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Human papillomavirus type 16 (HPV16) nucleotide sequence variations in the E6 (nucleotide positions [nt]
104 to 559), L2 (nt 4272 to 5657), and L1 (nt 5665 to 7148) open reading frames (ORFs), and the long control
region (nt 7479 to 7842), were examined in 29 selected United States isolates. Of 3,690 nucleotide positions, 129
(3.5%) varied. The maximum pairwise distance was 66 nucleotide differences, or 1.8%. Nucleotide variations
within different genome segments were phylogenetically compatible, and nucleotide changes within E6, L2, and
L1 contained phylogenetic information beyond that provided in the long control region. Most isolates were
classified as members of HPV16 lineages that have been described previously. However, two novel phylogenetic
branches were identified. The L2 ORF was the most variable coding segment. L2 synonymous and nonsyn-
onymous nucleotide changes were distributed asymmetrically. The amino-terminal half of the L2 protein was
remarkably conserved among all isolates, suggesting that the region is under evolutionary constraint. The
amino-terminal region of the E6 ORF was relatively varied, especially at E6 amino acid positions 10 and 14.
Several amino acid differences in the L1 ORF were observed between lineages. Forty-nine amino acid variations
across all sequenced coding regions were observed. These amino acid differences may be relevant to differences
in the generation of humoral or cell-mediated immune responses to HPV16 variants. Our data form a basis for
considering HPV16 sequence variation in the rational design of vaccine strategies and as an epidemiologic
correlate of cervical cancer risk.

Human papillomavirus type 16 (HPV16) infections are as-
sociated with the majority of invasive squamous cell carcino-
mas of the cervix worldwide (8, 46, 78). Proteins encoded by
the HPV16 E6 and E7 open reading frames (ORFs) immor-
talize human keratinocytes in vitro (35, 48, 49, 55) and are
likely to be involved in the malignant transformation of cervi-
cal epithelium in vivo. Effective vaccines might prevent HPV16
infections and thereby reduce the incidence of HPV-associated
cervical carcinomas. HPV virus-like particles that result from
the self-assembly of recombinant capsid proteins are being
evaluated as vaccine candidates (29, 40, 42, 50, 59, 73, 77).
HPV isolates historically were classified into types by com-

paring their DNA with a set of HPV reference genomes in a
standardized liquid hybridization assay (17, 19). Isolates that
belong to the same HPV type are closely related to one an-
other on the basis of nucleotide sequence and represent a
discrete phylogenetic group (7, 10). Although all HPV16 iso-
lates are closely related, previous investigations have identified
five distinct phylogenetic branches among 301 HPV16 isolates
that were collected from Europe, Asia, Africa, and North and
South America (33). The branches were designated E (Euro-
pean), As (Asian), AA (Asian-American), Af1 (African-1),

and Af2 (African-2). The HPV16 reference genome is a Ger-
man isolate and is a member of the E lineage (11, 33, 34, 64).
The phylogeny inferred by Ho and coworkers (33, 34) was

based on nucleotide sequence analysis of the HPV16 long
control region (LCR), a noncoding segment that regulates
transcription and contains the origin of replication. In the
LCR-based analysis, E and As branches were distinct but very
closely related, such that As appeared to be a subclass of the E
lineage. AA, Af1, and Af2 branches were well separated from
each other and from the E and As branches.
Limited information has been available on sequence varia-

tions within the HPV16 L1 and L2 ORFs. All HPV16 clinical
isolates for which sequence is available contain a C-to-G nu-
cleotide change, relative to the HPV16 reference genome, at
L1 nucleotide coordinate (nt) 6241 (42, 56). This results in a
histidine-to-aspartic acid change at L1 amino acid coordinate
(aa) 202. HPV16 L1 recombinant proteins that contain aspar-
tic acid at aa 202, but which otherwise are identical to the
HPV16 prototype, assemble efficiently into virus-like particles
(Fig. 1 and 2, isolate 114K) (42). In contrast, L1 recombinant
polypeptides encoded by the HPV16 reference genome do not
form virus-like particles efficiently. In L2, many HPV16 iso-
lates contain a G-to-A change at nt 4937 (42, 56), but this
change does not alter the predicted amino acid sequence.
Pushko and coworkers sequenced HPV16 L1 and L2 ORFs

from cervical cell samples collected from seven women in the
United Kingdom and from four women in Trinidad (Fig. 1 and
2) (56). The L1 and L2 segments were amplified independently
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from each cell sample by using PCR. The United Kingdom
samples closely resembled the HPV16 reference genome. In
three of the Trinidad samples, the L2 sequences were identical
to the HPV16 reference genome but the L1 sequences con-
tained seven nucleotide sequence changes, of which six were
nonsynonymous (Fig. 1 and 2, isolates T3, T17, and T49). Smits
and coworkers observed a similar lack of linkage between
genome segments among HPV16 DNA-containing samples
from Barbados (65). This apparent lack of linkage suggests the
existence of HPV16 genetic recombinants. However, recombi-
nation between HPV types has not been reported, and other
investigators (11, 38) have demonstrated linkage of nucleotide
changes between HPV16 genomic segments of the same iso-
late. Possible explanations for the appearance of recombina-

tion include a high prevalence of recombinant genomes in the
Caribbean region, preferential amplification of genomic seg-
ments when different HPV16 variants are present in a single
specimen, and simple PCR contamination events.
To date, variations within the HPV16 E6 ORF have not

been described in detail. Ellis et al. recently reported an
HPV16 E6 variant that contained an A-to-G change at HPV16
E6 nt 131 (21). We report here the characterization of HPV16
variants that contain an A-to-G change at HPV16 nt 131, and
we find that these variants constitute a distinct subclass of the
HPV16 E lineage.
In this study, HPV16 isolates obtained in the United States

were initially examined for nucleotide sequence variations
within an L2 segment (nt 4551 to 4871) that encodes human

FIG. 1. Nucleotide sequence variations among the HPV16 isolates. E6, L2, L1, and LCR nucleotide positions at which variations were observed are written vertically
across the top. The identification codes of the samples are indicated along the left; samples obtained from the Portland, Ore., study and from the Albuquerque, N.Mex.,
study begin with the letters OR and NM, respectively. The corrected HPV16 DNA reference sequence (6, 9, 30, 54, 64, 73) is indicated as REF. The L2 and L1
sequences of 114K and 114B were previously published by Kirnbauer et al. (42). Identification codes that begin with S and T are L2 and L1 sequences from United
Kingdom (S) and Trinidad (T) samples published previously by Pushko et al. (56). For each variant sequence, positions that do not vary relative to the HPV reference
sequence are marked with dashes. Phylogenetic groupings based on analysis of LCR sequences and the L2 epitope coding region are indicated along the right.
Nucleotide positions at which multiple replacements occurred are indicated above the HPV16 reference sequence with the symbols1 (two changes), # (three changes),
and ! (four or more changes). Varied nucleotide positions contained within the same codon are marked with the symbol \ /. Consensus sequences for each of the
phylogenetic groups are shown at the bottom; distinctive changes present in all sequences of a class are indicated by a capital letter, while those present in 50% or more
(but not all) members of a class are indicated in lowercase. Question marks indicate positions at which no majority (50%) consensus exists. The LCR sequence obtained
for isolate OR.8392 begins at nt 7672.
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antibody-reactive epitopes (39) and within the E6 coding re-
gion (nt 104 to 559). Nucleotide and amino acid sequence
alignments were used to identify variant clusters. Expanded E6
(nt 104 to 559), L2 (nt 4272 to 5657), L1 (nt 5665 to 7148), and
LCR (nt 7479 to 7842) sequences were obtained from selected
isolates of each variant cluster. L1 and L2 were examined in
order to determine the prevalence, the extent, and the distri-
bution of amino acid changes that might affect immune re-
sponses to HPV16 capsid proteins. E6 was studied to detect
sequence variations that may be associated with differences in
cervical cancer risk or that may be relevant to differences in
cellular immune responses to HPV16-infected cells. The LCR
was analyzed in order to determine the relationship between
our variant isolates and those described previously (11, 33, 34).
These data permit a robust analysis of HPV16 phylogeny,
mutation patterns, and linkage of genomic regions.

MATERIALS AND METHODS

Clinical specimens. HPV16 DNA-containing cervical cell samples were ob-
tained from subjects enrolled in epidemiologic investigations conducted in Al-
buquerque, N.Mex. (n 5 30) (5, 71), and Portland, Ore. (n 5 137) (62). Speci-
mens included a range of cytologic diagnoses and were predominantly normal.
HPV16 nucleotide position numbering. HPV16 DNA nucleotide positions are

numbered according to the published sequence of the reference clone (64),
revised to include corrections reported by Bubb et al. (9), Halbert and Galloway
(30), and Parton (54). We have included an additional correction, replacing the

published GC at position 7432 with CGG, communicated to us by Bernard (6)
and observed in the LCR sequences of our HPV16 isolates. The numbering
system used here corresponds to that of original HPV16 sequence (64) as fol-
lows: (i) same as the original sequence from their nt 1 to 3905; (ii) one greater
than the original sequence from their nt 3906 to 6900; (iii) four greater than the
original sequence from their nt 6901 to 6950; (iv) one greater than the original
sequence from their nt 6954 to 7431 (their nt 6951 to 6953 are not present in the
corrected sequence); and (v) two greater than the original sequence from their
nt 7434 to the end of the LCR segment discussed here.
PCR. For the Thermus aquaticus (Taq)-based PCRs, 100-ml amplification

reaction mixtures contained 10 mM Tris (pH 8.3), 50 mM KCl, 200 mM each
deoxynucleoside triphosphate (dNTP) (dATP, dCTP, dGTP, and dTTP), 2.5 or
4.0 mM MgCl2, 0.125 to 0.5 mM each sense-strand and antisense-strand oligo-
nucleotide primers, and 2.5 U of Taq DNA polymerase (Perkin-Elmer, Foster
City, Calif.). In some cases, sequential nested PCRs were performed in order to
increase the yields of the desired amplicons. In each case, a 2-ml aliquot of the
PCR products from the outer reaction was used as the template for the inner
reaction. PCR conditions and oligonucleotide primer sequences are shown in
Table 1.
For the long-PCR technique (2, 14, 52), we used an XL PCR kit (Perkin-

Elmer). Amplification reaction mixtures contained 1.13 DNA polymerase XL
buffer, 200 mM each dNTP, 1.1 mM magnesium acetate, 0.25 mM each oligonu-
cleotide primer, and 2 U of recombinant Thermus thermophilusDNA polymerase
XL. PCR conditions and oligonucleotide primer sequences are shown in Table 1.
The long PCRs were preceded by a manual hot start (15) at 808C for 5 min.
HPV16 L2 and L1 amplicons were isolated from low-melting-temperature

agarose gel (SeaPlaque; FMC Bioproducts, Rockland, Maine) following electro-
phoresis and ligated to pCRII vector DNA (Invitrogen, San Diego, Calif.).
Nucleotide sequence analysis. Single-stranded DNA templates were prepared

from pCRII recombinant plasmids by alkaline denaturation (31, 32) and from
biotinylated PCR amplicons by using streptavidin-coated magnetic beads (Dyna-
beads; Dynal, Lake Success, N.Y.). Nucleotide sequence was determined by the

FIG. 2. Amino acid sequence variations among the HPV16 isolates. E6, L2, and L1 amino acid positions at which variations were observed are written vertically
across the top. For amino acid positions affected by variations at two different nucleotide positions within the codon, the amino acid position is listed twice and marked
with \ /. Conventions used in this figure are otherwise similar to those used in Fig. 1. Amino acid positions whose codons contain more than one nucleotide replacement
are marked with 1, #, and ! as in Fig. 1. Codons that contain synonymous nucleotide changes are marked with asterisks.
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dideoxy termination method (60), using a Sequenase version 2.0 kit (United
States Biochemical, Cleveland, Ohio) with HPV16-specific or pCRII-specific
oligonucleotide primers.
To reduce the likelihood that nucleotide variations were artifacts resulting

from Taq polymerase error, changes were accepted only when they were repro-
ducible from a second PCR. This strategy has been used previously for the
identification of HPV16 molecular variants (11, 56). Because cloned DNA mol-
ecules from the long PCR may also contain polymerase artifacts (68), complete
nucleotide sequences were determined for three or more clones from each PCR
amplification; nucleotide changes were accepted as valid only when they were
contained in at least three clones.
The nucleotide sequences were determined directly from the affinity-purified

PCR amplicons without molecular cloning for all E6 amplicons, all LCR ampli-
cons, and the L2 and L1 amplicons from 14 isolates (Portland, Ore., samples
OR.6170, OR.8329, OR.8987, OR.2087, OR.4716, OR.7574, OR.5428, OR.7632,
OR.6106, OR.1905, OR.3473, OR.7145, OR.3759, and OR.3136).
HPV16 L1 RFLP assay. HPV16 L1 nt 6038 to 6370 PCR amplicons were

generated in a nested PCR by using either the L1 nt 5594 to 7313 amplicons or
the L1 nt 5638 to 7181 amplicons as templates. The 333-bp L1 nt 6038 to 6370
PCR amplicons were digested with RsaI at 378C for 2 h. The DNA fragments
were subjected to electrophoresis through a 15% polyacrylamide gel and stained
with ethidium bromide. PCR products that showed RsaI restriction fragment
length polymorphisms (RFLPs) compared with the HPV16 reference sequence
were digested with MaeIII at 558C and were analyzed similarly for the presence
of RFLPs. The nt 6164 C-to-A change present in all HPV16 L2-A cluster variants
(described in Results) results in an MaeIII site (GTAAC), whereas an RsaI site
(GTACC) is present in non-L2-A variants (nt 6164 is indicated in boldface type;
the restriction enzyme recognition sequence is underlined). HPV16 L2-A vari-
ants with an additional A-to-C change at nt 6179 contained a secondMaeIII site.
Phylogenetic analysis. Phylogenetic analyses were performed over the E6, L2,

L1, and LCR of 30 HPV16 DNA samples, including the corrected HPV16
reference sequence (6, 9, 30, 54, 64, 73). All sequences from a given sample were
combined, and the combined sequences were used to construct an alignment.
Parsimony analyses were performed by using the Phylogenetic Analysis Using
Parsimony (PAUP) package version 3.1.1 (69) on a Macintosh Quadra 800,
running system software 7.1. MacClade version 3.03 (47) was used on the same
system for analyzing the results of the PAUP analyses. A branch-and-bound
search was conducted to find the most parsimonious tree or trees. Bootstrapping
(100 bootstrap replicates, 10 random-addition and subtree pruning-regrafting
search iterations per bootstrap) was used to confirm the robustness of the major
phylogenetic groups. Maximum-likelihood analyses were performed with fastD-
NAml (53) on a Sun Sparc 10 running Sun OS 4.1.3. Ten-random addition
replicates (jumbles) were performed, using the search option ‘‘global 1 1’’ and a
transition/transversion ratio of 1.4; this transition/transversion ratio gave trees
with the highest likelihood, indicating that it was approximately the optimal value
(26). Neighbor-joining trees were computed on the same Sparc 10 system, using
programs from PHYLIP 3.5 (23–25), specifically DNADIST version 3.53c, with
the Kimura two-parameter model and a transition/transversion ratio of 1.4, and
NEIGHBOR version 3.52c; for neighbor-joining bootstrap analysis, SEQBOOT
3.52c was used in conjunction with DNADIST and NEIGHBOR.
Analysis of synonymous and nonsynonymous mutations. Determination of

degrees of synonymous and nonsynonymous nucleotide divergence for coding
regions was performed by the method of Nei and Gojobori (44, 51).
Nucleotide sequence accession numbers. Nucleotide sequences have been

submitted to GenBank and will be released upon publication. Accession numbers
have been assigned as follows: U34078 to U34106 to the LCR sequences, U34107
to U34135 to the E6 sequences, U34136 to U34164 to the L2 sequences, and
U34165 to U34193 to the L1 sequences.

RESULTS

Nucleotide sequences of an L2 coding segment (nt 4551 to
4871) and the complete E6 coding region (nt 104 to 559) were
determined for HPV16 DNAs amplified from human cervico-
vaginal cell samples. HPV16 DNA-containing specimens were
obtained from subjects enrolled in epidemiologic investiga-
tions conducted in Albuquerque, N.Mex. (n 5 30) (5, 71), and
Portland, Ore. (n 5 137) (62). After analysis of the L2 and E6
nucleotide changes, isolates were grouped into variant classes.
Nucleotide sequence variations in the E6 (nt 104 to 559), L2
(nt 4272 to 5657), and L1 (nt 5665 to 7148) ORFs, and the
LCR (nt 7479 to 7842), were examined in 29 selected isolates
that were representative of the L2 and E6 variant clusters.
Previously reported corrections to the original HPV16 refer-
ence sequence (54, 73) were in agreement with sequences
obtained from all isolates. The nucleotide and amino acid
sequence data are summarized in Fig. 1 and 2. Three isolates

representing a distinct AA subclass were identified during the
E6 and LCR sequence analyses (OR.5691, OR.1783, and
OR.8392 in Fig. 1 and 2), but they were not included in the
phylogenetic studies discussed below; L2 and L1 sequences
were not obtained for these isolates. L2 and L1 sequences for
our isolates are compared with sequences of previously de-
scribed variants: 114K and 114B and HPV16 isolates described
by Kirnbauer et al. (42), and Sx and Tx are United Kingdom
and Trinidad isolates, respectively, described by Pushko et al.
(56).
The phylogenetic studies are presented first to facilitate a

detailed discussion of variation in the HPV16 classes and sub-
classes.
Phylogenetic studies. Parsimony analysis was performed on

a combined E6-L2-L1-LCR nucleotide sequence alignment of
3,690 nucleotides from each isolate, including the corrected
HPV16 reference sequence (n5 30). The absence of insertions
or deletions resulted in an unambiguous optimal alignment.
The alignment contained 129 varied positions, of which 92 gave
segregations which were potentially informative for parsimony
analyses. The analysis yielded a single most parsimonious tree
shown in Fig. 3. Bootstrapping confirmed the robustness of the
four major lineages (E, AA, Af1, and Af2) with bootstrap
values of 95% or more in each case; we will refer to these
groups as classes. An isolated sequence (OR.3136) was iden-
tified. OR.3136 formed a novel branch that was substantially
removed from the class AA isolates; however, OR.3136 and
AA isolates are more closely related to each other than either
is to Af2 isolates. We refer to this variant as North American

FIG. 3. Phylogenetic tree of the HPV16 variants based on parsimony analy-
sis. Combined sequences from E6, L2, L1, and the LCR for 30 isolates (including
the HPV16 reference [REF.] genome) yielded an alignment of 129 variable
positions. The single most parsimonious tree (157 steps) is shown. Small numbers
above branches indicate the number of steps (reconstructed point mutations)
along the corresponding branch; the horizontal length of each branch is propor-
tional to the number of steps, while vertical branch length is for layout only.
Large numbers below branches indicate bootstrap values that are greater than
90%. The portions of the tree corresponding to variant classes E, Af1, Af2, NA1,
and AA are indicated by the larger labels, and the E lineage subclasses P, As, and
G131 are indicated with smaller labels.
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1 (NA1). Within the E class, two divergent subclasses, As and
G131, can be recognized (bootstrap values of 95 and 91%,
respectively). The As subclass has been identified previously
(33), while the G131 subclass has not. The G131 variants would
not have been identified through sequence analysis of the LCR
alone. Moreover, the E6 coding region permitted discrimina-
tion of the maximum number of HPV16 variants across the
shortest sequence segment located between nt 109 and 183
(Fig. 1). Although the parsimony analysis provided a single
most parsimonious reconstruction of the complete tree, little
confidence should be placed in the details of the arrangement
of individual isolates within classes or subclasses, since these
were based on only a few mutations.
Maximum-likelihood analysis also gave a single optimal tree

(6 of 10 jumbles gave identical trees; the other 4 gave slightly
less likely trees which maintained the same major branchings).
The best tree from the maximum-likelihood analysis differed
from that of the parsimony analysis only in the branching
within the E class variants. Within the E class, the G131 and As
subclasses were maintained. Bootstrapping of neighbor-joining
trees gave 95% or greater bootstrap values for the branches
defining the major classes and 90% or greater for the As and
G131 subclasses (not shown). Neighbor-joining trees for each
of the regions (E6, L2, L1, and LCR) gave the same major
classes (not shown).
Sequence variations within the HPV16 L2 human antibody-

reactive region. Jenison and coworkers previously identified an
HPV16 L2 polypeptide segment between aa 149 and 204 that
contains three distinct human antibody-reactive epitopes (39).
The L2 genome segment (nt 4551 to 4871) that encodes the
epitope-containing region was used to screen HPV16 DNA-
containing samples for nucleotide sequence variations.
A subset of HPV16 DNA-containing human cervicovaginal

cell samples (n 5 51) was analyzed from study subjects in
Albuquerque, N.Mex. (n 5 30), and Portland, Ore. (n 5 21).
The HPV16 L2 nt 4392 to 4954 segment was amplified by PCR
using degenerate HPV L2 consensus primers (Table 1). Nested
L2 consensus primer sequences were designed from conserved
amino acid segments of HPV16, HPV31, HPV33, HPV35, and
HPV58. The primers efficiently amplified HPV16, HPV31,
HPV33, HPV35, HPV52, HPV58, and HPV67 DNAs from
cervicovaginal cell samples obtained from the same study pop-
ulations (data not shown). The HPV16 L2 nt 4551 to 4871
segment of the PCR amplicons was sequenced for all samples.
Of the 51 samples, 39 (76.5%) contained L2 nt 4551 to 4871

sequences that were identical to the HPV16 reference genome
(64); we refer to this cluster of isolates as L2-P, or prototype-
like. Twelve samples (23.5%) contained sequences with one or
more nucleotide differences and fell into three distinct clusters,
which we have designated L2-A (n 5 6), L2-B (n 5 5), and
L2-C (n5 1) (Fig. 1 and 2). As stated previously, extended E6,
L2, L1, and LCR sequences were obtained for selected L2-P (n
5 4), L2-A (n 5 6), and L2-B (n 5 4) variants and the L2-C
variant; results are included in Fig. 1 and 2. Subsequent LCR
analysis indicated that the L2-A variants were contained within
HPV16 classes AA (n 5 5) and Af1 (n 5 1) (11, 33, 34). The
L2-P (n 5 4) and L2-B (n 5 4) isolates and the L2-C isolate
were contained within the HPV16 E class.
Additional L2-A variants were identified among Portland,

Ore., samples by using an HPV16 L1 RFLP assay that differ-
entiated HPV16 L2-A from non-L2-A isolates. Of 137 HPV16
DNA-containing samples examined, 19 (13.9%) contained
RFLPs consistent with cluster L2-A isolates. By LCR analysis,
all L2-A variants identified by the RFLP assay were found to
be members of the lineage composed of the HPV16 AA, Af1,
Af2, and NA1 classes.

Of the seven nucleotide differences detected within the
HPV16 L2 epitope region, only the T-to-C change at nt 4599
results in a change in the predicted L2 amino acid sequence
(serine to proline at aa 122). This L2 aa 122 change was
present in all AA, Af1, Af2, and NA1 isolates. Thirty-nine
HPV16 E class isolates were similarly analyzed. None con-
tained amino acid changes within the HPV16 L2 epitope re-
gion relative to the HPV16 reference genome.
HPV16 E6 sequence variations. The complete E6 coding

region was amplified and sequenced from the same specimens
(n 5 137) characterized in the HPV16 L1 RFLP assay de-
scribed above. Representative HPV16 E6 sequences are in-
cluded in Fig. 1 and 2. HPV16 E6 variant isolates segregated
into two main clusters, those that contained zero to three
nucleotide changes and those that contained five to eight nu-
cleotide changes relative to the HPV16 reference genome. The
former group included all E class isolates, and the latter group
included all AA, Af1, Af2, and NA1 isolates.
Within the HPV16 E class, the G131 (n 5 4) and As (n 5 4)

subclasses contained distinctive E6 nucleotide changes relative
to the reference genome. Four of four G131 isolates contained
E6 changes at nt 131 (A to G) and at nt 350 (A to G), and four
of four As variants contained an E6 change at nt 178 (T to G).
Of the HPV16 isolates examined in this study, only the isolates
from the G131 subclass contained the A-to-G change at nt 131,
which results in an arginine-to-glycine change at E6 aa 10. On
the basis of E6 sequence analysis, all L2-B isolates described
above were subsequently found to be contained within the
G131 subclass. The single L2-C isolate was found to be a minor
variant of the prototypic HPV16 E class and was identical to
the HPV16 reference genome within the E6 coding segment.
E6 changes observed in more than one of the eight prototype-
like E isolates (P subclass isolates) examined included (i) an E6
T-to-G change nt 350, resulting in a leucine-to-valine change at
E6 aa 83 (n 5 4), and (ii) a synonymous E6 T-to-C change at
nt 109 (n 5 3). Among the P subclass variants, the E6 T-to-G
change at nt 350 was linked to a distinctive A-to-T change at L2
nt 5225.
All HPV16 AA, Af1, Af2, and NA1 isolates (n 5 16) con-

tained E6 changes at nt 145 (G to T), nt 286 (T to A), nt 289
(A to G), and nt 335 (C to T). In addition to these consensus
changes, class-specific changes were present. AA variants (n 5
8) contained changes at nt 532 (A to G) and at nt 350 (T to G);
a unique AA subclass containing an additional T-to-G change
at nt 183 was identified in three isolates. We refer to this AA
subclass as G183. Further support for the distinction of this
variant subclass was provided by subsequent LCR sequence
determinations. Af1 variants (n 5 4) contained a change at nt
132 (G to C), and Af2 variants (n 5 3) contained three specific
changes at nt 109 (T to C), at nt 132 (G to T), and at nt 403 (A
to G). An E6 nt 143 C-to-G change was common to the Af1
and Af2 isolates. The NA1 isolate contained the four AA-Af1-
Af2 E6 consensus changes and the E6 nt 350 T-to-G change
seen among AA isolates and some E isolates but lacked the E6
nt 532 change present in all AA isolates.
At the amino acid level, the only HPV16 E6 change shared

by all AA, Af1, Af2, and NA1 isolates was a histidine-to-
tyrosine change at E6 aa 78. AA variants contained additional
amino acid changes at E6 aa 14 (glutamine to histidine) and at
E6 aa 83 (leucine to valine); the AA subclass G183 isolates also
contained a change at aa 27 (isoleucine to arginine). Af1 vari-
ants showed a specific change at E6 aa 10 (arginine to threo-
nine), and Af2 variants showed a different change at E6 aa 10
(arginine to isoleucine). Af1 and Af2 isolates shared a change
at E6 aa 14 (glutamine to aspartic acid). The distribution of E6
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nucleotide and amino acid variations is shown in Fig. 4. The
amino-terminal region of E6 is relatively varied.
HPV16 L2 and L1 sequence variations. The HPV16 AA-

Af1-Af2-NA1 isolates (n 5 13) all contained nine nucleotide
changes in L2 and 11 nucleotide changes in L1 that were
restricted to this group. In addition to these changes, the AA
variants (n5 5) contained five class-specific changes at nt 4598
(A to C), nt 4943 (A to G), nt 5294 (A to C), nt 5474 (T to A),
and nt 6802 (A to T). The Af1 variants (n 5 4) contained five
class-specific changes at nt 4307 (G to A), nt 4427 (G to A), nt
4910 (A to T), nt 5289 (A to G), and nt 6567 (T to A). The Af2
variants (n 5 3) contained six class-specific changes at nt 4517
(A to G), nt 4544 (T to G), nt 4853 (C to T), nt 5258 (A to G),
nt 5289 (A to C), and nt 6481 (T to C). Among the HPV16 E
class isolates (n 5 16), the As subclass (n 5 4) showed two
subclass-specific changes at nt 5517 (A to C) and nt 7059 (G to
A). The G131 isolates (n 5 4) contained two subclass-specific
changes at nt 4613 (T to C) and nt 6861 (T to C). A total of 15
and 5 class- and subclass-specific nucleotide changes are found
in the L2 and L1 coding regions, respectively.
At the amino acid level, 13 of 13 HPV16 AA-Af1-Af2-NA1

isolates contained five changes in L2 and three changes in L1
that were restricted to this group. Specific amino acid changes
in the L2 coding region were observed at aa 122 (serine to
proline), aa 385 (valine to isoleucine), aa 420 (isoleucine to
threonine), aa 424 (aspartic acid to threonine), and aa 443
(aspartic acid to glycine). Specific amino acid changes in the L1
coding region were observed at aa 76 (histidine to tyrosine), aa
176 (threonine to asparagine), and aa 474 (leucine to phenyl-
alanine). The As isolates contained one subclass-specific
change within the L2 coding region at aa 428 (isoleucine to
leucine). The G131 isolates did not contain subclass-specific
amino acid changes.

The distribution of nucleotide and amino acid variations
observed in the L2 and L1 coding regions is shown in Fig. 4.
Amino acid variations in the L1 protein are distributed rela-
tively evenly over the L1 coding region. In contrast, amino acid
variations in the HPV16 L2 protein are not distributed evenly
over the length of the polypeptide. Although the two halves of
L2 have similar overall nucleotide mutation rates, the ratios of
synonymous to nonsynonymous changes are quite different.
Nearly all of the substitutions in the 59 half of L2 are synony-
mous changes, while the majority of substitutions in the 39 half
are nonsynonymous. The effect is highly significant according
to a chi-square test of dependence (chi squared 5 14.75, 1 df,
P , 0.01). This asymmetry in the distribution of HPV16 L2
amino acid changes has been also noted in an HPV16 Af2
variant from Zaire (36).
HPV16 LCR sequence variations. Nucleotide changes ob-

served in the LCR (n 5 32, including the three AA subclass
G183 isolates) were the same as those previously reported by
Ho and coworkers (33) except for the NA1 isolate. Although
we did not observe all of the unique HPV16 LCR sequence
variants reported elsewhere, all previously documented major
classes are represented in our data. The greater variation ob-
served by Ho and coworkers is most likely related to the num-
ber of isolates studied and the worldwide sampling strategy. As
noted above, we distinguished a greater number of clusters
than are defined in the LCR by characterizing nucleotide
changes present in E6, L2, and L1 coding regions; a short
segment of E6 (nt 109 to 183) is capable of distinguishing all
classes and subclasses.
Comparison of sequenced regions. Several measures of vari-

ability for each of the sequenced regions are shown in Table 2.
We considered the following: (i) the number and percentage of
varied positions; (ii) the number of mutations and the number

FIG. 4. Distribution of nucleotide and amino acid changes among HPV16 variants within E6, L2, and L1 coding sequences and a segment of the LCR. The
horizontal lines represent the sequenced portions of each region. For the coding regions, the beginning and ending nucleotide positions are indicated below the lines
to the left and right, respectively; the beginning and ending residues of the predicted amino acid sequences are indicated above the lines. Vertical bars below the lines
represent the positions of nucleotide substitutions, while vertical bars above the lines represent predicted amino acid changes. For the LCR, the beginning and ending
nucleotide positions are indicated to the left and the right of the line, while bars through the line represent the positions of nucleotide substitutions.
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of mutations per site as reconstructed from the most parsimo-
nious tree (47); (iii) the simple (Hamming) distance, or dis-
similarity, between two of the most divergent sequences; and
(iv) the rate or degree of divergence for synonymous and
nonsynonymous substitutions (51) between the same two se-
quences. Only differences between L2 and L1 achieve signifi-
cance (P , 0.05) by Student’s t test.

DISCUSSION

In this study, we describe HPV16 intratypic diversity over a
span of 3,690 nucleotide bases among 29 selected United
States isolates. We also present E6 and LCR sequences from a
select group of HPV16 AA variants that would most likely
represent an AA subclass G183. The data set complements and
expands previous descriptions of worldwide HPV16 variants
based on nucleotide sequences of E7, E5, L2, L1, and LCR
segments (4, 11, 22, 27, 28, 33, 34, 37, 38, 56, 65, 76).
We identified a unique subclass within the HPV16 class E

that we have designated G131. G131 isolates did not contain
distinctive nucleotide changes within the LCR segment (nt
7479 to 7842) compared with other class E isolates and would
not have been identified by LCR analysis alone. Likewise, the
HPV16 isolate OR.3136 did not fall within any of the previ-
ously defined classes. NA1 appears to be a descendant of an
evolutionary intermediate that diverged from the AA lineage
well after the AA lineage diverged from the Af2 lineage. As
such, the G131 and NA1 nucleotide sequences provide novel
contributions to HPV16 phylogeny.
With the exception of the subclass G131 isolates and the

NA1 isolate, the United States HPV16 samples were members
of the major HPV16 classes and subclasses described previ-
ously (11, 33, 34). The major groupings deduced from L2 and
E6 sequence analysis corresponded to the LCR-based HPV16
E, AA, Af1, and Af2 classes (33). The E6 sequence provided
more phylogenetic information than the LCR sequence, be-
cause it identified all LCR-based groups and also identified the
E subclass G131 (Fig. 1). Similar to LCR studies, E6 informa-
tion can easily be obtained by targeting a short continuous
segment of the HPV16 genome. Of the regions examined here,
these features make E6 a particularly good choice for distin-
guishing HPV16 variants.
We identified a set of signature patterns for each HPV16

lineage in each of the sequenced regions that allows tentative
classification of HPV16 isolates (Fig. 1). This catalog of signa-

ture positions is currently being used by our group to develop
oligonucleotide probes for specific HPV16 lineages. These as-
says should assist future epidemiological studies of HPV16
infections.
Nucleotide changes present in the E6, L2, L1, and LCR

segments were phylogenetically compatible. None of the iso-
lates that we examined appeared to be the products of genetic
recombination between viruses of different HPV16 lineages.
This observation is in agreement with those of Icenogle et al.
(38) and Chan et al. (11) and fails to confirm previous data
suggesting a lack of linkage between HPV16 genome segments
observed in Caribbean HPV16 isolates (56, 65). The indication
in our data that recombination between variants of HPV16 is
rare or nonexistent implies that nucleotide changes in one
region can be used as markers of changes found in other
regions within the same lineage.
The data presented here permit good resolution of certain

details of the HPV16 phylogenetic tree shown in Fig. 3. As with
previous phylogenetic analyses based on LCR variations (33),
we find that the bulk of the mutations separate the E class from
the AA, Af1, Af2, and NA1 classes. The midpoint of the tree,
which corresponds approximately to the probable HPV16 an-
cestral root, lies along the branch separating the E class from
the AA, Af1, Af2, and NA1 classes. AA and Af2 lie closer to
one another than to Af1; this is a robust finding, with a boot-
strap value for parsimony analysis of 99%.
When rates of observed mutation for different HPV16 ge-

nome regions are compared (Table 2), only differences be-
tween L2 and L1 achieve significance (P , 0.05) by Student’s
t test. Nonetheless, it is interesting that in all measures of
variability, L2 is more varied than the other coding regions and
is approximately as varied as the LCR. L1 is the most con-
served region. With regard to the LCR, the overall rate of
mutation in the sequenced region falls between the synony-
mous and nonsynonymous rates of substitution for the coding
regions. This finding suggests that the LCR segment, while
under less selectional pressure than the coding regions, is far
from unconstrained. Overall, the nonsynonymous-to-synony-
mous ratios are typical of human nuclear genes, in contrast to
the higher ratios seen in some retroviral genes (44).
Nucleotide sequence variations at specific positions were

examined. By direct inspection of nucleotide sequence align-
ments, sites at which there are three or four different bases are
seen (nt 5225, for example). For the current data set, the
hypothetical ancestry of each nucleotide position could be re-

TABLE 2. Comparison of nucleotide sequence variability between E6, L2, L1, and the LCR among HPV16 isolates,
for several measures of variability

Region No. of bases
sequenced

Variable
positionsa Mutationsb

Maximum
pairwise
distancec

Maximum pairwise
pSd (%)

Maximum pairwise
pNe (%)

n % n % n %

E6 456 15 3.3 21 4.6 6 1.3 3.3 0.82
L2 1,386 64 4.6 79 5.7 33 2.4 5.8 1.2
L1 1,484 32 2.2 36 2.4 18 1.2 3.0 0.69
LCR 364 18 4.9 21 5.8 9 2.5

Aggregate f 3,690 129 3.2 157 4.2 66 1.8 4.3g 0.94g

a Number and percentage of positions showing variation among 30 isolates (29 clinical isolates plus the HPV16 reference sequence).
b Number of mutations for the most parsimonious phylogenetic reconstruction, including multiple changes per position, and percentage of changes over positions.
c Number and percentage of positions with different bases for NM.T455 with NM.T529, two of the most diverged isolates.
d Percent divergence for synonymous changes between NM.T455 and NM.T529, calculated according to method 1 of Nei and Gojobori (44, 51).
e Percent divergence for nonsynonymous changes between NM.T455 and NM.T529, calculated according to method 1 of Nei and Gojobori (44, 51).
f Aggregate based on combined data from E6, L2, L1, and the LCR.
g Aggregate value based on combined data from E6, L2, and L1.
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constructed according to the principle of maximum parsimony,
and additional positions which had undergone parallel or back
mutations could be identified. Sites that had undergone at least
two mutations in different lineages are indicated in Fig. 1 and
2. Some such sites may represent mutational or selectional hot
spots, although many of these sites involve only silent (synon-
ymous) changes. Further correlation with functional informa-
tion is needed to evaluate the significance of variation at these
positions. The large number of changes in the 59 region of E6
is an intriguing example.
The codons for E6 residues 10 and 14 show amino acid-

replacing changes at two nucleotide positions each. A possible
explanation for this concentration of changes could be selec-
tive immune pressures on the region. The HPV16 E6 pro-
tein appears to be the target of both humoral and cellular
immune responses (3, 21, 67, 70). Immunologic relevance of
the E6 N-terminal region is supported by the demonstration of
an endogenously processed HLA A*0201-restricted peptide
(KLPQLCTEL; E6 aa 11 to 19) as well as an overlapping HLA
B-7-restricted peptide (RPRKLPQL; E6 aa 8 to 15) in this
region (3, 21). Cellular immune responses may be modified by
host factors such as presenting HLA molecules, viral factors
such as E6 and E7 sequence variability, or a combination of
these factors.
In addition to the potential immunologic relevance of E6

and E7, these proteins are expressed in HPV-associated gen-
ital cancers and immortalize human keratinocytes in vitro,
suggesting that they may act in the generation and mainte-
nance of the transformed phenotype (1, 63, 66). HPV16 E6
binds to the cellular protein p53 and promotes its degradation
by the ubiquitin pathway, one mechanism by which E6 medi-
ates its transforming activities (18, 49, 61). Recent studies have
identified an interaction between HPV16 E6 and a putative
calcium-binding protein that may be important to p53-inde-
pendent transforming activities (13).
The amino-terminal half of the HPV16 L2 ORF was ex-

tremely conserved, and most amino acid changes were ob-
served in the carboxy-terminal half of the protein (Fig. 4).
Several lines of evidence suggest that the amino-terminal seg-
ments of the papillomavirus L2 polypeptides are exposed on
the viral surface, are immunoreactive, and can generate neu-
tralizing antibody responses (16, 39, 43, 45, 57, 58, 72, 74, 75).
Mouse antibodies generated by immunization with purified
HPV1 virions recognize a linear epitope between HPV1 L2 aa
102 and 108 (75). A bovine papillomavirus type 1 (BPV-1) L2
neutralizing epitope has been mapped to the segment between
BPV L2 aa 45 and 173 (58). BPV-1 L2 antisera neutralize BPV
infectivity in vitro, perhaps by interfering with viral entry into
cells (57), and a virus neutralizing epitope has been localized to
a segment between aa 101 and 120 in BPV-4 (12). Immuniza-
tion with cottontail rabbit papillomavirus L2 recombinant pro-
teins protects rabbits from experimental infections with this
virus (16, 45). Within the HPV16 L2 polypeptide, multiple
human antibody-reactive epitopes have been mapped to a re-
gion between L2 aa 149 and 204 (39). Homologous L2 seg-
ments of HPV6, HPV11, and HPV18 are highly divergent and
react with human antibodies in an HPV type-specific manner
(39, 74).
Given these observations, we expected that immune pres-

sures might lead to more amino acid variations within the
amino-terminal half of L2. However, our findings suggest that
this region of the HPV16 L2 polypeptide is subject to strong
negative selectional pressures. The amino-terminal region may
be vital to the structure and the functions of the L2 protein
such that mutations are poorly tolerated. If the HPV16 L2
protein generates protective antibodies in response to vaccina-

tion, it is encouraging that very little amino acid sequence
variation exists within this region among different HPV16 iso-
lates.
The HPV major capsid protein, encoded by the L1 ORF, is

the target of neutralizing antibody responses (20, 40, 45, 57, 58,
59), and naturally occurring L1 antibodies react almost exclu-
sively with conformation-dependent epitopes (41). Therefore,
little is known about the locations or structures of the epitopes
with which L1 antibodies react. It is clear from the findings of
Kirnbauer and coworkers that a single amino acid change can
markedly affect the efficiency with which HPV16 L1 recombi-
nant proteins self-assemble into virus-like particles (42). It is
possible that one or more of the L1 amino acid changes present
among the HPV16 variants described here could similarly af-
fect L1 conformation-dependent epitopes that are relevant to
virus neutralization. It will be difficult to examine cross-pro-
tection between HPV16 variants with the lack of an HPV16
neutralization model system. In this regard, caution should be
taken when interpreting the results of serologic assays that
propose to evaluate cross-reactivity of antibodies to HPV16
variants. Polyclonal serological responses measured in these
assays are not necessarily measures of neutralizing antibody,
and neutralization will be critical for HPV16 prophylactic vac-
cine efficacy.
Our data set provides information demonstrating the genetic

linkage of various HPV16 genomic segments and the relative
degrees of selectional pressure between genomic regions. Ad-
ditionally, these data form a basis for considering HPV16 se-
quence variations in the development of HPV16 L1-, L2-, or
E6-based vaccine strategies, as correlates of cervical disease
risk, and as tools for studying epidemiological issues such as
viral persistence and transmission.
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