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Abstract

Human papillomaviruses use rare codons relative to their hosts. It has been theorized that this is a
mechanism to allow the virus to escape immune surveillance. In the present study we examined
the codings of four major genes of 21 human alpha (mucosatropic) viruses and 16 human beta
(cutaneous-tropic) viruses. We compared the codon usage of different genes from a given
papillomavirus and also the same genes from different papillomaviruses. Our data showed that
codon usage was not always uniform between two genes of a given papillomavirus or between the
same genes of papillomaviruses from different genera. We speculate as to why this might be and
conclude that codon usage in the papillomaviruses may not only play a role in facilitating escape
from immune surveillance but may also underlie some of the unanswered questions in the
papillomavirus field.

INTRODUCTION

Papillomaviruses are small (about 8Kb) DNA tumor viruses composed of a circular double
stranded genome. There more than 100 viruses in this diverse group and each is highly
species and tissue specific. A subset of the viruses is associated with cancers, most notably
cancer of the cervix, but also head and neck cancers and certain squamous cell carcinomas
[1]. Cervical cancer is one of the leading causes of death in women of childbearing age in
developing countries and is thus an important public health target [2].

All human papillomaviruses contain the early genes E1, E2, E6 and E7 and the late genes L1
and L2. In addition, there is an E4 gene embedded within the E2 gene; in some viruses, there
is also an E5 gene located between the end of E2 and the beginning of L2. E6 and E7 are
oncogenes; E1 and E2 are required for replication and gene regulation, and L1 and L2 are
capsid genes [3].

Papillomaviruses use rare codons relative to their hosts [4,5]. It has been theorized that this
is an evolutionary adaptation that allows the virus to survive within the cell without

triggering the immune response [6]. Viral codon usage has also been correlated with tRNA
profiles in the cell [7-9]. Adaptation of codon usage to that of the cell infected by the virus
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could help to explain both the tissue and species specificities of these viruses as well as gene
expression patterns.

Recent studies have shown that protein expression in in vitro systems can be enhanced by
codon-modifying the gene to be expressed to match the codon usage of the system in which
it is being expressed [10,11]. This technique has greatly increased expression levels in vitro
and has enabled the production of quantities of proteins that had heretofore been difficult to
obtain. We have applied the same technique in our /n vivo cottontail rabbit papillomavirus
(CRPV) animal model to increase protein amounts and to enhance immunogenicity of the
viral genes [12]. Our laboratory became interested in codon usage in papillomaviruses based
on the findings in these studies.

In the present study the codings of four of the major genes of 21 human alpha viruses and 16
human beta viruses were examined. These viruses represent types within six different
species of alpha and two different species of beta viruses as described by deVilliers et al.
[13]. Codon usage between genes of a given virus was compared for all amino acids; in
selected instances codon usage between the same genes of different genera was examined.

We report here that there were distinct differences in coding patterns between different
genes in the same virus and also between the same genes of the alpha and beta
papillomaviruses. We postulate that codon usage, in addition to providing a mechanism for
escape from immune surveillance, may also yield clues to the questions surrounding issues
of tissue and species specificity of the viruses and temporal expression of the viral genes.

MATERIALS AND METHODS

Retrieval of papillomavirus genomes from GenBank

The sequences of the human papillomaviruses used in this study were downloaded from
GenBank (www.ncbi.nlm.nih.gov/).

Virus Accession number
HPV2A X55964
HPV3 X74462
HPV5 NC_001531.1
HPV6B NC_001355.1
HPV7 NC_001595.1
HPV8 M12737.1
HPV9 NC_001596
HPV10 NC001576.1
HPV11 EU918768
HPV12 X74466
HPV13 DQ344807.1
HPV14D  X74467.1
HPV15 X74468.1
HPV16 EU918764.1
HPV17 X74469
HPV18 EF202154.1
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HPV19
HPV20
HPV21
HPV22
HPV23
HPV24
HPV25
HPV26
HPV28
HPV29
HPV30
HPV 31
HPV32
HPV33
HPV 34
HPV35
HPV36
HPV37
HPV38
HPV39
HPV40
HPV42
HPV43
HPV44
HPV 45
HPV47
HPV48
HPV49
HPV50
HPV51
HPV/52
HPV53
HPV/54
HPV/55
HPV56
HPV57
HPV58
HPV59
HPV60
HPV61
HPV65
HPV66
HPV67

Virus Genes. Author manuscript; available in PMC 2013 August 25.

X74470
U31778.1
U31779.1
U31780
U31781
NC_001683
X74471
NC_001583
U31783.1
U31784.1
X74474.1
J104353.1
NC_001586
EU918766.1
NC_001587.1
M74117.1
U31785.1
U31786
U31787
M62849.1
X74478.1
M73236.1
AJ620205.1
U31788.1
EF202166.1
M32305.1
NC_001690
NC_001591.1
NC 001691
M62877.1
X74481
NC_001593
AF436129
U31791
EF177181
AB361563
EU918765.1
EU918767.1
NC_001693
NC_001694.1
X70829
U31794.1
D21208
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HPV68 EU918769.1
HPV69 AB027020
HPV70 U21941.
HPV71 AY330621
HPV73 X94165
HPV74 AF436130
HPV75 Y15173.1
HPV76 Y15174.1
HPVT77 Y15175.1
HPV80 Y15176.1
HPV 83  AF151983.
HPV92 NC_004500
HPV96 NC_005134

The E1, E2, L1, and L2 genes of the following viruses, chosen at random from the larger set,
were loaded into DNAMAN (Lynnon Corporation, Pointe-Claire, Quebec, CANADA).

Alpha viruses: 2a, 3, 6b, 7, 10, 11, 13, 16, 18, 26, 30, 31, 33, 34, 35, 39, 40, 45, 51, 52, 58,
Beta viruses: 5, 8, 9, 12, 14D, 15, 17, 19, 20, 22, 23, 24, 25, 36, 38, 47.

Codon usage for each amino acid for each gene was computed using the DNAMAN
program.

Comparison of amino acid codings between genes of a given virus

The codings for a given amino acid and a given gene (E1, E2, L1, or L2) of a given virus
were compared with the codings for the same amino acid for each of the other genes for the
same virus using Chi Square statistics. Both Smith’s Statistical Package {http.//
www.economics.pomona.eau/StatSite/SSP.html) and Calculation for the Chi Square Test
[(Preacher, K. J. (2001, April). Calculation for the chi-square test: An interactive calculation
tool for chi-square tests of goodness of fit and independence [Computer software]. Available
from http://www.quantpsy.org.)} were used for the analyses. The benefit of the latter
program is that it gives a Yate’s correction for each value. A value of P</=0.05 was
considered significant.

Composite codon comparisons for the amino acids serine, threonine, glycine arginine and

proline

Both within genus and between genera comparisons of codings for a given gene for amino
acids serine, threonine, glycine, arginine and proline were determined. These amino acids
were chosen for analysis because they had been shown in the between-gene comparisons
above to often differ in their codon usage. To accomplish the within genus analyses, the 21
alpha viruses and 16 beta viruses were divided into arbitrary halves and the codings for each
amino acid for each half were summed. Each half was compared with the other half using
the Chi Square statistic with Yate’s correction.

For the between genus comparisons, the total codings for each amino acid and each gene for
the alpha viruses were compared by the Chi Square statistic with the total codings for the
same amino acid and gene of the beta viruses.

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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Calculation of preferred codons for amino acids serine, threonine, glycine, arginine and

proline

The composite codings determined above were used to ascertain the preferred codons for the
five amino acids serine, threonine, arginine, glycine and proline for the genes E1, E2, L1
and L2 for the alpha and beta papillomaviruses. The number of codons for a given triplet
divided by the total number of codons in each composite gene was calculated to yield the
percent usage of that codon.

Comparison of lysine coding for L1 for the viruses in the Zhao et al. analysis [14]

The following 72 viruses, representing most of the human viruses investigated in the Zhao
study [14] were evaluated for L1 codon usage for lysine.

2A,3,5,6B,7,8,9,10, 11, 12, 13, 14D, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 42, 43, 44, 45, 47, 48, 49, 50, 51, 52, 53, 54,
55, 56, 57, 58, 59, 60, 61, 65, 66, 67, 68, 69, 70, 71,73, 74, 75, 76, 77, 80, 83, 92, 96.

The codon usage for lysine for the L1 gene for each virus was computed using DNAMAN.
The data were compared to that of the Zhao study [14].

Comparison of serine and threonine codings for beta virus E2 genes and for the E2
sequences minus the E4 overlap

Our analysis showed that serine and threonine codings were different in the beta viruses for
E2 vs the rest of the genes. We postulated that this could be due to requirements of the
overlapping E4 gene. Therefore we used the Chi Square statistic to compare codon usage
between the full E2 gene of the beta viruses and the E2 sequence minus the E4 overlap.

Comparison of alpha and beta papillomavirus E2 and E4 genes

RESULTS

Our analysis revealed differences in the lengths of the alpha and beta virus E2 and E4 genes
and in the numbers of prolines in the respective E4 genes. We therefore documented these
differences in tabular form. Length of each gene, total number of prolines per E4 gene, and
numbers of consecutive prolines were compiled.

The early genes, E1 and E2, of the ALPHA papillomaviruses coded differently from the late
genes, L1 and L2, for certain amino acids

For the amino acids SERINE, THREONINE, ARGININE, PROLINE, and GLYCINE, the
E1 and E2 genes often coded statistically significantly differently from the L1 and L2 genes
of the corresponding ALPHA virus. The most significant differences were seen between E1
and L2 for which pair 20 of 21 viruses coded differently for serine, 18 of 21 for arginine, 18
of 21 for proline 15 of 21 for threonine and 14 of 21 for glycine. Most differences were
highly significant (P<0.01). L1 and L2 for a given virus generally coded the same; there
were some differences between E1 and E2; most were not highly significant. The serine
analysis was continued for six additional alpha viruses, one from each of a species not
represented in the original analysis, to see if the pattern continued to hold. All six viruses
showed statistically significant differences between serine coding for E1 vs L2. Thus 26 of
27 alpha papillomaviruses coded statistically differently for E1 and L2 for serine. Table 1
summarizes the data for SERINE. The data for the remaining amino acids may be found as
supplemental materials, Tables S1A-D.

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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The early genes, E1 and E2, of the BETA papillomaviruses coded differently from each
other for SERINE and THREONINE. E2 coded differently from L1 and L2 for these amino
acids; E1 coded the same

All of the beta papillomaviruses tested (16 of 16) coded differently for SERINE for the
protein pair E1/E2. 13 of 16 of the viruses coded differently for serine for E2/L1 and 14 of
16 for E2/L2. Many differences were highly significant (P<0.001). E1/L1 and E1/L2
codings were generally the same. L1 and L2 codings were the same for serine for a given
virus. When the analysis for serine was continued for three additional beta viruses
representative of three additional species, two of the three were found to code significantly
differently for E1 and E2. Thus 18 of 19 beta viruses coded differently for serine for E1 and
E2. Table 2 summarizes the serine data for the 19 beta viruses.

11 of 16 beta viruses coded differently for THREONINE for the protein pair E1/E2. Many
differences were highly significant (P<0.01). 10 of 16 of these viruses coded differently for
both E2/L1 and E2/L2. There were few differences between E1/L1 and E1/L2. L1 and L2
codings were similar for threonine for a given virus. Thus serine and threonine have similar
coding patterns. However, the serine coding differences are greater. The data for threonine
may be found in the supplemental materials, Table S2A.

For the remaining amino acids investigated in this analysis, E1 and E2 coded the same
with respect to each other in the beta papillomaviruses, as did L1 and L2

E1 and E2 generally coded the same with respect to each other for ARGININE, PROLINE,
and GLYCINE, in the beta papillomaviruses studied. The same was true for L1 and L2.
Unlike the alpha viruses, in which there were significant differences between E1 and L1/L2,
there were fewer differences between E1 and L1 or L2 in the beta viruses studied. The data
for the remaining amino acids may be found in the supplemental materials, Tables S2B-D.

The alpha and beta papillomaviruses could be distinguished from each other by their
differential codings for serine

Beta viruses coded differently for serine for the protein pair E1/E2 in 18 of 19 viruses. A
single beta virus coded significantly differently for the E1/L2 pair and only two for E1/L1
pair. Most beta viruses coded differently for E2 and L1 or L2. On the other hand, 26 of 27
alpha viruses coded differently for the E1/L2 pair and 21/26 for E1/L1 pair. This differential
codon usage for serine in proteins of the alpha and beta viruses could be used to discriminate
between the two virus genera.

Composite codon analysis confirmed that there were large differences in amino acid
codings between the alpha and beta viruses

Our data suggested that codon usage for a given gene differed between the alpha and beta
papillomaviruses. The data also suggested that within a genus the codings for a given gene
were generally the same. We wanted to verify these findings. In order to do this, we
compiled composite codings and compared them to each other by Chi-Square analysis.
Tables 3 A, B and C summarize the results of this analysis. Table 3A shows the within alpha
genus analysis and table 3B, the within beta genus analysis. Table 3C shows the between
genera analysis. Codon usage within groupings of alpha or beta viruses for a given gene was
analyzed. For all of the beta papillomaviruses in this study, the within gene differences for
these groups were not significant. (P >0.1 Chi-Square statistic, with Yate’s correction). A
few relatively small but significant differences were seen between the alpha papillomavirus
groupings (P>0.01). Codon usage between groupings of alpha and beta viruses (table 3C)
was significantly different for most of the amino acids and genes (P<0.0004, Chi-Square
analysis after Yate’s correction). The exception of note was usage for proline in the E2 gene

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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where no significant difference was found between the alpha and beta viruses. These data
confirmed our earlier data that codon usage for the amino acids investigated in this study
was, in general, very different for alpha and beta viruses.

Codon usage for a given amino acid differed from gene to gene within a genus and
between genes of the two genera

Table 4 summarizes codon usage for the four genes and five amino acids investigated in this
study. This summary was generated from the composite codon analyses. Codons are listed in
order of their use in a given gene and it can be seen that this order differs from one gene to
another and from one genus to the other.

Codings for beta papillomavirus serines and threonines in the hinge of E2 were correlated
with prolines in overlapping E4

Our finding that serine and threonine codings were different for beta virus E2 genes relative
to the E1, L1 and L2 genes led us to compare codon usage for the complete E2 gene with
usage in the E2 sequence minus the E4 overlap. Composite codon usage analysis using the
Chi Square statistic showed that usage for the full E2 gene was statistically the same for the
beta viruses; likewise usage for the sequences minus the E4 overlap was the same. On the
other hand, composite analysis between the full E2 genes and the sequences minus the E4
overlap was highly significantly different (P<1078). We found that the TCC codings for
serine and the ACC codings for threonine were related to the encoding of prolines in E4.
These codings were almost exclusively restricted to the area of overlap of the two genes.
This demonstrated that while TCC and ACC are not preferred codons in the rest of the
genome, they have been selected in the hinge to allow for the encoding of prolines in E4.
Table 5 illustrates the composite codon usage for serine and threonine for full length E2 and
for and E2 minus E4 for the 16 beta viruses examined in this study.

Alpha and beta papillomaviruses differed in the length of their E2 and E4 genes and in the
proline content of the E4 gene

Compilation of all of the alpha and beta virus E2 genes in this study showed that the beta
virus genes were longer, on average, than the alpha virus counterparts. The beta virus E4
genes were about twice as long as those of the alpha viruses. They contained, on average,
three times as many prolines and these prolines tended to be found more often in clusters of
three or more. The data are summarized in Table 6.

Preferred codon for LYSINE for the L1 gene is AAA

As the results of our study began to be assembled, we recognized that our data were not
always consistent with those of Zhao et al. [14]. Since our study included only a subset of
the viruses in their analysis, we recognized that it would be useful to examine the coding for
at least one amino acid in the entire set of viruses examined in that paper. We observed that
the codon usage for lysine for L1 in our analysis did not appear to be consistent with their
data and chose to focus on this amino acid since it had only two codons and the analysis
could be expected to give definitive results. After tabulating codon usage for lysine in L1 for
these 72 viruses, we found that AAA was used at a ratio of 2:1 over AAG. These results are
the opposite of those found by Zhao et al. [14] who reported that AAG was used twice as
often as AAA. Bravo and Muller [15] have also reported disagreements between their codon
analysis and that of Zhao et al. [14]. Since the raw material for these data analyses was
derived from publicly available databases, the analyses should have yielded the same results.
Results of our analysis of lysine codon usage in the L1 gene of the 72 viruses in the Zhao
study are shown in Table 7.

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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DISCUSSION

In this paper, we have shown that codon usage between different genes of the same
papillomavirus and between the same genes of alpha and beta viruses is not always the
same. Our analysis detected certain amino acids for which differences in codon usage were
especially prevalent. The subsequent focus of the study was placed on those amino acids;
analysis has been restricted to the early genes E1 and E2 and the late genes L1 and L2
because they are large enough to allow one to adequately assess relative codon usage within
single viruses.

Among the major problems still unresolved in papillomavirus research are 1) the
mechanism(s) underlying tissue and species specificities, and 2) the means by which early
and late genes are differentially regulated. Papillomaviruses are highly tissue and species
specific [16]. To date, explanations for these specificities have challenged investigators. One
of the ideas that has begun to link the questions of both tissue specificity and gene regulation
in living systems is that of the function of synonymous codon usage in contributing to each.
Thus, Mukopadhway et al. [17] have shown that different evolutionary forces underlie
synonymous codon usage in tissue-specific vs. housekeeping genes of rice and Arabidopsis.
Ren et al. [18] have reported that developmental stage-related patterns of gene expression
are correlated with CG3 (C or G usage at the third position of the codon) and have found
evidence that natural selection acts at synonymous sites in the mouse genome. Dittmar et al.
[19] demonstrated the tissue-specific expression of tRNA species, which argues for a role of
tRNA heterogeneity in regulation of translation. Zhao et al. [7] found that keratinocytes, the
cells in which papillomaviruses carry out their life cycle, experience different tRNA profiles
as they differentiate. In a later paper they expanded this work to show that codon usage and
tRNA profiles were linked [9]. The work of Kryazhimsky et al. [20] supports selection at
synonymous sites for the influenza A virus and suggests that synonymous codon use could
be the result of selection for codons that will be translated at the rate optimal for the virus
(not necessarily the highest rate). These studies and others [see, for example 21, 22, 23, 24,
25, 26, 27] therefore link either tissue specificity and/or temporal expression with codon
usage.

Our studies have shown that for a given alpha virus, the late proteins, L1 and L2, normally
coded statistically the same. In our examination of codings for all 18 amino acids with two
or more possible codons, very few statistical differences were found between L1 and L2
codings (data not shown). With some exceptions, the same pattern was found for the early
proteins, E1 and E2, for the alpha viruses. That is, these two proteins generally coded
similarly with respect to each other for a given virus. However, when we compared the early
protein codings with those of the late proteins, we found that there were many differences.
These differences were striking for certain amino acids, the ones that became the focus of
this study (Table 1; supplemental data tables S1A-D). The most notable differences were
between E1 and L2 codings for which pair E1 coded statistically differently from L2 for
serine (26 of 27), arginine (18 of 21), proline (18 of 21) threonine (15 of 21) and glycine (14
of 21). There were fewer differences between E1 and L1 for serine (22 of 27), arginine (13
of /21), proline (11 of 21), threonine (15 of 21) and glycine (10 of 21) indicating that while
there were no statistically significant differences in codings between L1 and L2, there were
subtle differences that became evident when E1 codings were compared to those of each of
the late genes. There were fewer differences between E2 codings and those of the late genes,
again demonstrating that differences that were not statistically apparent (as for the E1 and
E2 pair or the L1 and L2 pair) sometimes became apparent when comparing the early genes
with the late genes.

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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We suggest that the codon differences may reflect differences in tRNA profiles in cells at
different stages of differentiation. E1 and E2 are produced early in the life cycle of the virus.
L1 and L2 are produced in terminally differentiating cells. Differential synonymous codon
usage could help to determine differences in temporal expression. The patterns that were
revealed by this work showed that alpha papillomavirus E1 coding was farther removed
from L1 and L2 codings than was E2 coding; furthermore, E1 coding was farther removed
from L2 than from L1. These observations could be a clue to the relative temporal
expressions of these two early genes as well as to those of the late genes. Ozbun and Meyers
[29] reported that E1 and E2 levels were different from each other at different stages of the
life cycle of the HPV31b virus with E2 expression being relatively constant and E1
expression varying. Florin et al. [30] reported that L2 is expressed and translocated to the
nucleus before L1. We hypothesize that these differential expressions could be regulated by
different tRNA pools expressed at different stages of cellular differentiation. The
differentials may be subtle, as in the case of the L1/L2 pair, or highly significant as in the
case of the E1/L2 pair.

Beta viruses exhibited different codon usage patterns from the alpha viruses. While they
generally coded the same for L1 and L2 for a given virus, they coded very differently for E1
and E2 in the case of both serine (18 of 19) and threonine (11 of 16). E1 exhibited the same
codings for serine and threonine as did L1 and L2 and thus it was E2 whose codon usage
was different. This pattern was the opposite of that seen for the alpha viruses in which 26 of
27 viruses examined coded differently for serine for E1/L2. These differences in coding
patterns could be used to separate the alpha and beta viruses. They may also provide clues to
differences in temporal expression of the beta virus genes /n vivo. Beta papillomavirus life
cycles have not been studied extensively and little information is available on the relative
expression of the genes of these cutaneous viruses.

This work demonstrated that the beta viruses, as a group, were different from the alpha
viruses, supporting the phylogenetic separation of the two genera [13]. Composite codon
analysis showed that for a given amino acid, codon usage for E1, E2, L1 and L2 was highly
significantly different between the alpha and beta viruses (Table 3C). Composite codon
analysis between viruses withinthe same genus, alpha or beta, did not show the striking
differences seen when between genera comparisons were made (Table 3A and B). The
exceptions in the case of the alpha virus groupings may not be surprising in view of the fact
that the alpha papillomaviruses are reported to demonstrate phylogenetic incongruence [31].
These data bolster our findings for the individual virus comparisons and serve to reinforce
the conclusion that there are major differences in codings between the alpha and beta
papillomaviruses, differences not seen within each genus.

The preferred codon for serine in beta virus E2 genes was found to be TCC and the preferred
codon for threonine was ACC. In our analysis of the codings for five amino acids in each of
four genes, these were the only preferred codons not ending in A or T (Table 4). The E2
protein is a modular protein consisting of a 5 transactivation domain (TAD), a 3" DNA
binding domain (DBD) and an internal hinge connecting the two. The TAD and DBD
domains are quite highly conserved but the hinges are not. The E4 gene is encoded by the
same stretch of DNA in an alternate reading frame and overlaps the hinge [32]. We observed
that the beta virus E2 and E4 genes were larger than the alpha virus counterparts. (Table 6).
The beta virus E2 genes are serine and threonine-rich and the beta virus E4 genes are
proline-rich. It is the presence of the unusual (for papillomaviruses) codons, TCC for serine
and ACC for threonine, in E2 that allows for the encoding of prolines in the alternative
reading frame E4.

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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Overlapping genes present an interesting study for evolutionary biologists in that it is
challenging to understand how two genes encoded in different frames of the same sequence
may be experiencing selection simultaneously. Hughes and Hughes [33] have examined
overlapping genes in closely related papillomavirus pairs and have concluded that, with
respect to E2 and E4, the E2 hinge is evolving under diversifying selection and E4 is
evolving under purifying selection. Similar results were reported in the same year by
Narechania et al. [34. In light of these findings, we suggest that proline in beta
papillomaviruses is under purifying selection in the E4 gene and that the unusual codings for
serine and threonine in E2 (relative to the rest of the virus) have been selected to allow for
these prolines in E4. In support of this theory, our analysis showed that the codings for
serine (TCC) and threonine (ACC) in E2 were predominantly confined to the hinge region
overlapping E4.

Whereas the E4 genes of alpha viruses have been studied extensively [31], those of the beta
papillomaviruses have received little attention. Our investigations have shown that these
genes are considerably longer than those of the alpha viruses and that they contain multiple
polyproline regions (Table 6). Williamson [35], in a review on proline-rich regions in
proteins, noted that proteins with abundant amounts of this amino acid bind non-
stoichiometrically but functionally to other proteins. It remains to be determined if this is
true for the papillomavirus E4 proteins and, if so, what the function might be. This area may
be an important avenue for future investigations. Prolines in the alpha virus E4 genes tend to
occur singly or in pairs, whereas, the beta virus E4 genes all contain at least one run of three
consecutive prolines and often contain runs of five or more. We postulate that these
differences could be related to the tissue-specific differences of the two genera. Recent work
on keratinocyte proline-rich protein (KPRP) in several laboratories [36, 37] discusses the
association of this protein with the cornified envelope in terminally differentiating
keratinocytes. We wonder if the beta virus E4 proteins, which are especially proline rich,
might subvert this association with an interaction of their own to foster the ultimate release
of the virus.

The only other in depth study of codon usage in papillomaviruses was done by Zhao et al.
[14]. In that study, alpha, beta, gamma and mu human papillomaviruses were combined and
more than 70 viruses were analyzed for codon usage. Because the different genera were
combined, the differences we have noted between the alpha and beta viruses were not
detected. In addition, the conclusion that T was favored over A at the third position of
papillomavirus codons did not seem justified to us. We checked the coding for lysine in L1
for all of the viruses in their study and found that AAA was favored by a factor of 2:1 over
AAG. This was the opposite of what was reported by these investigators. In support of our
findings, Bravo and Muller [15] have also reported that the data of Zhao et al [14] are not
consistent with published databases.

In summary, this study of existing data extracted from GenBank and mined for codon usage
has shown that genes of a given papillomavirus do not always code the same. The
differential codings may provide clues to the mechanisms underlying temporal differences in
expression of viral genes and tissue specific expression of the papillomaviruses. While
differences between our data and that of Zhao et al [14] were found, our work does lend
support to the findings of that laboratory that codon usage and tRNA profiles are linked
[7,8].

We have demonstrated differences in codings for serine and threonine in the beta virus E2
genes relative to the other viral genes. These differences were linked to the encoding of
prolines in the overlapping E4 gene. In addition, we have shown that alpha and beta viruses
use different codons for serine for E2. Alpha viruses are primarily mucosal and beta viruses

Virus Genes. Author manuscript; available in PMC 2013 August 25.
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are universally cutaneous in their tissue tropism. Their respective E4 genes are very
different, both in length and in proline content. Our findings could pave the way for the
study of beta virus E4 genes and may also provide a place to focus exploration of the
differences in tissue specificities of the alpha and beta viruses.

These observations could also further studies on selection in overlapping genes, a topic of
considerable current interest. The beta papillomaviruses, in particular, may prove to be
useful tools to investigate this question since our data supports selection of synonymous
codons of serine(TCC) and threonine(ACC) in the E2 gene to allow for the encoding of
prolines in the overlapping E4 gene.

Finally, most phylogenetic analyses eliminate the third position of a codon due to the
assumption that this data is saturated [38, 39]. This simplifies the analyses and has generally
given rise to well-substantiated trees. On the basis of the data generated here, we suggest
that the inclusion of the third position in follow-up phylogenetic analyses could help to
further refine the topology, especially in the cases of closely related viruses. This thought is
supported by the work of Ren et al. [40], Yang et al. [39] and Bodilis and Barray [38].
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Refer to Web version on PubMed Central for supplementary material.
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Comparison of composite codon usage for genes E1, E2, L1, L2 in A) alpha viruses, B) beta viruses and C)
alpha vs. beta viruses for the amino acids noted. Few significant differences were observed in the within genus
comparisons (A and B); in contrast, the between genus comparisons(C) showed many significant differences.

Alphavs. Alpha
. Ele E2. Lle L2
Arginines Chi.Sg=13.6¢ Chi.*Sq=.65¢ Chi.*Sq= 5.8+ Chi.eSg= 6.5+
*P =0.02¢ P =0.99¢ P =0.36¢ P =0.26¢
Glycines Chi.eSq= 1.4+ Chi.eSq= 6.4« Chi.eSg= 1.8+ Chi.eSq=.35¢
P =0.84¢ P =0.09¢ P =0.63¢ P =0.95¢
Prolines Chi.=Sg=8.7¢ Chi.=Sq=8.6¢ Chi.sSg=1.7¢ Chi.sSg=11.1«
P =0.03¢ P =0.04¢ P =0.63¢ P =0.01«
Serine Chi.sSq=11.7+ Chi.Sg=5.1¢ Chi.*Sq= 6.8+ Chi.»Sq=6.3+ p=0.28¢
P =0.03¢ P =0.41¢ P =0.24«
Threoninee Chi.eSq=4.8¢ Chi.eSq=7.7¢ Chi.eSg= 2.0+ Chi.eSg=3.1¢
P =0.19¢ P =0.05¢ P =0.58¢ P =0.38¢
Beta vs. Beta
. Ele E2- Lle L2
Arginines Chi.eSq= 2.8+ Chi.eSq=4.4¢ Chi.»Sq=8.3¢ Chi.eSq= 7.6+
P =0.72¢ P =0.5¢ P =0.14« P =0.18¢
Glycines Chi.sSg= 3.6+ Chi.sSq=.74 Chi.sSq= 2.8+ Chi.sSq=.33¢
P=031e P =0.86¢ P =0.43¢ P =0.95¢
Prolinee Chi.sSq=.28 Chi.»Sq=.63¢ Chi.sSq=4.3¢ Chi.sSg= 3.0«
P =0.96¢ P =0.89¢ P =0.23¢ P =0.38¢
Serine Chi.eSq=2.3¢ Chi.eSg= 2.6+ Chi.eSq= 6.8+ Chi.Sg= 6.0
P =0.81¢ P=0.77¢ P =0.24« p=0.31
Threonines Chi.eSq= 3.4« Chi.sSq=4.8+ Chi.sSg= 3.0+ Chi.sSq=4.0¢
P =0.33¢ P =0.19¢ P =0.39¢ P =0.26¢
Alphavs. Beta
. Ele E2. Lle L2
Arginines Chi.sSg=11.2¢ Chi.Sq=40.8¢ | Chi.sSg= 125.4¢ Chi.»Sg=103.4«
P = .01 P = IxI0-7¢ P =0e P =0
Glycines Chi.sSq=34.2¢ Chi.»Sg= 38.7¢ Chi.sSg=34.3¢ Chi.=Sg=8.9¢
P =1.8x10-7¢ P =2x10-8« P =1.7x10-7« P =.03¢
Prolinee Chi.»Sq=46.1 Chi.eSq= 2.5« Chi.*Sq=50e Chi.sSq=17.1¢
P =0 P = .48 P =0 P =6.6x10-4e
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Alphavs. Alpha
. Ele E2 Lle L2e
Serines Chi.»Sq=130.8¢ | Chi.sSq=144.2¢ | Chi.»Sq=37.6¢ Chi.Sg=50.5¢
P=0° P =0 P =5x10-7 p=0¢
Threonines | Chi.»Sg=70.3 Chi.»Sq=90.4« Chi.eSq=17.2« Chi.sSg=13.6¢
P=0e P =0 P = 6x10-4e P = 3.4x10-3¢
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