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The DNA sequences of the genomes of the bovine type 1 and human type la
papillomaviruses were compared. The overall organization of both genomes is
very similar. Three areas of maximal homology were found in the Li and E1/E2
genes, and at the beginning of L2. The conservation of homologous amino acid
sequences encoded in the open reading frames argues that these segments
represent real genes or exons. Within these segments, however, only certain
domains of the putative proteins are preferentially conserved. Two polypeptide
chains show homologous arrangement of the cysteine residue clusters Cys-X-X-
Cys, despite a lack of conservation of the rest of the amino acid sequence. A
significant sequence divergence in a region where the three reading frames are
open suggests that papillomavirus genomes have evolved not solely by accumula-
tion of point mutations. Conserved sequences were also found in the noncoding
region, and their possible involvement in regulation of viral gene expression is
discussed.

Papillomaviruses are members of the Papova-
viridae family and induce benign squamous epi-
thelial tumors in a wide variety of higher verte-
brates (for a review, see reference 20). The
proliferative lesions caused by most papilloma-
viruses (such as human papillomavirus type la
[HPV-1a]) are limited to the squamous epitheli-
um. However, there is a subgroup of papilloma-
viruses (including bovine papillomavirus type 1
[BPV-1]) which induce fibropapillomas consist-
ing of both a proliferative dermal fibroblastic
component and the proliferative squamous epi-
thelial component. The full vegetative cycle of
the papillomaviruses is expressed only in the
terminally differentiating squamous epithelium
of the papillomas. Although these self-limiting
tumors usually regress, some papillomas may
undergo malignant progression (18, 28). The
molecular genetics of papillomaviruses have not
been well understood, mainly due to the lack of
a permissive in vitro tissue culture system. In
the past few years, the molecular cloning of a
number of papillomavirus genomes has allowed
their biochemical characterization and the study
of their genetic diversity (6, 16, 17). By using
molecularly cloned DNA, the complete genomes
of HPV-la (7) and BPV-1 (4) have been se-
quenced.

t To whom reprint requests should be addressed.

Although they share a number of common
features, BPV-1 and HPV-la differ in many of
their biological properties. Whereas the plantar
and palmar warts caused by HPV-la are entirely
epithelial, the paragenital warts (3) and cutane-
ous fibropapillomas in cattle caused by BPV-1
(20) consist of both epithelial and underlying
mesenchymal components. Furthermore, BPV-
1 is one of a subgroup of papillomaviruses which
is oncogenic in hamsters (12) and capable of
transforming mouse fibroblasts (9). In contrast,
HPV-la is nontumorigenic when inoculated into
hamsters and does not induce foci on mouse
fibroblasts. Both BPV-1 and HPV-la DNAs are
able to replicate as extrachromosomal plasmids
in cells. The BPV-1 genome remains exclusively
extrachromosomal as a stable multicopy (10 to
200 copies per cell) plasmid in transformed
mouse cells (23), and recently La Porta and
Taichman have shown that HPV-la DNA can
persist as a stable plasmid in cultured human
epidermal cells (21). Sequence analysis indicat-
ed that the double-stranded circular genomes are
organized in a similar fashion, each containing a
single coding DNA strand on which open read-
ing frames are similarly distributed. Yet under
standard stringent hybridization conditions, lit-
tle if any homology can be detected between
BPV-1 and HPV-la DNAs (22).

In this report we present a detailed analysis of
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the sequence comparison between the BPV-1
and HPV-la genomes with the following ques-
tions in mind. (i) What is the nature of the
conserved DNA sequences which have been
demonstrated by nonstringent hybridization ex-
periments (17; L. T. Chow and T. R. Broker in
M. L. Pearson and N. L. Sternberg, ed., Gene
Transfer and Cancer, in press), and can they be
related to the common features of the two virus-
es, such as the viral capsid structure, the tro-
pism for squamous epithelial cells, or the ability
of the DNA to persist and replicate as a stable
plasmid in transformed and latently infected
cells? (ii) Do the differences between the two
genomes correlate with the particular biological
activity and host specificity of each virus? (iii)
How has the evolution of papillomavirus ge-
nomes progressed, and in what way did it pro-
duce the observed diversity of the viral family?

MATERIALS AND METHODS
Sequence data. The modifications introduced in the

previously reported HPV-la DNA sequence (7) are the
following: T added between positions 538 and 539; C
deleted at positions 700 and 707; G added between
positions 834 and 835; G added between positions 5106
and 5107; C deleted in 5494; at position 6513, change
CG to GGCTG. The numbering system of the HPV-la
DNA sequence has been changed to start with the G of
the HpaI site (5'GTTAAC 3') at position 4275. The

modifications introduced in the published BPV-1 DNA
sequence (4) are the following: G changed to C at
position 7305; G deleted at position 7585.
Computer analysis. The nucleic acid sequences of

each genome were analyzed by using the program of
Queen and Korn (29). Distribution of termination
codons was determined with a program in which
groups of 10 codons were observed and a vertical bar
drawn when at least one terminator codon occurred
within the set (7). Comparison of the BPV-1 and HPV-
la sequences employed the enhanced matrix proce-
dure of Maizel and Lenk (25). A filtration factor of 5
required the identity of 5 successive nucleotides for a
dot to be denoted on the graph.

RESULTS AND DISCUSSION
Overall comparison of genome structure. The

BPV-1 and HPV-la genomes consist of 7,944
and 7,814 base pairs, respectively. The distribu-
tion of the open reading frames on the coding
strand of each viral DNA is shown in Fig. 1. The
two genomes have been aligned by using the
HpaI site whose relative position was identical
in a homologous segment on the physical maps.
The numbering system of HPV-la nucleotide
sequence has been changed to correspond to
that of BPV-1 to start with the first of the six
nucleotides of the HpaI site (previously at posi-
tion 4275). Corrections included in the HPV-la
and BPV-1 sequences from those previously
published are listed above.
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FIG. 1. Distribution of termination codons of HPV-la and BPV-1 genomes on their respective sense strands.
Groups of 10 codons are observed in each of the three reading frames, and a vertical bar is drawn when at least
one termination codon occurs among them (7). The width of the heavy bars reflects successive groups of 10
codons, each containing at least one termination codon. Open reading frames potentially encoding a peptide
greater than 90 amino acids in size have been designated El through E8 and Li and L2. Dashed vertical lines
superimposed on these regions indicate positions of the translational initiation codon ATG. The letter A refers to
potential polyadenylation recognition signals (AATAAA). The letter T indicates the presence of a potential
TATA sequence, either TATAAA or TATATA.
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PAPILLOMAVIRUS GENOME COMPARISON

The overall organization of the genomes is the
same for these two papillomaviruses and clearly
contrasts with the genomic organization of the
polyomaviruses simian virus 40, BK virus, or
polyoma (30), in which early and late functions
are encoded on different DNA strands. We have
not observed any significant blocks of homology
between the DNA sequences of the polyomavi-
ruses and the papillomaviruses. Thus, the papil-
lomaviruses should be considered as a separate
viral family from the polyomaviruses, distin-
guishable by their characteristic genomic organi-
zation and by their specific tropism for squa-
mous epithelial cells.
As depicted in Fig. 1, all of the coding se-

quences in the papillomavirus DNAs are pre-
sumed to be on one strand. The existence of
coding sequences on the other strand of papillo-
mavirus DNA cannot be absolutely ruled out on
the basis of the sequence analysis, but two
observations make it unlikely: (i) there is no
conservation of open reading frames between
the antisense strands of BPV-1 and HPV-la
(data not shown), and (ii) all the polyadenylated
RNA species detected and mapped from the
BPV-1 genome are derived from a single strand
(1, 15; L. Engel, C. A. Heilman, and P. M.
Howley, submitted for publication).

It is possible to functionally divide the papillo-
mavirus genomes into regions. The BamHI-
HindIII 69% subgenomic fragment of BPV-1
DNA is sufficient for neoplastic transformation
of mouse fibroblasts (17, 24), and all of the
transcripts present in transformed mouse cells
(15) or in BPV-1-induced hamster tumors map
within this fragment (1, 11). We have designated
this part of the BPV-1 genome and the corre-
sponding HPV-la segment as the E region. The
open reading frames located within this segment
have been designated El through E8. The desig-
nation has been made based on size of the open
reading frame, homology, and location within
the genome. The remaining 31% fragment in
each genome contains two large open reading
frames designated Li and L2. Transcripts from
this region are detected in productively infected
bovine fibropapillomas (1; Engel et al., submit-
ted for publication), and transcripts from this
region can direct the synthesis of the 55,000-
molecular-weight major structural protein VP1
in vitro (L. Engel, C. Heilman, and P. Howley,
manuscript in preparation). The E and L regions
are separated at the 3' end of the L region by a
noncoding segment.
The enhanced graphic matrix procedure was

used to analyze the nucleic acid sequences for
features of possible biological interest and to
reveal the spatial patterns of such features.
Comparison of the two different sequences pre-
sented in Fig. 2A shows domains of similarity,

regions of divergence, and insertions and dele-
tions. In this analysis, the identity offive succes-
sive nucleotides is denoted as a dot on the graph.
The schematic redrawing of this comparison in
Fig. 2b highlights the three regions of maximal
homology revealed by this analysis. The two
largest homologous regions mapping in the Li
and E1IE2 open reading frames have been previ-
ously detected by electron microscopy hetero-
duplex observation (5) and blotting experiments
with hybridization conditions of reduced strin-
gency (16, 22).
The positions of the homologous regions rela-

tive to the diagonal are important. The first
region localized to the C-terminal half of El and
the N-terminal half of E2 lies on the major
diagonal, indicating that the distance between
the HpaI site and the N-terminal half of the E2
gene is conserved in both viral genomes. The
second region of homology, located in the N-
terminal portion of L2, is shifted up from the
diagonal, resulting from an insertion of roughly
280 base pairs (bp) in the BPV-1 sequence or an
equivalent deletion from the HPV-la sequence
in the region where E3, E4, and E5 are encoded
(roughly, between positions 3000 and 4000).
Interestingly, E5 is 297 bp long and has no
equivalent on the HPV-la genome (the HPV-la
E5 reading frame shown in Fig. 1 does not
correspond to the one of BPV-1, as it overlaps
with L2 and encodes a peptide with a totally
unrelated amino acid sequence). This region of
BPV-1 also contains the polyadenylation site
(position 4179), which is used for transcripts
detected in mouse transformed cells (15) and for
the E set of transcripts in the bovine fibropapil-
loma (Engel et al., submitted for publication).
The third region of homology in Li is shifted
back toward the major diagonal, indicating an
insertion of about 120 bp in the HPV-la se-
quence. Interestingly, the L2 gene present in
this region is 114 bp longer in HPV-1a. This
analysis illustrates the possible involvement of
an insertion-deletion process in the diversifica-
tion of papillomavirus genomes. Consequently,
the 131 additional base pairs present in BPV-1
relative to HPV-la (7,944 bp versus 7,814 bp)
are not evenly distributed throughout the
genome.
The first region of homology includes the C-

terminal half of El and the N-terminal half of
E2. The two genes overlap for 56 bp in both
genomes. The DNA sequence conservation is in
the range of 65 to 70%, a degree of homology
that was not detectable by standard procedures
of DNA-DNA hybridization. In the C-terminal
half of El (last 300 amino acids, Fig. 3a) there is
52% amino acid homology, which increases to
62% if conservative changes such as lysine to
arginine or glutamate to aspartate are permitted.
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A
HPV-1a rDN"T EN WFL A TLT LD NL VMC VtL SULLrEPO 49
BPV-1 "ND"SNWS GLGCS Y L T EUSDKINEEP AGVEL VE RY SODFVDNiSV 59

HPV-1a SGI09SEwLHKOSLESE ELNA LUYMP> RMADOTDIASISPRLETIMIMKQDKK10
BPV-1 FjGQGHLjJWQALjKKAGIEOILN !KRIV G SNS GS A EEWPVKRR 107

HPV-la R Y R6SDDSGLE6SL>DETRNIDESTOVDO QKENTGEVGAAGV6ILKASNIR1"
BPV-i KSGAKh AENEANRVVTPT VOGIGEGROELNEEUAISHLHLOLVKSK A T1S0
HPV-1a AAL SRFKDTAGVSTL RSY SN TCCGD VLARVR1 NLIDSVKFLTQQTHCVYIF L226
BPV-i VFK1GLLISLFLCS H ILLF ND kTNO2VLAVIF20LAVFFEASFELLKKQCSFLSW22
HPV-la EHAVTIKNRFLFLIVR KAOIKSRETVIIKEII TTI1PMDASYILSEIPPRRSVA ALFYR 286
BPV-i QKRSHIGGTCAVYIC NNTASTARN ANT N REECLMLQOA I&LStALF F 280
HPV-la IM STVFTWATTLHWIHODSISPRELCKMVQW-AYDINGHTRECkIAYY VIL 345
BPVY- hWIRjPATLKHbJALPR T ES OT K DFGTMVOWAYDiHKYAL1S1K1IAYIEILA 336

HPV-1a RDE EIFA R AF LS S SQA KIY KDCAi0AVRHYLRIIWA QAGMSHMJ EWWFR CED N v GGNA 403
BPV-i 1IGSUSINARAFOA TkSSQAKH K TVRHYLRAhj1TQAL"PAY KARC IATGE11 " 396

HPV-1a EIVRW1LRFDVEV FIiSi I FIDLIC|KPKKNCLL IFFPDNTPNGSFTLL K LF KGGIKS1F1 463
BPV-i SMLT FNY I L INLLVULK IPKKNCIAFI GPPNTGKSWUNULIHFLI_JLJSL456
HPY-la YC S1F WI0PAL AKIGULFDATjKPWMDIrWPNALDt NTIC HpELURRPO1CqC523SPY-i FASHSHIFWLHASLA TRAA Vb HARFHARFIT CLJ NALDGJYPVSILRklKIAV A 516

HPV-ia F17K1ASNIDVIKSDTCWMLHSRIISAfKflHEFPFKDNGDtGSL nEN KSFFEI-IEFIQOQ I53
BSPY- P"VADNIDKIAEDRY%fLHSRIOTR ERPCTDESGENV Rk575
HPY-1a E aIS ED GN) PPOSLRLT R AREPI 612
SPY-i DSJI>EE~~jSDEE>9PRSMRTFTCS JNTA VD 606

B
HPVY-a MYNVFOW VWLPA51NFIF Y ISITRIIUSTDEI NNLF7Hi TSERLL HV LFEI S s0BSP-i L Q L LVSKV CSET SIIT L l YYPVEI 53

HPV-ia N OQfT I PKVPR F V RVRF DP^RFA A I FF ERL LR IEI oiaPQ LI 119
SPVY- GAKI VPKVIIAOYR K IOL DPl PO TVHhJSJSKERLV VI VQVR GOPLO III

HPV-ia GIITi LLj:KEfDAEN TNY I NMHANGNSRNIYAF A FQ FVGCTXSA1J ISSPCI79
BPV-i TVITgH T L&&EMVNRKVTW T T DURW L LtLGCTPA:n TARP 170

HPV-1a PGEOVKL qDI RVOMIESVI EDODM TTIIF D(1AALOODTVSqVFTVVOA TIKlYPVlW 236
BSP-I CVTDRLENIAI PLELKNKHIEDGDM EIGF GJNAmEINASIQNEIL|YPD23
HPY-la IRCHNHE Y ENSIMFYFITRFFIRGGIIVGS RD V POSSLYTITADAEPRmTLATTNY29SPY-I~WKFFEDEAPNSSFFFARWKGV!4ESITRGG EMKE PTTDFIIK NNKGDAMLKIPSVHUS
HPW-la VGT SV L FN SfWLNCAG N I LF I VGDNTR 8 SfqMKNNAS 356
B SI T I"FSPY-i!G1~~;IJA42LJLLTVGDNTRG N TI VASDGT 346

HPW-la MTISNANFN FLRHT EFD SFIVO?qK KLTPENLAYIHTMD NIL L SVSWP 416
BSP-i PL E !DSSKt Y RH EYK FlLELEJS EI QTVS HLQGLOG PS V E I V OaP 407
HPV-ia RN P EPQT PYISOYF{FWE V TETRSp IL D Q F P L G RI 475
BSP-i S S I IETJRYIE PT ASNVI AKE DP AGFFW IDKjKLJL DLDQFPLLGRR 465

HPV-la RY0Sl TQRTPTSTTKRKTVRVSI |RRR A SOS
BPV-1 LAR; CST CSTVRKRRIRsaO3 SKP KKK 495

FIG. 3. Amino acid conservation between HPV-la and BPV-1 genes. (A) El open reading frame. (B) Li open
reading frame. The amino acids are denoted in one-letter codes as follows: A, alanine; V, valine; L, leucine; I,
isoleucine; P, proline; F, phenylalanine; W, tryptophan; M, methionine; G, glycine; S, serine; T, threonine; C,
cysteine; Y, tyrosine; N, asparagine; Q, glutamine; D, aspartic acid; E, glutamic acid; K, lysine; R, arginine; H,
histidine.

Many changes in the DNA sequences involve only 4.5% are the same for the C-terminal one-
the third base of codons and hence are not third. The conserved E2 domain stops where the
reflected as amino acid changes. overlap with E3 and E4 coding regions begins
Sequence conservation is localized to particu- (see Fig. 1). This variability could reflect a

lar domains of El and E2. Several insertions double function of the E2 proteins, one function
have had to be introduced in the N-terminal part being common to the viral family and the other
of El to match BPV-1 and HPV-la sequences particular to the virus type.
(Fig. 3a), whereas the C-terminal halves align Little homology is detected in the region of
perfectly. In the N-terminal two-thirds of E2, the two genomes where the E2, E3, and E4 open
37% of the amino acids are identical, whereas reading frames overlap (approximately between



TABLE 1. Nucleotide positions of the open reading frames of HPV-la and BPV-1 DNA
HPV-la DNA position BPV-1 DNA position

Open
reading First First Nucleotide First First Nucleotide
frame nucleotide methionine prcedin nucleotide methionine prcedin

stop codon stop codon

Li 5346 5412 6935 5596 5608 7092
L2 3893 3896 5416 4171 4186 5592

El 773 812 2647 813 849 2663
E2 2568 2592 3557 2581 2608 3525
E3 3263 3793 3267 3836
E4 3157 3181 3432 3173 3191 3550
ES 3876 4151 3713 4009
E6 86 104 523 49 91 501
E7 502 529 807 449 479 859
E8 45 165 353 1099 1204 1479

positions 3250 and 3600 on each genome), yet
the organization of the open reading frames in
this region of the two genomes has been con-
served. It seems likely that each of these open
reading frames encodes viral peptides in that the
5' ends of bodies of mRNAs have been mapped
near the ends of these open reading frames in
BPV-1-transformed cells (15), and RNA species
in HPV-1-infected COS cells mapped to this
region (Chow and Broker, in press). A region of
a genome encoding three different peptides
would necessarily be under evolutionary con-
straints in that changes in the DNA sequence of
this region would be strongly counterselected. It
seems likely, therefore, that the divergence de-
tected between the genomes in this region may
be the result of a combination of genetic events.
In addition to the accumulation of point muta-
tions, one can propose the hypothesis of an
exchange of genetic material between the virus
and its host, between different viruses, or both.
The presence of sequences related to the human
Alu repeat in this region of the HPV-la genome
(7) supports this hypothesis.
The second region of homology shown in Fig.

2 corresponds to the N-terminal 50 amino acids
of L2, which are 60% identical. The remaining
part of the L2 genes have diverged considerably,
except for the sequences encoding the protein C-
terminus, which starts the third region of homol-
ogy between both viruses. This region includes
the open reading frame for the Li protein. The
100-bp A-T-rich region of the HPV-la genome,
located after Li, is displayed on the Fig. 2
computer matrix as a horizontal zone where the
mean density of matches is lower. No such large
A-T-rich region is noted for the BPV-1 DNA
sequence.
Further analysis of the open reading frames.

On each genome, we have arbitrarily chosen to
consider as open reading frames any region with
a coding capacity larger than 90 amino acids.

The coordinates of these reading frames are
presented in Table 1. The lengths and the calcu-
lated molecular weights for putative proteins
encoded in these open reading frames are listed
in Table 2. These two tables show that coding
segments of comparable sizes are present at the
same position on the two genomes, except for
E5 and E8. Neither the E5 nor the E8 coding
regions has any equivalent at the corresponding
position on the other genome (see Fig. 1).
Whether they are only randomly occurring open
reading frames which are not utilized or wheth-
er they specifically encode peptides for each
virus is not known.
The examination of amino acid sequences also

reveals similarities between the predicted pep-
tides of the two genomes in other coding re-
gions. Thus, with the possible exceptions of E5
and E8, each of the open reading frames identi-
fied in Tables 1 and 2 is likely to be a genuine
gene or exon. As an example, E3 has no ATG in
either of the two genomes, but the amino acid
homologies in the C-terminal part (not shown)
strongly suggest that it is an exon. Chow and
Broker have shown, using HPV-la-simian virus
40 hybrids propagated in COS cells, that an
HPV-la-specific RNA is spliced in the region
corresponding to the 5' end of E3 (Chow and
Broker, in press). Also, Heilman et al. have
mapped the 5' end of the body of an mRNA
species in BPV-1-transformed mouse cells to the
5' end of E3 (15).
The case of E6 and E7 is of particular interest.

Only sparse amino acid sequence homology is
detected between the corresponding open read-
ing frames for each genome; however, for both
BPV-1 and HPV-la, each of these polypeptides
is cysteine rich (E6 contains 10.9 and 7.1%
cysteine in BPV-1 and HPV-la, respectively).
Fig. 4 shows that the motif Cys-X-X-Cys is
repeated four times in the amino acid sequence
of E6 on both genomes, with conserved dis-
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TABLE 2. Amino acid capacity of the open reading frames of HPV-la and BPV-1 DNA'
HPV-la DNA BPV-1 DNA

Open Amino acid Amino acid
reading Amino acid capacity after Amino acid capacity after
frame capacity the first capacity the first

methionine methionine

Li 530 (60,080) 508 (57,638) 499 (56,092) 495 (55,556)
L2 508 (55,463) 507 (55,335) 474 (50,475) 469 (50,020)

El 625 (71,230) 612 (69,878) 617 (69,407) 605 ((8,197)
E2 330 (37,870) 322 (36,926) 315 (35,490) 306 (34,310)
E3 177 (20,172) 190 (21,329)
E4 92 (10,113) 84 (9,316) 126 (13,296) 120 (12,564)
E5 92 (10,721) 99 (11,473)
E6 146 (16,962) 140 (16,318) 151 (17,434) 137 (15,851)
E7 102 (11,526) 93 (10,500) 137 (14,597) 127 (13,637)
E8 103 (12,155) 63 (7,535) 127 (14,783) 92 (10,658)
a The numbers in parentheses are the sizes of the putative proteins (in daltons).

tances maintained between the repeating units.
In E7, the same motif is repeated twice, with a
spacing of 29 amino acid residues for each of the
two viruses (data not shown). We interpret this
to mean that the tertiary structure of each of
these pairs of peptides has been maintained with
little conservation of the primary amino acid
sequence. Such a repeated pattern of cysteine
residues is reminiscent of a conserved feature of
the C-terminus of the small T antigen of a variety
of polyomaviruses, including simian virus 40,
BK virus, and polyoma, where the motif Cys-X-
Cys-X-X-Cys is repeated twice (14).
The L region contains two open reading

frames, Li and L2. The amino acid sequence of
the Li protein is highly conserved (45% of
identical amino acids and 16.5% of conservative
changes-see Fig. 3b). The BPV-1 and HPV-la
Li proteins seem to have diverged by accumula-
tion of point mutations; no insertions or dele-
tions are observed in the sequence. The conser-
vation of many stretches of amino acids between
the two proteins is reflected by the immunologi-
cal cross-reaction observed between BPV-1 and
HPV-la capsid proteins detectable with antisera
raised against disrupted virions (19, 27). These
conserved stretches of amino acids between the
two proteins are apparently not exposed on the

surface of the virions in that antiserum to intact
virus is type specific and generally does not
cross-react among different papillomaviruses.
As mentioned above, only the terminal por-

tions of the L2 protein are conserved. L2 may be
a minor component of the capsid, and the vari-
ability of its internal region suggests that it might
play a role in host restriction. In both viruses,
Li and L2 have a highly basic C-terminus. Such
a terminal basic stretch is also found in the VP2
and VP3 minor capsid proteins of polyomavi-
ruses (10), and it may constitute a site of interac-
tion with the DNA inside the virion.

In the BPV-1 genome, the Li and L2 genes
are located in the same translational frame, and
the putative methionine start codon is located 15
bases after the L2 stop codon (Fig. 1, Table 1).
In the HPV-la genome, the Li and L2 genes are
located in different translational frames, and the
first ATG of Li overlaps the end of L2, preced-
ing the stop codon by five bases (Fig. 1, Table
1). As shown in Fig. 3B, the homology between
the Li proteins begins with the second methio-
nine of the HPV-la protein. On both genomes,
the DNA sequence just upstream of the start
codon for the Li protein contains a conserved
potential splice acceptor site. These sequences
are, for BPV-1 and HPV-1a, respectively, 5'-

HPV-la DSAQDOMATPIRT VROLSESLCIPYIDVLLP NFC)YFLSNAEKLLFDHFD 51
BSP-i PANYKKLLTDPGFHMD LKPFAR TN PFS GLD LW EPLTEVDAFRCMVKD 50

HPV-la LHLVWRDNLVFGC OG ARTVSLLEFVLYYQESYEVPEIEEILDRPLLOIELR VTC1IKK111
BPV-1 FHVVIREGCRYGA TI LENCLATERRLWGGVPVTGEEAELLHGKTLDRLCIR CY2GGK 110

HPV-lu LSVAEKLEVVSNGERVHRVR NRLKAK SLI RALYA 146
BPVY- LTKNEKHRHVLFNEPFCKTRANIIRGR YD CRHGSRSKYP 151

FIG. 4. Amino acid sequences of HPV-la and BPV-1 E6 open reading frames. Amino acids are denoted in
one-letter codes. See the legend to Fig. 3 for abbreviations. The four bracketed sets of amino acids contain the
conserved amino acid structural feature Cys-X-X-Cys.
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TTTTTGCAG(ATG)-3' and 5'-GTTTTTCA
G(ATG)-3'. Engel et al. (submitted for publica-
tion) have mapped the end of the body of a
1,700-base mRNA encoding the Li protein in
bovine papillomas, using Si analysis to this
splice junction. Chow and Broker (in press) have
shown that a splice site is used in this region of
the HPV-la genome to produce an RNA body
corresponding to the Li gene(s). Together, these
observations suggest that the HPV-la Li protein
starts with the second ATG of the open reading
frame and the BPV-1 Li protein with the first
ATG.
Noncoding region and putative regulatory ele-

ments. The region extending between the end of
Li and the start of E6 is noncoding on both
genomes, and it contains several conserved fea-
tures which may constitute regulatory signals for
viral gene expression and DNA replication. The
size of the noncoding region is 982 bp for HPV-
la and 943 for BPV-1. It is composed, 5' to 3', of
an A-T-rich region, two successive polyadenyla-
tion sites, directly repeated sequences, and, just
upstream of the E6 ATG, sequences which
could constitute a promotor for polymerase II.
The A-T-rich region is more extensive on the

HPV-la genome and covers about 100 bp (90%
A or T) just after the LI stop codon. The 3' ends
of the "wart-specific" transcripts from the BPV-
1 L region map to the region containing the two
polyadenylation sites (5'-AATAAA-3') in the
BPV-1 genome (1; Engel et al., submitted for
publication), and,,Si mapping experiments indi-
cate that it is the second of these sites which is
utilized in the biosynthesis of the BPV-1 L
region mRNAs at position 7155 (Engel et al.,
submitted for publication). On the HPV-la
genome, the two polyadenylation sites are found
443 and 489 bp after the end of Li, and their
localization fits with the R-loop mapping of 3'
ends of transcripts from HPV-la-simian virus 40
hybrid molecules transcribed in COS-1 cells
(Chow and Broker, in press).
A region of repeated sequences found in both

genomes is shown in Fig. 5. Interestingly, the
BPV-1 10-bp repeat unit is complementary to the
HPV-la repeated sequence. This implies that if
this sequence has any regulatory function, it
would be independent of its orientation in the
genome with respect to the transcriptional direc-
tion, a feature which is characteristic of a tran-
scriptional activator (2, 26). Lusky et al. have
localized a sequence in the BPV-1 genome to the
3' end of the E transcriptional unit at position
4391 to 4454 which does not include these repeat
units and which functions as an activator ofgene
expression (M. Lusky, L. Berg, H. Weiher, and
M. Botchan, submitted for publication). In the
assays performed, BPV-1 DNA fragments in-
cluding the noncoding region and these repeat

units did not have transcriptional enhancer ac-
tivity (Lusky et al., submitted for publication).
The precise function of 10-bp repeat units in the
noncoding region, therefore, remains to be eluci-
dated.
A TATAAA sequence, a characteristic se-

quence component of a Polymerase II transcrip-
tional promoter in mammalian cells, is located
approximately 30 bp before the ATG for E6 in
both genomes (see Fig. 5). The dinucleotide CA
is also conserved just before the ATG, and
either base might serve as a cap site. Sequences
about 100 bp upstream from the cap site are
known to be required for a functional polymer-
ase II promoter (8). In the potential promoter
described here, conserved sequences are found
around the HpaI site of BPV-1 and HPV-la (Fig.
5). The conservations of sequences in the non-
coding regions leads us to speculate that this
region may function as part of a polymerase II
promoter element; however, this hypothesis
must be confirmed by more precise mapping of
5' ends of the viral transcripts and functional
studies on these regions.

Conclusion. Initial evaluations of the sequence
data for BPV-1 and HPV-la (4, 7) were limited
by the absence of genetic studies on these virus-
es. A similar situation existed for the human and
woodchuck hepatitis B viruses in which DNA
sequence comparison (13) has proven to be
extremely useful in the absence of extensive
genetic and functional studies. We therefore
undertook the comparative analysis of the pri-
mary genomic structures of BPV-1 and HPV-la
presented in this manuscript to describe in fur-
ther detail the salient features of the papilloma-
virus genomes. The genomes have been aligned
through homologous conserved regions, and the
overall genetic organization of the two viruses is
quite similar. Open reading frames localized
within the same regions of the genomes are
related by various degrees of conserved se-
quences, indicating the likelihood that these
coding regions represent bona fide genes or
exons. Homologous noncoding sequences have
been localized in corresponding regions of the
genome, indicating that they may be involved in
the regulation of papillomavirus gene expres-
sion.

This comparison suggests two means for pap-
illomavirus genome evolution: a genetic drift by
accumulation of point mutations and the acquisi-
tion of specific information by exchange of ge-
netic material. This point, however, must be
further evaluated by future comparison ofDNA
sequences of other papillomaviruses. Minor dif-
ferences in the organization of the genome have
been pointed out. The specific biological fea-
tures of each of these two viruses, including host
restriction, tissue tropism, oncogenicity, and
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transformation capability, have to be examined
with respect to these unique features of their
genetic composition.
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