1a E1 and E2 proteins were also found to support replication of a
plasmid containing the complete HPV-18 origin but failed to replicate a plasmid containing two E2BS alone.
Our results suggest that the E2 protein can target E1 to the origin through the formation of an E1-E2 complex
which is likely to be involved the initiation of replication.

Papillomaviruses are small DNA viruses which infect hu-
mans and a wide range of animals. These viruses induce benign
proliferative squamous epithelial and fibroepithelial lesions
(warts and papillomas) in their natural hosts. Human papillo-
maviruses (HPVs) such as type 16 (HPV-16) and HPV-18 are
involved in the pathogenesis of anogenital cancer (7, 21, 38). In
benign tumors, the viral DNA is present exclusively in an
episomal (extrachromosomal) form, but most malignant tu-
mors contain integrated viral DNA (27, 38). Because of their
stable, extrachromosomal replication, papillomaviruses pro-
vide useful model systems with which to study DNA replication
in eukaryotic cells (16). Transient replication analysis and in
vitro studies of bovine papillomavirus type 1 (BPV-1) and
various HPV DNAs has revealed the requirement of two viral
proteins, E1 and E2, in replication (3, 4, 6, 16, 25, 30–36). We
have recently shown that in the case of HPV-1a, E1 alone is
sufficient for transient replication (9). The origin of replication
(ori) of papillomaviruses is present within the viral long control
region (LCR) and contains one E1 binding site (E1BS) and
one or more E2 binding sites (E2BS). The E1 protein has
ATPase, DNA helicase, and DNA binding activities (14, 18, 29,
30, 32, 36, 37). The BPV-1 E1 protein binds to a palindromic
18-bp inverted repeat (IR) element centered around the HpaI
or HpaI-like sequence (14, 18, 33, 36). The E2 protein is an
activator as well as a repressor of viral transcription. The E2
protein binds to palindromic ACCGN4CGGT sequences
present within the LCR of the viral DNA (1, 8, 11, 12, 17, 20,
23). This sequence motif is thought to represent high-affinity
E2BS, while the sequence ACCN6GGT corresponds to weak

E2BS (1, 17). The E2 protein of BPV-1 forms a specific com-
plex with E1 and enhances its binding to the origin (19, 22, 28,
30). Previous studies on the transient replication of HPV-18
DNA have identified a 177-bp region containing one putative
E1BS and three E2BS that are sufficient for maximal replica-
tion (25, 31). We have further analyzed the roles of various
sequence elements present within the HPV-18 origin in DNA
replication.
Delineation of the HPV-18 ori. To determine the roles of

various cis elements in HPV-18 replication, various plasmids
containing different portions of the origin were generated.
Plasmids pori177, pori117, pori108, and pori63 have been pre-
viously described (31) and were included in the current studies
for comparison purposes. Various deletion plasmids were gen-
erated by cloning restriction fragments internal to the HPV-18
LCR into plasmid pUC19 (26). The deletion endpoints of the
cloned DNAs are shown in Fig. 1A. The ends of the restriction
fragments were filled in with the Klenow fragment of DNA
polymerase I where necessary (26). Plasmid pori127 contains a
127-bp BbvI-BamHI fragment (nucleotides [nt] 7850 to 7857
and 1 to 119 of HPV-18) cloned into theHincII-BamHI sites of
pUC19. Plasmid pori104 contains a 104-bp MunI-BamHI frag-
ment (nt 16 to 119) cloned into the EcoRI-BamHI sites of
pUC19. Plasmid pori81 contains a 81-bp MaeIII-BamHI frag-
ment (nt 39 to 119) cloned into the HincII-BamHI sites of
pUC19. Plasmid pori117* contains a 117-bp AluI-AvaII frag-
ment (nt 7800 to 7857 and 1 to 59) cloned into the HincII site
of pUC19. Plasmid pori101 contains a 101-bp AluI-MaeIII
fragment (nt 7800 to 7857 and 1 to 43) ligated into the HincII
site of pUC19. Plasmid pori77 contains a 77-bp AluI-MunI
fragment (nt 7800 to 7857 and 1 to 19) ligated into the HincII-
EcoRI sites of pUC19. Plasmid pori62 was generated by ligat-
ing a 62-bp HindIII-AseI fragment from pori177 containing nt
7800 to 7857 and 1 to 4 of HPV-18 into the HincII site of
pUC19. Plasmids pori57, pori48, and pori41 were generated by
inserting a 57-bp AseI-AvaII fragment (nt 3 to 59), a 48-bp
MseI-AvaII fragment (nt 12 to 59), and a 41-bp AseI-MaeIII
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fragment (nt 3 to 43), respectively, into the HincII site of
pUC19.
Transient replication analysis was carried out with the hu-

man C-33A cervical carcinoma cell line. These cells have pre-
viously been shown to efficiently support transient replication
of HPVs (3, 4, 31). Plasmid transfections were carried out by
calcium phosphate coprecipitation (2), and the efficiency of
transfection was approximately 25%. One-half microgram of
plasmid pori177 or an equimolar amount of each of the other
ori plasmids was transfected into C-33A cells along with 5 mg
of pSGE1 and 1 mg of pSGE2, expressing the HPV-18 E1 and
E2 proteins, respectively (10, 31). These conditions have pre-
viously been shown to be optimal for HPV-18 replication (31).
Three days posttransfection, Hirt fractions containing the low-
molecular-weight DNA were isolated (13). The samples were
treated with EcoRI to linearize the various plasmid DNAs
except for pSGE1, which was cleaved into two fragments, only
one of which is complementary to the probe. Plasmids pori77
and pori104 were linearized with HindIII since they lack an
EcoRI site. One half of each sample was treated with DpnI to

distinguish between input and replicated DNA (24). The DNA
samples were analyzed by agarose gel electrophoresis and
Southern blot hybridization (26, 31). 32P-labeled pUC19 DNA
was used as the probe, and the blots were subjected to auto-
radiography. The autoradiogram shown in Fig. 1B is represen-
tative of three independent experiments, all of which gave
similar results. The extent of replication was determined by
measuring the radioactivity in filter strips by liquid scintillation
counting. No replication was observed in the absence of plas-
mid pSGE1 or pSGE2, and the vector plasmid pUC19 did not
replicate (data not shown). As shown earlier, plasmid pori177,
containing the imperfect 16-bp IR element and three E2BS,
showed maximal replication (Fig. 1). The level of replication of
pori177 was similar to that obtained with plasmid pUCLCR-
18, containing the complete LCR of HPV-18 (not shown).
Interestingly, plasmids pori81 and pori104 replicated to a sig-
nificant extent (;16% of the maximal levels) (Fig. 1). These
plasmids contain two high-affinity E2BS but lack the 16-bp IR
element surrounding the HpaI-like sequence. DNA binding
experiments with the BPV-1 E1 protein suggest that its binding

FIG. 1. Functional mapping of the HPV-18 ori. (A) The boundaries of the various ori plasmids used in transient replication assays are shown. The location of the
imperfect 16-bp IR element containing the HpaI-like sequence that probably corresponds to the E1BS is shown. Also shown are the E2BS, the A/T-rich region, and
the putative Sp1 binding site. The map coordinates correspond to the published sequence of HPV-18 (5). The relative replication efficiency of each plasmid with respect
to that obtained with pori177 is indicated and was determined by measuring the radioactivity in filter strips, using a scintillation counter. (B) Transient replication
analysis of the various plasmids in C-33A cells. Low-molecular-weight DNA was isolated and analyzed by Southern blot hybridization as described in the text. The Hirt
fractions were treated with EcoRI, and one half of each sample was then digested with DpnI to remove the unreplicated DNA. The relative levels of replication in each
sample were measured by normalizing the radioactivity in the origin fragments in lanes treated with DpnI to that present in the E1 band in lanes untreated with DpnI.
This was done to account for minor differences in the recovery of various samples. Plasmids pSGE1 and pSGE2 in lanes treated with DpnI also serve as internal controls
since they lack the origin and do not replicate. The positions of the various ori plasmids and the E1- and E2-expressing plasmids are indicated. The autoradiogram was
exposed for 1 h.
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site is centered around an 18-bp IR element, termed the HpaI
or HpaI-like region, present within the BPV-1 ori (14, 30). A
consensus sequence, T-RY--TTAA--RY-A, has been identi-
fied in similar regions of many other papillomaviruses (14).
The E1 protein of HPV-11 is also known to bind to DNA
fragments that contain this IR region (18). The 16-bp IR ele-
ment of HPV-18 (nt 3 to 18) was found to significantly stimu-
late replication, since pori117 replicated to ;3-fold higher
levels than pori104 (Fig. 1B). This region includes the HpaI-
like sequence and is postulated to be the binding site of the E1
protein of papillomaviruses (14). Although we have not stud-
ied the binding of the HPV-18 E1 protein to the DNA, it is
likely that the 16-bp IR region corresponds to the E1BS. Also,
since pori127 replicated to ;33% higher levels than pori117
(Fig. 1), it is possible that the putative E1BS extends beyond
this IR region. The replication of plasmid pori81 in the pres-
ence of E1 and E2 proteins suggests that a DNA containing
two E2BS can constitute a functional HPV-18 ori (see below).
Plasmids pori63 and pori62, containing only one E2BS, did not
replicate. Plasmids pori101, pori77, and pori57, containing the
16-bp IR element and one E2BS, also replicated to significant
levels (Fig. 1). However, plasmid pori41, containing the puta-
tive E1BS but lacking the E2BS, did not replicate. These re-
sults suggest that DNA containing the 16-bp IR element alone
does not constitute a functional origin, but the presence of one
E2BS along with the putative E1BS can support HPV-18 DNA
replication. Another important conclusion can be drawn from
these results. Plasmids pori77 (nt 7800 to 7857 and 1 to 19) and
pori81 (nt 39 to 119) replicated to approximately similar levels.
Since these plasmids contain nonoverlapping portions of the
HPV-18 origin (Fig. 1A), the results presented above suggest
that replication can initiate from two separate regions of the
origin. Also, since an E2BS is common to both pori77 and
pori81, it is possible that the E2BS is involved in the initiation
of replication. The HPV-18 origin contains an A/T-rich region
and a putative Sp1 binding site immediately adjacent to the
16-bp IR element (Fig. 1A). Deletion of these sequences did
not affect replication (compare pori104 with pori81 and
pori101 with pori77). These results suggest that the A/T-rich
region and the Sp1 binding site do not play an important role
in replication in the context of the ori plasmids used in our
studies.
We tested the effect of the location of the E2BS relative to

the 16-bp IR element on transient replication. The HPV-18
origin contains three E2BS (Fig. 1A). E2BS-2 and E2BS-3
represent high-affinity sites having the sequence motif AC
CGN4CGGT, whereas E2BS-1 corresponds to a lower-affinity
site with the motif ACCN6GGT (1, 17). Plasmids pori57 and
pori77 contain one E2BS which is present on either side of the
putative E1BS (Fig. 1A). These plasmids replicated to similar
levels (within approximately 1.3-fold of each other) even
though pori77 contains a presumably weaker E2BS having the
ACCN6GGT motif. These results indicate that the relative
location of the E2BS with respect to the putative E1BS and
minor differences in the consensus sequence of the E2BS do
not appear to significantly affect HPV-18 replication. This ob-
servation is in contrast to the recent results obtained with the
HPV-11 system; in this case, a 10- to 20-fold difference in
replication was seen when plasmids containing the E1BS con-
tained a high-affinity E2BS on either side (18). Differences in
adjacent sequences, the respective E1 and E2 proteins, or the
local DNA structure could account for the results obtained
with these two systems. Also, with plasmids containing two
E2BS in addition to the 16-bp IR element (pori127 and
pori117*), the relative location of the E2BS with respect to the
IR element did not appreciably affect replication (Fig. 1).

Two E2BS alone are sufficient to support HPV-18 replica-
tion. The foregoing results showed that the pori81 DNA con-
taining two E2BS was sufficient for replication. However, since
the binding site of the HPV-18 E1 protein has not been ex-
perimentally determined, we generated plasmid pUC7 deriva-
tives containing synthetic E2BS by inserting into theHincII site
of pUC7 a 33-bp oligonucleotide having the following se-
quence:

59 GGACCGAAAACGGTTCAACCGAAAACGGTTGTA39
39 CCTGGCTTTTGCCAAGTTGGCTTTTGCCAACAT59

This sequence contains two high-affinity E2BS (underlined)
and is unlikely to contain a binding site for the HPV-18 E1
protein. Plasmids containing one, two, and four inserts (corre-
sponding to two, four, and eight E2BS) were obtained and
used in replication studies. A plasmid containing two E2BS
replicated to detectable levels (Fig. 2). Furthermore, plasmids
containing four or eight adjacent E2BS replicated to much
higher levels than those containing two E2BS (Fig. 2). These
results suggest that two E2BS alone are capable of supporting
specific replication in the presence of the HPV-18 E1 and E2
proteins. Furthermore, the presence of additional E2BS results
in a further increase in the efficiency of replication. Recently,
it has been shown with the HPV-11 system that one E1BS
along with one E2BS, or two E2BS alone, can support transient
replication (18). Studies with BPV-1 have also shown that
mutant origins that have greatly reduced ability to bind E1 can
support replication in the presence of the E2 protein (30).
These studies suggested that efficient replication in the absence
of E1 binding to the origin can occur as a result of the binding
of the E1-E2 complex to the origin. Our results are consistent
with this hypothesis, and it is likely that initiation of replication
from plasmids containing two E2BS alone results from the
stabilization of E1 to the DNA by the E2 protein.
Replication of HPV-18 ori plasmids by HPV-1a E1 and E2

proteins. We have recently described a system for the replica-
tion of HPV-1a ori DNA in transiently transfected C-33A cells
(9). Previous studies with various papillomaviruses have shown
a lack of specificity of the viral E1 and E2 proteins in the
replication of heterologous ori DNAs (4, 6, 9, 31). We tested
the ability of the HPV-1a E1 and E2 proteins to replicate
various HPV-18 ori DNAs. These proteins supported replica-
tion of the pori177 plasmid to levels similar to those obtained
with the HPV-18 E1 and E2 proteins (Fig. 3). These results
showed that the HPV-1a E1 and E2 proteins interact efficiently
with the heterologous HPV-18 origin. On the other hand, the
ability of HPV-1a E1 and E2 proteins to replicate several
HPV-18 ori plasmids lacking one or more E2BS was greatly

FIG. 2. Replication of plasmids containing synthetic E2BS by HPV-18 E1
and E2 proteins. One-half microgram of pUC19, pori177, pori81, or plasmids
containing various number of synthetic E2BS was transfected into C-33A cells
along with 5 mg of pSGE1 and 1 mg of pSGE2. The positions of the various
plasmid bands are indicated as for Fig. 1B.
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reduced or abolished. The only deletion plasmid that repli-
cated to a significant level was pori117*, while pori127 gave a
very faint signal upon overexposure of the autoradiogram (Fig.
3). Since both of these plasmids contain two E2BS (pori127
contains two high-affinity E2BS, while pori117* contains one
low-affinity and one high-affinity site), these results suggest that
replication of HPV-18 ori DNA by the heterologous HPV-1a
E1 and E2 proteins is sensitive to the relative location of the
E2BS with respect to the 16-bp IR element. Plasmids contain-
ing two E2BS (pori108, pori104, and pori81) failed to replicate
to detectable levels (Fig. 3). Plasmids containing two, four, or
eight synthetic E2BS also did not replicate (data not shown).
These results show that two E2BS alone do not constitute a
functional ori in the presence of the E1 and E2 proteins from
papillomaviruses such as HPV-1a. These results along with
previous studies (9, 18) suggest that there may be interesting
differences between the sequence requirements for origin
function in the case of HPVs that cause mucosal lesions (such
as HPV-11 and HPV-18) and those that cause cutaneous le-
sions (such as HPV-1a). This postulate is supported by the
observations that while two E2BS alone can function as oris in
the presence of the E1 and E2 proteins of HPV-11 and HPV-
18, this is not the case with the HPV-1a E1 and E2 proteins.
The E1 and E2 proteins of HPV-1a also did not support rep-
lication of HPV-18 ori plasmids containing the 16-bp IR ele-
ment along with either one E2BS (pori101, pori77, and pori57)
or with two E2BS located on the same side of the IR element
(pori117) (Fig. 3). Thus, although the HPV-1a E1 and E2
proteins can efficiently replicate plasmids containing the com-
plete HPV-18 origin, the requirement and relative locations of
the E1 and E2 binding sites for replication are more stringent
than those for the homologous E1 and E2 proteins. In most
samples, weak DpnI-resistant signals were observed for plas-
mid pSGE1-1a (Fig. 3). However, this was not reproducible
and may have been due to the higher levels of this plasmid
used compared with the ori plasmids.
In summary, results presented in this study suggest that two

adjacent sequences present within the HPV-18 origin (nt 7800
to 7857 and 1 to 19 and nt 39 to 119) can independently
function as oris. One origin includes the putative E1BS and
one E2BS, while the other contains two E2BS. This conclusion
is strengthened by the observation that the HPV-18 E1 and E2
proteins can support replication of plasmids containing two
synthetic E2BS alone. In plasmids containing multiple E2BS
along with the putative E1BS, the relative location of the E2BS
with respect to the E1BS did not significantly affect the effi-
ciency of replication in the presence of HPV-18 E1 and E2
proteins. Although the HPV-1a E1 and E2 proteins support
efficient replication of plasmid pori177, containing the com-

plete HPV-18 origin, they do not replicate plasmids containing
two E2BS alone or the 16-bp IR element plus one E2BS. These
results suggest that the ability of the HPV-1a E1 and E2 pro-
teins to support replication from the heterologous HPV-18
origin is much more sensitive to variations in the number and
location of the E2BS within the origin. Also, our results reveal
that not all of the papillomavirus E1 and E2 proteins are
capable of supporting replication of plasmids containing mul-
tiple copies of the highly conserved E2BS.

We thank the members of our laboratory for helpful discussions.

REFERENCES

1. Bedrosian, C. L., and D. Bastia. 1990. The DNA-binding domain of HPV-16
E2 protein interaction with the viral enhancer: protein induced DNA bend-
ing and role of the nonconserved core sequence in binding site affinity.
Virology 174:557–575.

2. Chen, C., and H. Okayama. 1987. High-efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745–2752.

3. Chiang, C.-M., G. Dong, T. R. Broker, and L. T. Chow. 1992. Control of
human papillomavirus type 11 origin of replication by the E2 family of
transcription regulatory proteins. J. Virol. 66:5224–5231.

4. Chiang, C.-M., M. Ustav, A. Stenlund, T. F. Ho, T. R. Broker, and L. T.
Chow. 1992. Viral E1 and E2 proteins support replication of homologous
and heterologous papillomaviral origins. Proc. Natl. Acad. Sci. USA 89:
5799–5803.

5. Cole, S. T., and O. Danos. 1987. Nucleotide sequence and comparative
analysis of the human papillomavirus type 18 genome. J. Mol. Biol. 193:599–
608.

6. Del Vecchio, A. M., H. Romanczuk, P. M. Howley, and C. C. Baker. 1992.
Transient replication of human papillomavirus DNAs. J. Virol. 66:5949–
5958.

7. de Villiers, E.-M. 1989. Heterogeneity of the human papillomavirus group. J.
Virol. 63:4898–4903.

8. Giri, I., and M. Yaniv. 1988. Structural and mutational analysis of E2 trans-
activating proteins of papillomaviruses reveals three distinct functional do-
mains. EMBO J. 7:2823–2829.

9. Gopalakrishnan, V., and S. A. Khan. 1994. E1 protein of human papilloma-
virus type 1a is sufficient for initiation of viral DNA replication. Proc. Natl.
Acad. Sci. USA 91:9597–9601.

10. Green, S., I. Isseman, and E. Sheer. 1988. A versatile in vivo and in vitro
eukaryotic expression vector for protein engineering. Nucleic Acids Res.
16:369.

11. Hawley-Nelson, P., E. J. Androphy, D. R. Lowy, and J. T. Schiller. 1988. The
specific DNA recognition sequence of the bovine papillomavirus E2 protein
is an E2-dependent enhancer. EMBO J. 7:525–531.

12. Hirochika, H., T. R. Broker, and L. T. Chow. 1987. Enhancers and trans-
acting E2 transcriptional factors of papillomaviruses. J. Virol. 61:2599–2606.

13. Hirt, B. 1967. Selective extraction of polyoma DNA from infected mouse cell
cultures. J. Mol. Biol. 26:365–369.

14. Holt, S. E., G. Schuller, and V. G. Wilson. 1994. DNA binding specificity of
the bovine papillomavirus E1 protein is determined by sequences contained
within an 18-base-pair inverted repeat element at the origin of replication. J.
Virol. 68:1094–1102.

15. Hwang, E.-S., D. J. Riese, J. Settleman, L. A. Nilson, J. Honig, S. Flynn, and
D. DiMaio. 1993. Inhibition of cervical carcinoma cell line proliferation by
the introduction of a bovine papillomavirus regulatory gene. J. Virol. 67:
3720–3729.

FIG. 3. Replication of HPV-18 ori plasmids by HPV-1a E1 and E2 proteins. C-33A cells were transfected with 0.5 mg of pori177 or equimolar amounts of the various
ori plasmids along with 8 mg of pSGE1-1a and 1 mg of pSGE2-1a. In a control experiment, pori177 was cotransfected into C-33A cells with 5 mg of pSGE1-18 and 1
mg of pSGE2-18. The samples were treated as described in the legend to Fig. 1B and in the text. The positions of the HPV-18 and HPV-1a E1- and E2-expressing
plasmids are indicated.

1322 NOTES J. VIROL.



16. Lambert, P. F. 1991. Papillomavirus DNA replication. J. Virol. 65:3417–
3420.

17. Li, R., J. Knight, G. Bream, A. Stenlund, and M. Botchan. 1989. Specific
recognition nucleotides and their DNA context determine the affinity of E2
protein for 17 binding sites in the BPV-1 genome. Genes Dev. 3:510–526.

18. Lu, J. Z.-J., Y.-N. Sun, R. C. Rose, W. Bonnez, and D. J. McCance. 1993. Two
E2 binding sites (E2BS) alone or one E2BS plus an A/T-rich region are
minimal requirements for the replication of the human papillomavirus type
11 origin. J. Virol. 67:7131–7139.

19. Lusky, M., and E. Fontane. 1991. Formation of the complex of bovine
papillomavirus E1 and E2 proteins is modulated by E2 phosphorylation and
depends upon sequences within the carboxyl terminus of E1. Proc. Natl.
Acad. Sci. USA 88:6363–6367.

20. McBride, A. A., H. Romanczuk, and P. M. Howley. 1991. The papillomavirus
E2 regulatory proteins. J. Biol. Chem. 266:18411–18414.

21. McCance, D. J. 1986. Human papillomaviruses and cancer. Biochim. Bio-
phys. Acta 823:195–205.

22. Mohr, I. J., R. Clark, S. Sun, E. J. Androphy, P. MacPherson, and M. R.
Botchan. 1990. Targeting the E1 replication protein to the papillomavirus
origin of replication by complex formation with the E2 transactivator. Sci-
ence 250:1694–1699.

23. Moskaluk, C., and D. Bastia. 1988. DNA bending is induced in an enhancer
by the DNA-binding domain of the bovine papillomavirus E2 protein. Proc.
Natl. Acad. Sci. USA 85:1826–1830.

24. Peden, K. W. C., J. M. Pipas, S. Pearson-White, and D. Nathans. 1980.
Isolation of mutants of an animal virus in bacteria. Science 209:1392–1396.

25. Remm, M., R. Brain, and J. R. Jenkins. 1992. The E2 binding sites determine
the efficiency of replication for the origin of human papillomavirus type 18.
Nucleic Acids Res. 20:6015–6021.

26. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

27. Schwarz, E., U. K. Freese, L. Gissman, W. Mayer, B. Roggenbuck, A. Strem-
lau, and H. zur Hausen. 1985. Structure and transcription of human papillo-

mavirus sequences in cervical carcinoma cells. Nature (London) 314:111–114.
28. Seo, Y.-S., F. Muller, M. Lusky, E. Gibbs, H.-Y. Kim, B. Phillips, and J.

Hurwitz. 1993. Bovine papillomavirus (BPV)-encoded E2 protein enhances
binding of the E1 protein to the BPV replication origin. Proc. Natl. Acad.
Sci. USA 90:2865–2869.

29. Seo, Y.-S., F. Muller, M. Lusky, and J. Hurwitz. 1993. Bovine papillomavirus
(BPV)-encoded E1 protein contains multiple activities required for BPV
DNA replication. Proc. Natl. Acad. Sci. USA 90:702–706.

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

31. Sverdrup, F., and S. A. Khan. 1994. Replication of human papillomavirus
(HPV) DNAs supported by the HPV type 18 E1 and E2 proteins. J. Virol.
68:505–509.

32. Thorner, L. K., D. A. Lim, and M. R. Botchan. 1993. DNA-binding domain
of bovine papillomavirus type 1 E1 helicase: structural and functional as-
pects. J. Virol. 67:6000–6014.

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

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

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

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

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

38. zur Hausen, H. 1991. Human papillomaviruses in the pathogenesis of ano-
genital cancer. Virology 184:9–13.

VOL. 69, 1995 NOTES 1323


