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We performed a phylogenetic study of the E2-L2 region of human mucosal papillomaviruses (PVs) and of the
proteins therein encoded. Hitherto, proteins codified in this region were known as E5 proteins. We show that
many of these proteins could be spurious translations, according to phylogenetic and chemical coherence
criteria between similar protein sequences. We show that there are four separate families of ES proteins, with
different characteristics of phylogeny, chemistry, and rate of evolution. For the sake of clarity, we propose a
change in the present nomenclature. E5« is present in groups A5, A6, A7, A9, and Al1, PVs highly associated
with malignant carcinomas of the cervix and penis. E5f3 is present in groups A2, A3, A4, and A12, i.e., viruses
associated with certain warts. E5vy is present in group A10, and ES8 is encoded in groups Al, A8, and A10,
which are associated with benign transformations. The phylogenetic relationships between mucosal human
PVs are the same when considering the oncoproteins E6 and E7 and the E5 proteins and differ from the
phylogeny estimated for the structural proteins L1 and L2. Besides, the protein divergence rate is higher in
early proteins than in late proteins, increasing in the order L1 < L2 < E6 ~ E7 < ES. Moreover, the same
proteins have diverged more rapidly in viruses associated with malignant transformations than in viruses
associated with benign transformations. The ES proteins display, therefore, evolutionary characteristics sim-
ilar to those of the E6 and E7 oncoproteins. This could reflect a differential involvement of the E5 types in the

transformation processes.

Papillomaviruses (PV) are a group of small DNA viruses
that infect vertebrates. They are related to virtually all clinical
cases of cervical cancer and are also involved in other benign
and malignant proliferative disorders, such as skin warts, gen-
ital warts, laryngeal papillomas, and possibly non-melanoma
skin cancer (21, 25, 26, 32, 43, 56). Cladistic relationships
between PVs have been described on the basis of their phy-
logeny (9, 22). Briefly, the major categories are the super-
group, the group, the type, the subtype, and the variant. Su-
pergroups are identified as clades with well-recognized
differences in biology, whereas the rest of the categories are
customarily described on the basis of decreasing phylogenetic
distance (9, 22). Supergroup A unites PV types associated with
genital lesions in humans and primates, such as human PV type
16 (HPV16), HPV18, or HPV6, although other PVs associated
with cutaneous lesions, such as HPV2 or HPV7, are also en-
compassed within this supergroup. This work will focus on PVs
belonging to supergroup A. For the sake of simplicity and
attending to the tissue tropism of most of the members of this
supergroup, we will name them mucosal HPVs. According to
their epidemiological association with cancer, mucosal HPVs
are classified as high-risk or low-risk types (11, 34). The para-
digms of high-risk viruses are HPV16 and HPV18, but mem-
bers of the groups they belong to, such as A9 and A7, and some
other PVs from groups A5, A6, and All also appear to be
systematically associated with malignant growth (11, 34). Mu-
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cosal HPVs bear two oncogenes, E6 and E7, which are ex-
pressed in the early stages of the infection process and are
largely responsible for the changes related to the process of
malignancy (33). The ES gene, another early gene downstream
of the E6 and E7 genes, is also slightly oncogenic but strongly
enhances the transforming potential of E7 (4, 30, 48, 53). By
contrast, the paralog bovine PV (BPV) ES5 gene is the main
gene responsible for the cell transformation in these viruses
and is also capable of transforming human fibroblasts and
keratinocytes (53).

The most studied mucosal HPV ES protein is HPV16 ES. It
is a small, highly hydrophobic protein, 83 amino acids (aa) long
(6, 44), which localizes in the Golgi and in the endoplasmic
reticulum (37). According to in silico predictions and to circu-
lar dichroism analysis, it has three hydrophobic domains with
an alpha helix structure, which could cooperate in rendering
the final spatial arrangement (2). Many disparate functions
have been described for HPV16 ES, but we still lack a proper
hypothesis bringing them all together into a comprehensible
framework. Thus, the expression of HPV16 ES5 upregulates the
signal cascade initiated by the epidermal growth factor recep-
tor upon ligand binding, through mitogen-activated protein
kinases (14, 47). E5 also binds to the 16-kDa subunit of the
membrane H"-ATPase, responsible of the acidification of the
late endosomes (1, 12). HPV16 ES modifies the cell response
leading to initiation of apoptosis, both ligand mediated and
stress induced. Thus, E5-expressing cells are less sensitive to
Fas and apoptosis induced by the tumor necrosis factor alpha-
related apoptosis-inducing ligand (24) and also less prone to
apoptosis after UV irradiation (55). Besides, HPV16 E5 re-
duces gap junction-mediated intercellular communication via
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dephosphorylation of connexin 43 (36). This results in the
cease of tissue homeostatic feedback, which has also been
described as an early event in carcinogenesis progression (27).
Finally, the expression of E5 blocks the traffic to the plasma
membrane of major histocompatibility complex class I
(MHC-I) and MHC-II molecules, thus hampering antigen pre-
sentation and T-cell recognition (7, 54). This finding correlates
with the in vivo MHC-I diminished surface expression in pre-
malignant lesions and in most carcinomas of the cervix (13, 19,
42).

Only a certain amount of working knowledge about HPV16
ES is available thus far, and only scattered reports on the
functions of other mucosal HPV ES proteins have been pub-
lished. However, it can be hypothesized that whatever the
mechanisms connecting the disparate effects associated with
HPV16 ES5, they emerge from a central effect related to the
hydrophobic character of the protein and its localization in the
Golgi apparatus (15). In this sense, the only feature common to
all ES proteins is their highly hydrophobic nature and their
location in the PV genetic map, and the genetic map is strictly
conserved in PVs (45). ES proteins are encoded in the E2-L2
region of the PV genome. This region is present in mucosal
HPVs (supergroup A), ungulate fibropapillomaviruses (super-
group C), and animal and human cutaneous PVs (supergroup
E); it is absent in EV- and melanoma-associated PVs (super-
group B) (9). The only criterion hitherto used to name a
putative open reading frame (ORF) as ES was its presence in
this E2-L2 segment. This fact has led to a proliferation of
putative ES proteins even within a single genome, as is the case
of ESa, E5b, and ES5c proteins in HPV18 and in HPV54.
Moreover, some ORFs in the E2-L2 region have been identi-
fied as ES despite the absence of a start codon, as is the case of
HPV26 ES or HPV30 ES. Finally, some ORFs that are not
encoded in the E2-L2 region but overlap E2 and/or L2 have
also been termed ES5, as in BPV4 E5 or HPV1 ES. The number
of sequences identified as putative ES proteins has therefore
increased to 110, but their chemistry, biology, and phylogeny
are largely unknown.

In the present work we have analyzed the phylogenetic and
chemical relationships between the mucosal HPVs ES proteins
and have identified four different families of related ES proteins.
We describe here the evolutionary characteristics of these pro-
teins and compare them with those of the early oncoproteins E6
and E7 and with those of the structural proteins L1 and L2. The
divergence rate and overall evolutionary pattern of the ES pro-
teins resemble those of the oncoproteins E6 and E7 and differ
from that of the late proteins L1 and L2. Furthermore, we illus-
trate here for the first time a correlation between the phylogenetic
classification of the mucosal HPVs attending to the ES proteins
and their involvement in cervical cancer.

MATERIALS AND METHODS

DNA and protein sequences. The E2-L2 segment sequences were retrieved
either from the Los Alamos HPV Sequence Database (http:/hpv-web.lanl.gov
/stdgen/virus/hpv/) or from the public databases at EMBL. The E2-1.2 sequences
analyzed corresponded to the following viruses: HPV types 1,2, 3, 6, 7, 10, 11, 13,
16, 18, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 39, 40, 41, 42, 44, 45, 51, 52, 54, 55,
57,58, 59, 61, 66, 67, 68, 69, 70, 71, 72, 73, 74AE10, 77, 83, 84, 86, 87, 89, 90, and
91; common chimpanzee PV type 1; pigmy chimpanzee PV type 1; rhesus mon-
key PV; bovine PV types 1 and 2; reindeer PV; ovine PV (OPV) types 1 and 2;
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European elk PV; deer PV; Equus caballus PV; canine oral PV; cottontail rabbit
PV; rabbit oral PV; Felis domesticus PV; and Phocoena spinipinnis PV.

An initial set of putative ES sequences was obtained and analyzed. All putative
ORFs carried in the E2-L2 sequences above listed, longer than 30 aa and
displaying an initial methionine or leucine were identified with the ORF Finder
program and included in the analysis. Additionally, other sequences named ES5 in
the public databases that did not fulfil these criteria were also included. Thus, E5
sequences from HPV types 5, 26, 30, 41, 66, and 69; BPV4; and PsPV identified
as such by the original depositaries were included despite the absence of a
starting codon. Moreover, E5 sequences from BPV4 and EcPV, also identified by
the depositaries, were included despite they were not encoded in the E2-L.2
segment of the corresponding viruses. The total number of putative E5 proteins
in this initial data set was 119. A preliminary phylogenetic analysis was per-
formed with these sequences, as described below. We defined two phylogenetic
and chemical coherence criteria for accepting an E5-like sequence as such. We
assumed first that phylogenetically close viruses should display phylogenetically
close E5-like translations. Second, we assumed that phylogenetically close ES-
like translations should show similar overall chemistry of the polypeptide chain.
This chemical coherence was assessed as described below. Only 71 of the 119
sequences accomplished both criteria and were therefore named ES proteins.
These sequences belonged to HPV types 2, 3, 6, 7, 10, 11, 13, 16, 18, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 39, 40, 42, 44, 45, 51, 52, 54, 55, 57, 58, 59, 61, 66, 67,
68, 69, 70, 71, 72, 73, TAAE10, 77, 83, 84, 86, 87, 89, 90, and 91; CPV1; PCPV1;
BPV1 and BPV2; RPV; OPV1 and OPV2; EEPV; and DPV. The corresponding
Eo6, E7, L1, and L2 sequences form these viruses were also retrieved and ana-
lyzed in parallel to the ES sequences.

Phylogenetic analysis. The initial alignments were generated with TCOFFEE,
which combines information for both global and local homologies (35). When
E2-L2 DNA sequences were aligned, both gap opening and extension end were
highly penalized to avoid high sequence alignment scores due to random simi-
larities between long sequences. This precaution was necessary considering the
differences in length among the aligned sequences. The result was the input for
phylogenetic analysis with the PHYLIP program package (18). A distance matrix
was generated with DNADIST or with PROTDIST with Dayhoff PAM250 as a
substitution matrix. This output was analyzed with DNAPARS or with
PROTPARS to generate a maximum parsimony tree, and with neighbor-joining
and FITCH programs to create distance-based trees. The statistical support was
assessed by 1,000 cycles of bootstrapping with the SEQBOOT and CONSENSE
programs. The clusters and arrangements of individual viruses and virus groups
obtained with neighbor-joining and FITCH were similar. The same procedure
was performed after generating the initial alignments with CLUSTAL W (23), a
progressive alignment algorithm, and with DIALIGN, a local segment alignment
algorithm (31). The overall topology was the same in all cases, and only minor
changes regarding distances were noticeable.

Divergence distances from the present ES, E6, E7, L1, and L2 proteins to the
corresponding ancestral nodes for the group, clade, or protein ancestor were
measured in the consensus phylogenetic tree. Distances for each protein were
averaged, and differences were considered significant by applying the Kolmog-
orov-Smirnoff test, and further validated with Student’s unpaired ¢ test, when the
data were consistent with a normal distribution. Additionally, individual dis-
tances for every protein in every virus were compared in pairs, with a paired
Student’s # test.

Protein chemistry predictions. Hydrophobicity plots were calculated by using
the Kyte-Doolitle hydropathicity scale, a main window of 13 aa, and edges of 5
aa (28). The average GRAVY values for the peptides were calculated as the sum
of hydropathy values of all the amino acids, divided by the number of residues in
the sequence. Topology predictions were performed at the PRED-CLASS server
(http://biophysics.biol.uoa.gr/PRED-CLASS) by using cascading neural networks
(41). Transmembrane segments were delineated with the TMHMM algorithm at
the HUSAR server (http://genome.dkfz-heidelberg.de) by using hidden Markov
model prediction (46) and confirmed at the PRED-TMR server (http://biophysics
.biol.uoa.gr/PRED-TMR?2) by using neural network prediction (40).

RESULTS

The E2-L2 segments of the PVs genomes show five different
genetic arrangements. We performed a phylogenetic analysis
of the E2-L2 region of 67 PVs, comprising mucosal HPVs
(supergroup A), ungulate fibropapillomaviruses (supergroup
C), and other phylogenetically scattered PVs (groups D and
E). DNA alignments were originally generated with
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FIG. 1. Phylogenetic tree of the E2-L.2 DNA sequences in PVs. DNA sequences were retrieved from the Los Alamos HPV sequence database or
EMBL and aligned with the TCOFFEE algorithm. A phylogenetic tree was constructed from the multialignment by the maximum-likelihood method.
Similar topologies were obtained when using DIALIGN and CLUSTAL W as alignment algorithms and neighbor-joining methods as phylogenetic
methods. Numbers at nodes indicate bootstrap support values after 1,000 bootstrap cycles (only values above 500 are given). An asterisk indicates that
the bootstrap support is above 950. Numbers (as in “HPV16 383”) refer to the length of the DNA sequence used for the alignment. The bar at the bottom
gives the relationship between branch lengths and 0.1 matrix units. E2-L2 sequences in ungulate PVs are included as an outgroup. Mucosal HPVs can
be divided into four branches according to their E2-L2 sequence. Each of these branches matches a particular type of E5 protein encoded in this segment
of the viral genome. The code for the main branches corresponds to the one used in the phylogenetic tree for ES proteins (Fig. 2). High-risk and low-risk
mucosal HPVs are labeled with black and white circles, respectively. Virtually all high-risk viruses cluster together according to the E2-L2 phylogeny. The
star-like appearance of the tree suggests that if there was a common ancestor to all the present E2-L2 sequences, it gave rise in a short time to the
corresponding ancestors of the four branches of mucosal HPV E2-1.2 sequences and also perhaps to the ungulate PV E2-L2 sequences.

TCOFFEE, known to perform well in aligning sequences with
high evolutionary distances and showing local homologies (29).
The results were additionally confirmed with CLUSTAL W
and DIALIGN. Alignments were further manually edited and

phylogenies were estimated by evaluating distance matrices
after 1,000 cycles of bootstrapping. Five PV branches appear
clearly in the final tree, with high confidence values (Fig. 1).
The first branch comprised ungulate PVs. PVs belonging to
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this supergroup bear an E2-L2 region between 350 and 950 bp
in length and cluster together confidently 1,000 out of 1,000
times, despite the differences in length.

The second branch (Fig. 1) enclosed all HPVs highly asso-
ciated with cervical cancer and therefore identified as high-risk
PV types (11, 34). PVs appearing in this branch show an E2-L2
region ranging between 290 and 440 bp (Fig. 1). These se-
quences clustered confidently 1,000 out of 1,000 times, and the
relationships within PV groups therein are consistent with
those previously described (9). Thus, all the members of
groups AS, A7, A9, and A1l were encompassed in this branch,
and each group formed a separate cluster, with high confi-
dence.

The third branch of the tree (Fig. 1), embraced HPV groups
A2, A3, and A4. HPV61 and HPV72 belonged to this branch
and are classified as low-risk type, because of their low asso-
ciation with cervical cancer (11, 34). Sequences in this branch
range between 370 and 605 bp, and appeared together confi-
dently 800 out of 1,000 times. Each of the groups comprised
herein clustered separately with high bootstrap values, and
group A4 appears as a subtree within the A3 group (Fig. 1).

The fourth branch of the E2-L2 tree (Fig. 1), covered PV
group A10. All members appeared in this branch with high
bootstrap values (1,000 out of 1,000 times). This group in-
cludes not only HPV but also CPV and PCPV (Fig. 1). The
closest human relative of both is HPV13, as also described for
the phylogeny of L1 sequences (49). PVs in this branch are
classified as low-risk types and are usually associated with non-
malignant, external lesions in the genitalia (20, 39). The E2-1.2
region of PVs in this branch ranges between 500 and 600 bp.

The fifth branch of the E2-L2 tree (Fig. 1), was closely
related to the fourth branch. It enclosed HPV groups Al and
AS8. The low-risk HPV40 and HPV42 appeared in this branch.
Sequences in this branch range between 340 and 560 bp and
clustered together with high confidence (1,000 out of 1,000
times). Groups A8 and Al were sharply discerned (Fig. 1).
However, HPV54 belongs to group Al but did not group with
HPV32 and HPV42, both members of the Al group.

Besides the sharp grouping of E2-L2 in five main branches,
sequences from CRPV, COPV, and HPV1 also clustered to-
gether. These PVs belong to supergroup E PVs, and the com-
mon branching was strongly supported despite the large dif-
ferences in length ranging between 100 bp and 1.6 kbp. This
cobranching validated the adequacy of the approach used.

The E2-L2 region of PV codifies six different conserved ES-
like proteins. A primary set of putative E5 sequences was built
as described above. A preliminary examination of these initial
putative ES sequences showed six main families of evolution-
ary related proteins. Many other sequences, however, showed
no consistent taxonomically distribution and had no close rel-
atives and no obvious similarities with other putative ORFs
from members of the same supergroup or group; they
branched alone close to a central point of the tree (data not
shown). All these sequences were therefore suspected of being
spurious translations. In this first stage, we first applied phylo-
genetic coherence criteria, assuming that phylogenetically
close viruses would display phylogenetically close ES5-like
translations. Therefore, all the phylogenetically scattered pro-
tein sequences suspected of being spurious translations were
removed, and a new analysis was performed with the remaining
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84 sequences. This second sequence set showed a coherent
distribution in six protein groups, fine classifications within
these groups being coherent with the classification into A and
C supergroups (Fig. 2) (9). In this final analysis, some of the
previously discarded ORFs were included because the taxo-
nomic diversity of the hosts prevented us to discern between
true, distinct E5-like proteins and spurious translations, i.e.,
Phocoena spinipinnis PV, canine oral PV, cottontail rabbit PV,
or rabbit oral PV. Some other translations were further in-
cluded to highlight the sequence drift proposed above, such as
those in rhesus monkey PV. Finally, some sequences termed
ES in the public databases but not matching any of the six
groups were included in the final sequence set. This was the
case of BPV4 E5a and E5b and of HPVS ES. Neither PV bears
a real E2-L.2 segment, and the predicted ES5 proteins overlap
the corresponding E2 and/or L2 ORFs.

For some PVs, all of the putative ORFs carried in the E2-L2
fragment were considered spurious translations after the initial
evolutionary analysis. This was the case for the E5a, ESb, and
ESc proteins of HPV54 and the ES5a and ESb proteins of
rhesus monkey PV. None of the proteins encoded in the E2-L2
fragment of these viruses resembled any of the six main groups
of E5-like proteins. This could explain the absence of phylo-
genetic relationship between HPV54 and group Al and be-
tween rhesus monkey PV and group A9 when regarding E2-L2
DNA sequences. The lack of a conserved coding region would
have allowed unrestricted mutations for the E2-L.2 sequences
of these viruses, making them drift away from the ancestral
sequence. For other PVs, only one of the ORFs present in the
E2-L2 region showed a consistent taxonomic distribution,
while the rest appeared scattered and branched close to the
center of the tree in a star-like fashion. As an example, HPV18
contains three ES-putative ORFs, but only one of them corre-
sponded to a putative protein, according to our analysis, being
spurious translations of HPV18 ESb and HPV18 E5c.

Groups AS, A6, A7, A9, and A1l showed a conserved ORF
ca. 240 bp in length, starting close to the E2 stop codon but
never overlapping it. This ORF encodes a protein named ES.
For clarity and due to the lack of homology between the dif-
ferent ES proteins, we termed it ESa. These ESa proteins are
highly hydrophobic membrane proteins, with an average
GRAVY index of 1.92 and average Ile+Leu+Val content of
44.2%. ES5a proteins clustered together confidently, 1,000
times out of 1,000 (Fig. 2). The genetic arrangement of the
E2-L2 region in these PVs is shown in Fig. 3. The best studied
of these E5a is HPV16 ES5«, which is 83 aa long, has a
GRAVY index of 1.79 and shows up to three putative trans-
membrane domains at aa 11 to 29, 36 to 54, and 59 to 76. A
TCOFFEE alignment of the E5a proteins is shown in Fig. 4.
Amino acid identities among ESa proteins are scarce, but the
global hydropathic pattern, showing three highly hydrophobic
regions that could correspond to potential transmembrane re-
gions is conserved in all of them (2). A plot of group A9 ES«a
proteins showing this hydrophobic profile is given in Fig. 4. The
low sequence similarity between ESa proteins is also reflected
in their phylogenetic distribution. Thus, they all shared an
ancient common ancestor and clustered together 900 out of
1,000 times. However, an early evolutionary split made se-
quences in groups A9 and All diverge from those in groups
A5, A6, and A7 (Fig. 2). The initial branching within ESa
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FIG. 2. Phylogenetic tree of the ES sequences in PVs. Protein sequences were retrieved from Los Alamos HPV sequence database or TTEMBL
or generated by conceptual translation of the corresponding E2-L2 sequences and aligned with the TCOFFEE algorithm. A phylogenetic tree was
constructed from the multialignment by the maximum-likelihood method. Similar topologies were obtained with DIALIGN and CLUSTAL W as
alignment algorithms and neighbor-joining methods as phylogenetic methods. Numbers at the nodes indicate bootstrap support values after 1,000
bootstrap cycles (only values above 500 are given). An asterisk indicates that the bootstrap support is above 950. A question mark (as in
“HPV1ES5?”) indicates that the sequence branch is close to the center of the tree with no clear phylogenetic relationship with other sequences and
is therefore likely to be a spurious translation. The original sequence set contained 119 putative ES sequences, and it was reduced to the 84 shown
here after removal of most of the putative spurious translations. The bar at the bottom gives the relationship between branch lengths and 0.1 matrix
units. High-risk and low-risk mucosal HPVs are labeled with black and white circles, respectively. ES sequences in ungulate PVs (dotted line) are
included as outgroups. ES sequences in mucosal HPVs can be divided into four types. Four main branches can be identified, corresponding to
ESa(enclosed in a solid line), E5B (enclosed in a dotted and dashed line), ESy (enclosed in a short-dashed line), and E58 (enclosed in a
long-dashed line). There is a strong correlation between ES tree topology and the epidemiological implications of mucosal HPVs in cervical cancer.
All high-risk viruses contain the ESa protein. Viruses in the A10 group contain two ES sequences, ESy and ES8. The star-like appearance of the
tree suggests that if there was a common ancestor to all the present E5 sequences, it gave rise in a short time to the corresponding ancestors of
the four branches of mucosal HPVs ES sequences and also maybe to the ungulate PVs ES sequences.

proteins and the subsequent evolutionary divergence would
therefore account for the relatively low sequence homology.
The E2-L2 region of PV groups A2, A3, A4, and A12 also
codifies for only one conserved ORF ca. 140 bp long (Fig. 4).
This ORF starts ca. 300 bp downstream of the E2 stop codon.

The putative protein encoded here has also been named ES,
despite the absence of obvious sequence similarity with the
former ESa described. We therefore designate it E5B. Se-
quence homology between ES5@ proteins is relatively high, as
shown in the alignment in Fig. 4. They present one hydropho-
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HPVE4 332 143 46
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Group Al2 HPV7T1 326 143 116
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CPV1 43 284 10 140 36
PCPVL 45 284 10 140 36
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bic, putative transmembrane region and show an average
GRAVY index of 1.24; the average Ile+Leu+Val content is
46.0%. As an example, HPV2 E5p is 48 aa long, has a GRAVY
value of 1.03, and shows one putative transmembrane domain
(aa 25 to 42). A simultaneous hydrophobic plot for the E5B
sequences is given in Fig. 4. The global similarities between
E5B proteins can be seen, as they display a hydrophilic N
terminus and a putative transmembrane region close to the C
terminus.

HPYV groups Al, A8, and A10 possess a long E2-L2 region,
with ca. 600 bp (Fig. 4). In group A10, the first half of this
segment encodes an extremely well-conserved putative protein
ca. 90 aa long that we have named ESgamma. Like all E5-like
proteins, ESwy are highly hydrophobic membrane proteins, with
an average GRAVY index of 1.60 and average Ile+Leu+Val
content of 46.0%. As an example, HPV11 E5v is 91 aa long,
has a GRAVY value of 1.83, and contains up to three putative
transmembrane domains (aa 13 to 37, 42 to 61, and 68 to 87).
Almost half of the E5y amino acid sequences are identical, and
more than 80% residues are similar. The corresponding
TCOFFEE alignments and simultaneous hydrophobic plots of
the ES5+v proteins are given in Fig. 4. ESvy proteins are therefore
highly conserved and are present exclusively in the A10 group,
which encompasses PVs infecting humans, chimpanzees, and
pigmy chimpanzees. These two facts combined suggest a con-
served role for this putative protein in the biology of these
viruses.

In the second half of the E2-L2 segment, groups A1, A8, and
A10 share a conserved short ORF ca. 150 bp long. We named
the putative protein expressed here ES8. HPV6 and HPV11
ES58 proteins additionally present an extended C terminus, ca.
30 aa in length. All E58 proteins show a highly hydrophobic,
potential transmembrane region of conserved amino acids.
The average GRAVY index of E58 proteins is 1.02, and the
average Ile+Leu+Val content is 36.1%. As an example,
HPV13 E58 is 45 aa long, has a GRAVY value of 0.98, and
shows a putative transmembrane domain (aa 11 to 33). Certain
stretches of the sequence are extremely conserved, such as the
pattern GDXW(L, M)XLW or the hydrophobic box down-
stream (Fig. 4).

The phylogenetic relationships of these ES«, -B, -y, and -8
proteins; ESa and ESb from ungulates; and some other con-
ceptual translations from PV sequences from the E2-L2 region
are depicted in Fig. 2. Each of these proteins clustered sepa-
rately and confidently, and no closer evolutionary relationship
between them could be inferred. This means that if there was
a unique ancestor for all of them, it predated the split ungu-
late-primate group, and it gave rise to six evolutionary path-
ways leading to six different proteins in a very short time,
yielding this star-like pattern of the phylogenetic tree.

The evolutionary pattern of ES-like proteins is different
from that of the late proteins L1 and L2, coincides with that of
early proteins E6 and E7, and correlates with the clinical
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manifestations of the viral infection. The HPV E5-like ORFs
identified here have been classified into four different groups
according to their chemical characteristics and their phyloge-
netic relationships, and all ORFs carried in the E2-L2 region
and suspected of being spurious translations were removed and
not analyzed. However, to rule out the possibility that our
study dealt only with conceptual translations and had no bio-
logical significance, we analyzed the phylogenetic relationships
within the early proteins E6 and E7 and the late proteins L1
and L2 in PVs with an ES gene-like ORF and compared both
results. The corresponding protein sequences were aligned by
TCOFFEE, and phylogeny was estimated by evaluating the
distance matrices after 1,000 cycles of bootstrapping. The cor-
responding trees for L1 and E6 are depicted in Fig. 5 and 6,
respectively. The topology of the trees for L2 and E7 was
similar to that of L1 and E6, respectively (data not shown).

The clustering of mucosal PVs at the group level is the same,
with some exceptions, notably RHPVI1, independent of the
protein analyzed. However, the relationships between groups
are not. Thus, according to the late proteins L1 and L2, there
was an ancient event separating groups A2, A3, A4, AS, A6,
A7, and A12 from groups Al, A8, A9, A10, and A11. This early
splitting event appeared with good bootstrap support (500
times out of 1,000) in the phylogenies of both proteins L1 and
L2. The two sets of PV groups segregated in this event do not
show homogeneous biological characteristics. Thus, high-risk
PVs (groups AS, A6, A7, A9, and All) appeared separately in
both group sets. Consequently, the biological roles of L1 and
L2 can be disconnected from the malignancy of the infection of
the corresponding PV.

The topologies of the phylogenetic trees for the early pro-
teins E6 and E7 are different from those of L1 and L2 and
match the description provided above for E5-like proteins. In
these early genes studied, there was an ancient splitting event
separating three main branches of mucosal HPVs (Fig. 5). The
first one comprised groups AS, A6, A7, A9, and All. These
groups enclose all the PVs identified as high-risk PVs and
correspond to those encoding an ES5a protein. The second
branch included groups A2, A3, A4, and Al12 and matches
those described as encoding an E5@ protein. Finally, the third
branch encompassed groups Al, A8, and A10—those groups
containing an E58 ORF and also an ESy ORF in the case of
the A10 group. E5-like proteins therefore show the same evo-
lutionary topology as the early proteins E6 and E7. This fact
reinforces the validity of our identification of four putative
types of mucosal HPV E5-like ORFs (genotypes) as real ORFs
whose translations could correlate with the malignancy and
clinical manifestations of the infection phenotypes.

The overall topology of the evolutionary trees of early and
late genes in mucosal HPVs is not superimposable. It can then
be inferred that the selection pressures driving the evolution of
L1 and L2 proteins and those driving the evolution of the early
genes E6 and E7, the E2-L2 segment, and the E5-like proteins

FIG. 3. Genomic maps of the four types of E2-L2 segments in mucosal HPVs. The nucleotide lengths of both coding and no-coding regions
are indicated. E5a proteins boxed in gray correspond to conceptual translations provided by the authors who deposited the sequence and do not
display a starting methionine nor leucine. Mucosal HPVs encode four types of E5 proteins in the E2-L2 segment and show four different
arrangements of the E2-L2 region. These viruses are classified here according to the ES protein they encode.
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are different and have led to different evolutionary paths that
can be accurately tracked. There is therefore a different evo-
lutionary pattern, which parallels the different functions of L1
and L2 (involved in the first contact between virus host and in
virus assembly and release) and those of E6, E7, and ES (in-
volved in the early steps of viral infection).

Early proteins ES, E6, and E7 diverged more than the late
proteins L1 and L2, and those in high-risk viruses evolved
more rapidly than those in low-risk viruses. Having proven
that the evolutionary pattern of HPV early and late genes was
different, we addressed the question whether there were also
differences in the evolutionary rate between both protein types.
We measured and compared the corresponding distances from
the present viral proteins to the last common ancestor (LCA)
of the group to the LCAs of the clade and the protein. Here we
will define the LCA for every clade a, B, and & as the last
common node having given rise to all PVs encoding ESa, ESB,
and E58 proteins, respectively. The position of the putative
protein LCA was estimated considering the branching point of
the trees giving rise to the corresponding ungulate PV protein.
Results are depicted in Fig. 7. When comparing distances from
present proteins to group and protein LCAs, the divergence
percentage increased in the order L1 < L2 < E6 ~ E7 < ES.
When comparing distances from present proteins to clade
LCAs, the divergence percentage increased in the order E6 =
E7 < E5 (Fig. 7). Thus, while present L1 proteins diverged ca.
18% from the putative LCA, L2 proteins diverged ca. 24%, E6
and E7 diverged ca. 30%, and ES diverged ca. 42%. These
differences reflect again that the selection pressures pushing
the evolution of early and late genes in mucosal HPVs are
different. The dissimilarities in rate evolution between early
and late proteins are proportionally the same when looking at
the group and protein LCAs (Fig. 7, inset). Thus, assuming
that there was a single ancestor for every of the present L1, L2,
ES, E6, and E7 proteins and that these common ancestors were
contemporary and assuming a constant mutation rate for the
HPVs, the early genes have sustainedly evolved more rapidly
than the late genes.

Early proteins in mucosal HPVs have diverged more than
late proteins. Since the early genes E6 and E7, and likely also
ES, are involved in the processes of malignancy leading to the
establishment of neoplasias (17), we compared the correlation
of the evolutionary rates of early and late genes with the
epidemiologic classification of viruses into high- and low-risk
types (11, 34). Distances to L1, L2, E6, E7, and E5 LCAs were
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measured for every virus and normalized with respect to the
corresponding L1 distances. Paired comparison of these nor-
malized divergences confirmed the gradient in evolutionary
rate described above, with late proteins evolving more slowly
than early proteins (Fig. 7). The individual results were then
combined for viruses containing ESa, E5B, ES+y, and ES8 pro-
teins, and the corresponding values were compared. As shown
in Fig. 7b, E6, E7, and ES5-like early proteins diverged signif-
icantly more in high-risk viruses than their counterparts in
low-risk viruses, while there are only marginal differences in
the evolutionary rate of late proteins. Thus, while ESa has
diverged ca. three times faster than the corresponding L1, E5B,
E5v, and E53 evolved only approximately two times faster than
the corresponding L1. Similarly, E6 and E7 in high-risk viruses
have diverged approximately two times faster than L1, while in
low-risk viruses the ratio reaches only ca. 1.5 times the diver-
gence of L1. Thus, both the evolutionary pattern and the evo-
lutionary rate differ between early genes and late genes in
mucosal HPVs and also between high-risk and low-risk PVs.

DISCUSSION

We performed a phylogenetic analysis of the E2-L2 region in
mucosal HPVs at both DNA and protein levels. The global
topology of both phylogenetic trees is comparable. The overall
view of the phylogeny according to the E2-L.2 segment and to
the proteins encoded therein is that there is a sharp correlation
between the evolutionary history (the genotype) and the clin-
ical manifestations of the infection (the phenotype).

The E2-L.2 segment usually encodes short, hydrophobic pro-
teins, named ES or E5a, ESb, and ESc in PVs containing more
than one of these putative ORFs. We propose a classification
of the ORFs carried in the E2-L2 region of the mucosal HPVs
as a result of having applied two coherence criteria for the
E5-like proteins: phylogenetic coherence (phylogenetically
close ES proteins are expected to appear in phylogenetically
close viruses) and chemical coherence (phylogenetically close
proteins are expected to display similar basic chemical charac-
teristics). Underlying these assumptions is the basic hypothesis
that chemistry is the main restriction for protein evolution (3).
First, we identified many of these putative proteins as spurious
translations, on the basis of their incongruent phylogenetic
distribution. We propose therefore that all these ORFs so far
designated ES should not be named as such. The list of ORFs
that meet our criteria of chemical and phylogenetic congru-

FIG. 4. Alignments and hydrophobic profiles of the four types of E5 proteins in mucosal HPVs. Protein sequences were retrieved from the Los
Alamos HPV sequence database or TTEMBL and aligned with the TCOFFEE algorithm. Color codes indicate the goodness of the alignment,
decreasing in the order blue > red > orange. Hydrophobic plots were built with the Kyte-Doolittle index with a window of 10 aa and edges of 5
aa. (A) Alignment for ESa sequences from groups A5, A6, A7, and A9 displaying global similarities in highly hydrophobic segments but presenting
only one conserved proline residue. Sequences for mucosal HPV group A9 are indicated with a vertical bar. They present a putative hydrophobic
helix break in arginine 30, absent in the rest of the ESa proteins. (B) Alignment of E5B sequences from groups A2, A3, A4, and A12, showing
a leucine-rich C terminus but lacking highly conserved particular residues. (C) Alignment of E5y sequences present only in the A10 group, which
includes human and chimpanzee PVs. A total of 40% of the residues are identical and 80% are chemically similar, accounting for a highly
conserved protein. (D) Alignment of E58 sequences present in groups Al, A8, and A10. The hydrophobic N terminus containing the motif
GD(T)W(LL)LW is strictly conserved. Sequences from HPV6 and HPV11 include a long hydrophilic C terminus, absent in the rest. (E) Hy-
dropathy plot of group A9 ESa proteins, showing three highly hydrophobic potential transmembrane domains. (F) Hydropathy plot of the E53
sequences, showing a hydrophilic N terminus and a hydrophobic C terminus, containing a potential transmembrane domain. (G) Hydropathy plot
of the ESvy sequences, displaying three hydrophobic regions that could correspond to three transmembrane helices. (H) Hydropathy plot of the
ES8 sequences, showing a conserved N-terminus potential transmembrane helix.



13622 BRAVO AND ALONSO

Ungulate PV

HPV with
ES5gamma

and
E5delta

wpva2 it

ESdelta

HPV29 1,

HPVIOLL

J. VIROL.

HPV with
ESbeta

“9\49“\\
©
59 su @
38 Hes
HPVASLI @
875
* HPVSILI @
o
o

HPV39L1 °

{1 8CAdH

3 % PV with
<% E5alpha

ESbeta

FIG. 5. Phylogenetic tree of the L1 sequences in mucosal HPVs. Protein sequences were retrieved from the Los Alamos HPV sequence
database or TTEMBL and aligned with the TCOFFEE algorithm. A phylogenetic tree was constructed from the multiple alignments by the
maximum-likelihood method. Similar topologies were obtained when using DIALIGN and CLUSTAL W as alignment algorithms and neighbor-
joining methods as phylogenetic methods. Numbers at the nodes indicate bootstrap support values after 1,000 bootstrap cycles (only values above
500 are given). An asterisk indicates that the bootstrap support is above 950. The bar at the bottom gives the relationship between branch lengths
and 0.1 matrix units. High-risk and low-risk mucosal HPVs are labeled with black and white circles, respectively. L1 sequences in ungulate PVs
are included as outgroups. An early split event separated mucosal HPV L1 proteins in two main branches, close to the divergence point with the
ancestor from ungulate PV L1 proteins. The phylogenetic relationships, according to L1 proteins, do not match the epidemiological classification
of these viruses. The phylogenetic relationships among viruses were the same as those for L1 and L2 but differed for ES, E6, and E7 proteins.

ence and therefore should be named ES is provided in Fig. 3.
Our results predict that the average divergence between
present ES-like proteins and the LCA is more than 40%. On
this basis, we propose a change in the nomenclature to sharply

designate with different names what, in reality, could be dif-
ferent polypeptides. We therefore suggest that E5-like proteins
be named E5«, ESB, ESv, and E58. This nomenclature reflects
simultaneously the homogeneity of the different proteins re-
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FIG. 6. Phylogenetic tree of the E6 sequences in mucosal HPVs. Protein sequences were retrieved from the Los Alamos HPV sequence
database or TrEMBL and aligned with the TCOFFEE algorithm. A phylogenetic tree was constructed from the multiple alignments by the
maximum-likelihood method. Similar topologies were obtained when using DIALIGN and CLUSTAL W as alignment algorithms and neighbor-
joining methods as phylogenetic methods. Numbers at nodes indicate bootstrap support values after 1,000 bootstrap cycles (only values above 500
are given). An asterisk indicates that the bootstrap support is above 950. The bar at the bottom gives the relationship between branch lengths and
0.1 matrix units. High-risk and low-risk mucosal HPVs are labeled with black and white circles, respectively. E6 sequences in ungulate PVs are
included as outgroups. The tree topology coincides with the corresponding topology for E5 (Fig. 2) and E7 proteins: viruses encoding ESa, ESB,
and ES3 proteins cluster in different branches. The phylogeny of E6 and E7 proteins showed a clear parallel with the epidemiological classification

of these viruses.

garding their chemistry and their evolutionary patterns and
matches the epidemiological characteristics of the different
viruses bearing these ORFs.

The phylogenetic trees of the E2-L.2 (Fig. 1) and of the ES
(Fig. 2) DNA segments show a star-like pattern. In both trees,
the main branches emerge close to a putative central point,
and the relative distances between clades are comparable. It
could be claimed therefore that we have compared sequences
which do not share any common ancestor and that this fact is

responsible for the star-like appearance of the final trees. Ev-
idence, however, suggests that all the present E2-L2 mucosal
HPYV sequences and the true ES proteins could have shared a
common ancestor. The E2-L.2 segment could be a hypervari-
able region in the mucosal HPVs and is therefore likely to have
undergone rapid evolution, as well as insertions, deletions, or
recombinations (22). The star-like appearance of the phyloge-
netic tree of the E2-L2 region DNA sequences would therefore
reflect such hypervariability. We have further provided addi-
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FIG. 7. Divergence rates of L1, L2, ES, E6, and E7 proteins in mucosal HPVs. Protein sequences were retrieved from the Los Alamos HPV
sequence database or TTEMBL and aligned with the TCOFFEE algorithm, and their phylogeny was estimated by the maximum-likelihood method.
An asterisk indicates a significant difference with P values of <0.05. Two asterisks indicate a significant difference with P values of <0.01. Bars
enclose 95% confidence intervals of the corresponding mean. (a) Percentage of divergence between the present proteins and the putative LCA
of the HPV group protein and the protein LCA. Early proteins have diverged significantly more quickly than late proteins, and the divergence
percentage increases in the order L1 < L2 < E6 ~ E7 < ES. The phylogeny according to ES, E6, and E7 is overimposable and allows the definition
of an additional category, namely the clade, regarding the type of ES protein encoded in the genome. The divergence rate between present proteins
and clade LCA proteins also matches the sequence E6 < E7 < E5. (Inset) Divergence percentages are expressed as ratios with respect to the
corresponding L1 divergence percentage. There is a strong correlation between the divergence ratios regarding the distance to protein LCA and
the distance to protein group LCA. Early proteins therefore evolved sustainedly faster than structural proteins in mucosal HPVs. Error bars
enclose 95% confidence intervals for the mean. The dashed lines enclose the 95% confidence interval for the lineal regression of the data. (b)
Divergence percentages normalized with respect to the L1 divergence percentage for each virus. Viruses are classified as belonging to clade «, B,
or 9§, according to the E5 protein type they encode. Viruses in clade « are highly associated with malignant transformations. Viruses in clades 8
and d are associated with benign transformations. Viruses in group A10 contain an additional E5y protein, which is referred to here as clade .
Proteins ES5, E6, and E7 diverged more in high-risk viruses than in their low-risk counterparts.

tional evidence regarding the relative evolutionary distances similarity between them and that the evolutionary divergence
between the present ES-like proteins and the respective LCAs, between present proteins in different groups rises to 80%. The
compared with the corresponding distances for other four highly hydrophobicity, the high Ile+Leu+ Val content, and the
genes in the PV genome. Concerning the four groups of HPV presence of transmembrane regions are the only common
ES sequences, we have shown that there is no evident sequence characters for all ESa, -B, -v, and -8 proteins. Of all ES-like
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proteins, only the biology of HPV16 ES« is partially known. It
localizes mainly in the Golgi apparatus and has been associ-
ated with several disconnected effects related to differential
response to growth factors and stress, apoptosis initiation, and
MHC surface expression (5, 16). These multiple effects could
arise from local changes in the membrane chemistry, related to
the highly hydrophobic nature of the protein and its transmem-
brane potential (14). This is the only characteristic common to
all ES-like proteins that could account for the multiple effects
hitherto associated with them. Experimental data related to
other ES types also point in this direction. Thus, HPV2 E58 is
also a Golgi protein and blocks the surface expression of
MHC-II molecules (8). In addition, both HPV6 ES5y and
HPV11 E5vy localize in the Golgi and associate with the 16-
kDa pore-forming protein component of the vacuolar ATPase
(10, 12), also known to be an interaction partner of HPV16
E5a (1, 12). The overall data suggest, therefore, that mucosal
HPV ES proteins share a common ancient ancestor and that
they underwent a rapid early divergence process that gave rise
to the present four ES families. The particular composition of
the ES proteins, where the three amino acids Ile, Leu, and Val
(representing 13 possible codons) account for more than 45%
of the sequence, could have eased the sequence drift here
proposed.

The ES5-like proteins display the same evolutionary charac-
teristics as E6 and E7. The phylogeny of human mucosal PV,
according to L1 and L2, is the same and matches previous
reports (9, 22, 38, 50, 51) but does not coincide with that of the
early genes. The strong correlation between phylogeny and
epidemiology in all the early proteins studied is absent in the
corresponding analysis for the late proteins L1 and L2. This
fact shows that the structural proteins L1 and L2 have a sec-
ondary role, if any, in the malignant transformations associated
with viral infection.

The divergence rate at the protein level increases in the
progression L1 < L2 < E6 ~ E7 < ES5. There is, therefore, a
clear gradient in the rate of divergence from late genes, which
evolve more slowly, to early genes, which evolve more quickly.
In the same direction, the divergence rate of the different
E5-like proteins followed the progression ESa < E5B ~ E58 <
ESv. This reinforces again our proposal that the E5-like pro-
teins here identified are real proteins and that there is a cor-
relation between the ES5 version encoded in a given PV ge-
nome and its higher or lower association with the development
of neoplasia.

The findings that early proteins have diverged more than
late proteins and that early proteins in high-risk viruses have
evolved more than early proteins in low-risk viruses match with
the involvement of early proteins in the initial transformation
processes of the viral infection (17). The expression of E6 and
E7 modifies the normal cell cycle and alters the differentiation
program of the keratinocyte, thus allowing viral DNA replica-
tion. E6 and E7 initially bind p53 and retinoblastoma protein
plO5RB, respectively, although both are known to have other
cellular targets (17, 52). The expression of ES, on the other
hand, raises a multitude of apparently disconnected effects that
enhance those of E6 and E7 (5, 16) and which could arise from
a modification of cell membrane chemistry (15). The cellular
binding partners of L1 and L2 are still unknown, but it can be
inferred from our results that they will not be involved in
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cellular homeostasis to the same extent as those of E6, E7, and
ES. The increased divergence rate in early genes, especially in
high-risk PVs, could have arisen as a result of a coevolutionary
arms race between virus and host. In the case of ES, the high
hydrophobic content would have potentiated the divergence. A
complementary view of the increased divergence rate of early
genes compared to late genes could explain this fact as a
reflection of a high number of interaction partners of these
early proteins. Thus, the higher the number of interaction
partners of a protein, the broader its effects are and the higher
its divergence rate will be. This view would match a scenario
where the number of interaction partners and the multiplicity
of biological effects on the infected cell also increase in the
sequence L1 < L2 < E6 =~ E7 < ES.

ES5-like proteins can be classified into four groups according
to their chemical characteristics and evolutionary relation-
ships. This classification matches the epidemiological charac-
teristics of the mucosal HPVs and their differential association
with cancer development (11, 34). Moreover, the evolutionary
pattern and divergence rate of the ES proteins agree with those
of the early genes E6 and E7, but not with those of the late
genes L1 and L2. To date, most of the data available refer to
the ESa protein, and few reports are available about the bio-
logical effects of ESB, ESvy, and ES8. The different evolutionary
history of the early and the late genes raises the question of
which gene (if any) reflects the true evolutionary history of the
PV; it does not exclude the presence of an initial period where
recombination and horizontal exchange of genetic material
between viruses could have been possible. Finally, the proper-
ties here analyzed and predicted for these proteins suggest that
their characterization could provide us with new insights into
the biology and the diversity of clinical manifestations of the
PV infection in humans.
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