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ABSTRACT

It is common knowledge that conserved residues
evolve slowly. We challenge generality of this cen-
tral tenet of molecular biology by describing the fast
evolution of a conserved nucleotide position that is
located in the overlap of two open reading frames
(ORFs) of polyomaviruses. The de novo ORF is ex-
pressed through either the ALTO protein or the Mid-
dle T antigen (MT/ALTO), while the ancestral ORF en-
codes the N-terminal domain of helicase-containing
Large T (LT) antigen. In the latter domain the con-
served Cys codon of the LXCXE pRB-binding mo-
tif constrains codon evolution in the overlapping
MT/ALTO ORF to a binary choice between Val and
Ala codons, termed here as codon-constrained Val-
Ala (COCO-VA) toggling. We found the rate of COCO-
VA toggling to approach the speciation rate and to be
significantly accelerated compared to the baseline
rate of chance substitution in a large monophyletic
lineage including all viruses encoding MT/ALTO and
three others. Importantly, the COCO-VA site is lo-
cated in a short linear motif (SLiM) of an intrinsically
disordered region, a typical characteristic of adaptive
responders. These findings provide evidence that
the COCO-VA toggling is under positive selection in
many polyomaviruses, implying its critical role in in-
terspecific adaptation, which is unprecedented for
conserved residues.

INTRODUCTION

Intrinsically disordered regions (IDRs), which are either
not structured or may become structured upon interac-
tion with diverse partners (1), have been identified in many
proteins and implicated in various biological processes as
adaptive responders (2-5). They have a biased amino acid
residue composition and evolve faster than structured pro-
teins (6,7), with exception of very small islands of relative
conservation, known as short linear motifs (SLiM), that
mediate protein—protein interactions (8).

IDRs are frequently encoded by overlapping open read-
ing frames (ORFs) that evolved de novo by overprinting
the ancestral ORFs (9-13) and are common in viruses (9—
13). This overlapping of ORFs is accompanied by suppres-
sion of synonymous substitution rate in the ancestral ORFs
(negative or purifying selection) compared to that of non-
overlapping ORFs, indicative of codon constraints in the
de novo ORFs due to their expression. The observed phe-
nomenon has been extensively used for in silico identifica-
tion of functional de novo ORFs (12,14-15), which often
led to the elucidation of non-canonical expression mech-
anisms of these ORFs (e.g. (16-19)). Suppression of syn-
onymous substitution rate is also reciprocally imposed on
de novo ORFs by the overlapping ancestral gene. These ob-
servations led to analysis of relative rate change of substi-
tutions in the de novo genes compared to ancestral or non-
overlapping genes (12,20-23).

This ORF-wide analysis has not been extended to in-
dividual codons of the de novo ORFs due to formidable
technical challenges. A common approach to characterize
site-specific evolution is to estimate deviation from the sub-
stitution rate under a model of neutral evolution for each
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codon of an ORF. Suppression and acceleration of the sub-
stitution rate is attributed to negative and positive selec-
tion, respectively, with positive selection being seen as the
hallmark signature of adaptation during intra-species evo-
lution (24). One particular pattern of variation under posi-
tive selection is the frequent exchange of residues with per-
vasive return to the wild-type state, dubbed residue tog-
gling (25). Identification of codons under selection, either
negative or positive, is part of the established evolutionary-
based pipeline that informs functional characterization of
proteins encoded in non-overlapping ORFs (26,27). How-
ever, the available techniques were not developed to untan-
gle selection forces acting on the overlapping ORFs, which
constrain evolution of each other. This may explain the lack
of identification of de novo codon(s) under positive selec-
tion, despite broad recognition of a prominent role that the
overlapping ORFs play in adaptation of viruses to host (12).
One of the largest and poorly characterized pairs of pro-
teins encoded by overlapping ORFs is expressed by mem-
bers of the fast growing Polyomaviridae family (Supple-
mentary Table S1). These viruses cause latent infections
in diverse mammals and birds, and in humans, some of
these viruses have been responsible for different patholo-
gies in immunocompromised individuals (28,29). Poly-
omaviruses employ multi-ORF double-stranded DNA (ds-
DNA) genomes of ~5 kb (30,31). Genomes of a large
subset of polyomaviruses include two overlapping ORFs
(15,32-33), designated here ORF2 and ORFS5 (Figure 1A;
for other designations see Text S1 and Supplementary Ta-
ble S2). ORF2 encodes the second exon of the large T anti-
gen (LT) that includes the functionally important LXCXE
pRB-motif in the ORFS5 overlapping part (34-36) and a he-
licase domain in the non-overlapping part (30,37). ORF5
is expressed as a separate protein (ALTO) in Merkel cell
polyomavirus (MCPyV) (15); while it encodes the second
exon of Middle T antigen (MT) in murine and hamster poly-
omaviruses (MPyV and HaPyV) (33,38-39). The ORF5-
encoded part of MT antigen is implicated in control of
cell transformation (33,38-39), enriched with Pro residues
(40,41) and includes a C-terminal transmembrane domain
(38) that is essential for the oncogenic function of M T (42).
This function and interaction of MT with different cellu-
lar proteins may be modulated by phosphorylation at sev-
eral Ser, Thr and Tyr residues in rodent polyomaviruses
(39). We will use ORF5-plus and ORF5-less to refer to
respective subsets of polyomaviruses; ORF5-plus viruses
are also known as Almipolyomaviruses (15). Likewise, and
purely for the sake of uniformity, hereafter we have desig-
nated the ORF5-encoding product as MT/ALTO for all
ORFS5-plus polyomaviruses. Because ORFS is conserved
in only ORF5-plus polyomaviruses, while the overlapping
part of ORF2 is found in all mammalian polyomaviruses
(15), these ORFs are defined as de novo (ORFS) and an-
cestral (ORF2), according to Sabath et al, (12). ORFS5-
plus viruses form a large monophyletic cluster in one of
the main branches of polyomavirus tree (15), dubbed Or-
thopolyomaviruses I (Ortho-I); with three other branches
being Orthopolyomaviruses 11, Malawipolyomaviruses and
Wukipolyomaviruses (43), although branch delineation and
designation may vary in different studies (15,44).
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To understand the evolution of overlapping ORFs, we
studied ORF2 and ORFS5 at codon resolution. We found
that one of the most conserved ORF5 codons, located in
a SLiM of ORFS5, experienced an accelerated evolutionary
rate despite being strongly constrained to two amino acids
by the overlapping ancestral ORF2. Using available and
specially developed evolutionary-based approaches we re-
vealed an unprecedented frequent toggling between these
two residues during large-scale multi-species evolution in
the Ortho-I clade of polyomaviruses. This analysis is, to
our knowledge, the first to identify a conserved position of
de novo protein under positive selection. Its results suggest
a new IDR-mediated adaptation mechanism employed by
many mammalian polyomaviruses with potential relevance
to understanding adaptation of other viruses and organ-
isms.

MATERIALS AND METHODS
Datasets: viruses, sequences and alignments

Full-length genome sequences of 55 polyomaviruses avail-
able in the Genbank/RefSeq database on February 2013
(Supplementary Table S1) were downloaded into the Vi-
ralis platform (45). When several genomes per species were
available, the RefSeq sequence was chosen for presentation.
The Muscle (46) and ClustalW (47) programs were used to
generate family-wide multiple amino-acid alignments for vi-
ral capsid protein (VP)1 encoded in ORF3, VP2 (ORF4)
and LT (ORF2), followed by manual curation. For each
of the three protein alignments, strongly conserved blocks
(48) were extracted using the Blocks Accepting Gaps Gen-
erator (BAGQG) tool (www.genebee.msu.su/~antonov/bagg/
cgi/bagg.cgi) to produce a concatenated multiple sequence
alignment used for phylogenetic reconstruction and other
analyses (see below). The ORF2-wide alignment was also
mapped on the genome sequences, which were then trans-
lated in the alternative reading frame (RF —3) encoding
ORFS5 in 22 viruses of the ORF5-plus group to produce an
ORFS5S alignment. ORFS size varies from 441 nucleotides
(nt) to 846 nt and ORFS5 sequence conservation was de-
tectable only in some subsets of polyomaviruses (Supple-
mentary Table S3; data not shown, see also (15)).

For analysis of site-specific evolutionary selection by
Datamonkey programs, we used 10 alignments of selected
positions of the ORFS5 and ORF2 (datasets, D1-D10).
These 10 alignments represented different groups of viruses,
including all mammalian polyomaviruses (D1-D2), Ortho-
I viruses (D3-D4), ORF5-plus viruses (D5-D6), ORF5-less
viruses (D7) and three non-overlapping lineages of ORF5-
plus viruses (D8-D10), each analysed separately (see Sup-
plementary Table S4 for details). Using conservation con-
siderations, some codons of ORF5 and ORF2 were selected,
so all datasets included ORF5 codons while D2, D4, D6
and D7 included also ORF2 codons. For ORFS5 of D1-
D7, those codons were chosen whose overlapping codon in
ORF2 (—1 frame) was aligned with no gaps across mam-
malian polyomaviruses. For ORFS of D8-D10 and ORF2,
most conserved codons in respective alignments were used
after manual pruning of weakly aligned codons.

Alignments of the conserved motifs in the N-terminal
part of LT ORF2 and ORF5, partially described elsewhere


http://www.genebee.msu.su/~antonov/bagg/cgi/bagg.cgi

4802 Nucleic Acids Research, 2015, Vol. 43, No. 10

A Simian virus 40

\ ORF2 -1

2
Il -3

0 1000

2000 nt

Murine polyomavirus

| ORF2

2000 nt

0 1000

B =+
LT PR LT
(ORF2) — S — (ORF2)
= T — =
. — — 1 O gl —— =
%)
genome T T T =11 C genome
C A (| T C
T 4
aa 2 | MT/ALTO
frame -3 > < (ORF5)

Y.': 1

-— O —— 1

ORF5-less (n=28)

A

ot o

- T
A e G B e B e B —

L —_— e  —_— R
It X X
T—=C T—=C T—=C T —=C

neutral positive negative negative , accelerated

evolution selection selection selection toggling

OBSERVATION INTERPRETATION

A C — —
as expected overrepresented underrepresented no selection positive selection  negative selection

Figure 1. Toggling at the COCO-VA site in mammalian ORF5-plus and ORF5-less polyomaviruses. (A) ORF organization in three reading frames of the
genomic region encoding the early genes is shown for Simian virus 40, SV-40 (left; NC_001669) and Murine polyomavirus, MPyV (right; Genbank accession
NC_001515) representing ORF5-less and ORF5-plus polyomaviruses, respectively. The ORF2 frame was chosen as -1 frame for both viruses. ORF borders
are defined here from stop to stop codon. Large expressed ORF's are boxed/outlined and named while other ORFs with a size of at least 75 nt are shown in
grey. ORFS of the ORFS5-plus virus and one of its derivatives of the ORF5-less virus are highlighted in the 3 frame. The background highlighting indicates
location of the LXCXE motif (an essential motif found in polyomaviruses and other viruses, and cellular proteins that mediates binding and inactivation
of the cellular tumour-suppressor protein pRB (34-36)). (B) Shown are sequence logos of the LXCXE motif (top), the corresponding nucleotide sequence
(middle) and the amino acid sequence translated from the ORF5 frame (bottom) for multiple alignment of the 28 ORF5-less (left) and 22 ORF5-plus viruses
(right) analysed in this study using Viralis platform (45). The asterisk indicates stop codons in the —3 frame of some ORF5-less viruses. See “Materials and
Methods’ section for other details. (C) Shown are four possible scenarios of evolution of a polynucleotide site under different selection regimes. In scenarios
2-4 different selection force(s) result in the same observed nucleotide diversity restricted to C or T. Scenarios 3 and 4 depict the COCO-VA toggling in
ORF5-less and -plus viruses, respectively.



(15), were produced and converted into logos. To produce
alignments as input for the RNAz program, we converted
codon ORF5-based alignments of four subsets of ORFS5-
plus and two subsets of ORF5-less polyomaviruses, into the
respective nucleotide alignments (Supplementary Table S3).

Phylogeny reconstruction

Phylogenetic analyses were performed by using a Bayesian
approach implemented in BEAST version 1.7.4 (49) and
the Whelan and Goldman (WAG) amino acid substitution
matrix (50). Rate heterogeneity among sites was modelled
using a gamma distribution with four categories, and a re-
laxed molecular-clock approach was tested against the strict
molecular-clock approach (51) and was found to be supe-
rior. Markov chain Monte Carlo (MCMC) chains were run
for 2 million steps and the first 10% were discarded as burn-
in. Convergence of the runs was verified using the Tracer
tool (http://beast.bio.ed.ac.uk/tracer).

Analysis of natural selection at codons

We have used Mixed Effects Model of Evolution (MEME)
(52) and Fast, Unconstrained Bayesian AppRoximation
(FUBAR) (27) at the Datamonkey website (http://www.
datamonkey.org) (26) to test for natural selection at con-
served ORFS codons. In addition, we have screened for tog-
gling at ORFS5 residues using TOGGLE, an implementa-
tion of the residue toggling method developed for HIV-1 by
Delport et al., (25). We have analysed in total 10 different
datasets, D1-D10 (see above), capturing different positions
and virus diversities (see Supplementary Table S4). For each
analysed dataset, selection of evolutionary model was per-
formed automatically at the Datamonkey web site using de-
fault parameters prior to the analysis.

Analysis of COCO-VA toggling by BayesTraits

Evolution of non-synonymous replacements at the codon-
constrained Val-Ala (COCO-VA) site of ORFS5 was
analysed by BayesTraits package using the Multistate
model (http://www.evolution.rdg.ac.uk/BayesTraits.html)
(53). This codon is constrained to encode either Ala or Val
in all mammalian polyomaviruses due to the overlapping
Cys codon of the LXCXE motif that is expressed in the
LT ORF2 of these viruses. The analysed polyomaviruses
were divided into two groups based on whether or not
they express ORF5: ORF5-plus and ORF5-less viruses,
respectively. The COCO-VA site is expressed as part of
ORF5 in ORF5-plus, but not in ORF5-less viruses.

To test whether Ala-Val trait transitions are statisti-
cally more frequent in the ORF5-plus lineage compared to
ORF5-less viruses, we applied the BayesTraits multistate
model using a single trait (Ala/Val). We ran the analysis
for three virus datasets: the combined set of mammalian
polyomaviruses as well as separately for ORF5-plus and
ORF5-less viruses, with respective posterior tree samples
obtained through independent BEAST analyses. We then
compared the estimated Ala-to-Val and Val-to-Ala tran-
sition rates between the three datasets, including an aver-
age Ala-Val exchange rate (corresponding to the toggling
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rate) by plotting the distributions. Statistical significance
of differences in Ala-Val exchange rates was assessed using
log Bayes Factors that was calculated with the R package
Bayes Factor (http://bayesfactorpcl.r-forge.r-project.org/).
As Ala-Val exchange is equivalent to T-C exchange at the
second codon position of the COCO-VA codon (see Results
and Discussion), we applied BayesTraits also to the third
position of that codon as a control.

Statistical analyses of COCO-VA toggling using patristic
distances

For each virus the smallest pairwise patristic distance
(SPAT) to a virus encoding the same amino acid (monomor-
phic pairs: Ala<>Ala and Val<Val; monoSPAT) and to
that encoding the different amino acid (polymorphic pair:
Ala<>Val, polySPAT) was calculated. Patristic distances
were extracted from the polyomavirus phylogeny using the
package Analyses of Phylogenetics and Evolution (APE) in
R language (54).

We estimated the rate of COCO-VA toggling as the ratio
of monoSPAT to the sum of polySPAT and monoSPAT val-
ues; designated SPAT ratio hereafter. Due to limited virus
sampling at the intra-species level, we applied a sliding win-
dow approach to compare SPAT ratios between ORF5-plus
and ORF5-less viruses. A window size of 0.15 and a shift
of 0.05 at the monoSPAT scale were used. A two-sample
non-parametric Mann—Whitney U test was utilized to test
for statistically significant differences between the two virus
groups within a particular window. A deviation of distribu-
tions of SPAT ratios from the average toggling rate of 0.5
was assessed using the Wilcoxon rank-sum test.

To independently assess the partitioning of mammalian
polyomaviruses into ORF5-plus and ORF5-less virus
groups, we determined the ranking of a predefined two-set
partitioning among all possible two-set partitioning of the
same type for the 30 viruses with monoSPAT values smaller
than the derived threshold of 0.35. These 30 viruses com-
prise 14 ORF5-plus and 16 ORF5-less viruses or 16 Ortho-I
and 14 non-Ortho-I viruses. We calculated the difference of
mean toggling rate values between the two groups in each
of these partitionings and determined its ranking among the
differences of mean toggling rates obtained for all other 14—
16 or 1614 partitioning of the 30 viruses, whose total was
145,422,675 possible partitionings (e.g. combinations).

General bioinformatics analyses

For selected phylogenetic lineages, alignments of ORFS5
were converted HMM profiles and compared to each other
using HHsearch (55) in both local and global alignment
modes.

Sequence logos of selected alignments were produced us-
ing the WebLogo server (56,57).

Secondary structure and disorder prediction of pro-
tein sequences were generated using the Disorder Pre-
diction MetaServer, which reports consensus results of
eight protein disorder predictor tools: DISEMBL (58),
DISOPRED (59), DISpro (60), FoldIndex (61), Glob-
Plot2 (62), IUPred (63), RONN (64) and VSL2 (65), and
two protein secondary structure predictor tools: PROFsec
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(66) and PSIPred (67) (http://www-nmr.cabm.rutgers.edu/
bioinformatics/disorder/). The prediction of disorder was
considered significant if at least four predictors gave a hit.

Secondary RNA structures in ORF2/ORF5 overlapping
region were predicted with the program RNAz in a re-
gion of about 300-900 bp flanking the region encoding LX-
CXE motif sequence (68). The server uses an algorithm
that detects thermodynamically stable and evolutionarily
conserved RNA secondary structures in multiple RNA-
sequence alignments on both RNA-strands, with number
of sequences in alignments not exceeding six. If subsets
were larger than six, they were reduced to a combination
of six virus sequences. For structure prediction the default
RNAz parameters of ‘Standard Analysis’ were utilized,
which scored in the overlapping windows of 120 alignment
columns with step-size of 40 nt (http://rna.tbi.univie.ac.at/
cgi-bin/RNAz.cgi?’PAGE=1&TYPE=S).

Proline enrichment in putative ORF5-encoded protein
sequences was analysed by use of a custom R script that
counts Proline residues and visualizes the counts with re-
spect to location in the protein sequence and premature stop
codons in the case of ORF5-less viruses (www.R-project.

org) (69).

RESULTS AND DISCUSSION

Discovery of Codon-Constrained Val-Ala (COCO-VA) tog-
gling in MT/ALTO

We were interested in understanding the evolution and func-
tion of the de novo ORFS. Only four short conserved mo-
tifs, designated ORFS5m1 to ORF5m4, were evident in the
ORF5-wide alignment (Supplementary Figure S1) due to
an extremely high residue and two-fold size variation (see
also below and (15)). They are counterparts of four mo-
tifs of LT antigen in the overlapping part of ORF2. Re-
markably, the most conserved third aa residue of ORF5m2,
identified in this study, has a restricted binary residue vari-
ation (Val/Ala) in both ORF5-plus and ORF5-less poly-
omaviruses (Figure 1AB). Val and Ala are encoded by eight
G(C/T)(A/G/C/T) triplets which are the only codons com-
patible with the two TG(C/T) codons for conserved Cys
of the LT LXCXE motif in the ancestral ORF2 (the 2-
nt overlap between the Val/Ala and Cys codons is high-
lighted in bold). In other words, only variation at the sec-
ond codon position of the COCO-VA codon (C or T) de-
termines the encoded amino acid (Ala or Val) (Figure 1B).
We named the observed phenomenon Codon-Constrained
Val-Ala (COCO-VA) toggling.

The C/T variation represents only half of the full four-
nucleotide variation possible at a polynucleotide position
(Figure 1C). When each kind of nucleotide is equally fre-
quent at a given position, it is likely to evolve at no selection
(neutral evolution) (Figure 1C1), which may be found in
the third codon positions of non-overlapping ORFs. In con-
trast, a restricted nucleotide variation, like C/T, may emerge
as a result of selection, either positive (Figure 1C2) or neg-
ative (Figure 1C3), which is typically observed at the first
and second positions of codons of non-overlapping ORFs.
Evolutionary interpretation of the nucleotide variation is
more complex in the overlapping ORFs, which may be sub-
ject to several evolutionary forces acting on each ORF. For

instance, there is no doubt that the restricted C/T variation
at the second codon position of the COCO-VA site is due
to negative selection in the alternative ORF2 to maintain
the Cys residue. On the other hand, this restricted variation
would be equally compatible with no selection or positive
selection in ORFS, with the latter scenario leading to accel-
erated toggling between C and T (compare Figure 1C3 and
C4). Therefore, we asked whether selection is involved in the
COCO-VA toggling.

Phylogeny suggests accelerated COCO-VA toggling in
ORF5-encoding polyomaviruses

First and in line with general reasoning (70), we note that
conservation of the LXCXE Cys residue may not constrain
the COCO-VA toggling. Second, if C and T nucleotides
at the third position of the Cys codon are utilized un-
evenly, additional non-ORF2 selection pressure(s), for in-
stance on RNA, must be taken into account when analysing
the toggling. Third, the ORF2 LXCXE conservation in
both ORF5-plus and -less polyomaviruses provided us with
two contrasting virus groups that differ in relation to the
COCO-VA site expression through ORF5. Consequently,
the COCO-VA site is not expected to be under selection
pressure in ORF5-less viruses (Figure 1C3 scenario), while
its evolution in ORF5-plus viruses may or may not be driven
by selection depending on the functional importance of
these residues (either Figure 1C3 or C4 scenario). Fourth,
the restricted binary choice of aa residues at the COCO-VA
site compared to the full 20 amino acid (aa) residue varia-
tion simplifies the evolutionary analysis of its residue vari-
ation.

Taking all these considerations into account, we reasoned
that the relative abundance of either Ala or Val in ORFS5-
plus compared to ORF5-less polyomaviruses would be in-
dicative of selection on residue 7ype. Since Ala and Val
are similarly and evenly abundant at the COCO-VA site in
the known ORF5-plus and ORF5-less mammalian poly-
omaviruses: 11 versus 11 and 12 versus 14 (Figure 2), respec-
tively, no indication for selection is apparent. This observa-
tion indicates also that the COCO-VA site may not have ex-
perienced other, non-ORF2-related selection favouring one
of the two nucleotides. Accordingly, we have not found con-
served RNA secondary structure elements in this region (see
Text S2 and Supplementary Table S3, Supplementary Fig-
ures S2 and S3), which, potentially, could have been an al-
ternative source of constraint on the non-synonymous sub-
stitution in ORF5.

Next, we investigated the frequency of COCO-VA tog-
gling among polyomaviruses. In this and subsequent analy-
ses, switching between Ala and Val residues was accounted
with no regard to its direction: from Ala to Val or from Val
to Ala. The analysis was limited to the interspecies com-
parisons. The rate of the COCO-VA toggling in the ORF5-
less polyomaviruses provided a baseline rate of COCO-VA
toggling that can be expected by chance mutation (neutral
evolution). Comparison of this rate with that of the ORF5-
plus viruses informed us about directional selection at the
COCO-VA codon in the latter viruses.

In the framework of this comparison, we have first
mapped COCO-VA toggling on a Bayesian phylogenetic
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Figure 2. Polyomavirus phylogeny and ORFS5 characteristics. Shown is a Bayesian phylogeny using BEAST version 1.7.4 (49) for 55 polyomaviruses (listed
in Supplementary Table S1) based on conserved regions in the LT, VP1 and VP2 proteins (see ‘Materials and Methods’ section for details). The numbers
plotted in the tree show posterior probability support values for internal branching events <1. The scale bar is in average number of amino acid substitutions.
Asterisks in the virus column indicate viruses for which the ORFS5 expression has been demonstrated experimentally. The ORF5 column indicates the
presence (+) or absence (—) of ORF5 in polyomaviruses genomes. The COCO-VA site column depicts the residue (Ala or Val) and corresponding codon
at the COCO-VA site that is constrained by the Cys codon of the LT LXCXE motif in mammalian polyomaviruses (see Figure 1 and Supplementary
Figure S1). The acceleration column (accel.) labels viruses that experienced selection-driven acceleration at the COCO-VA site. The geno-group column
depicts the phylogenetic distribution of polyomaviruses according to Feltkamp et al., (43). Please note that Carter etal. 2013 (15) divided all mammalian
polyomaviruses into two groups, monophyletic Almipolyomaviruses and paraphyletic non-Almipolyomaviruses, which correspond to ORF5-plus and
ORF5-less polyomaviruses, respectively. The tree was pseudorooted at the branch connecting mammalian and avian (Avi) polyomaviruses. See ‘Materials
and Methods’ section for other details.
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tree of polyomaviruses (Figure 2). Due to extreme se-
quence divergence of the ORF2/ORF5 overlap region
in mammalian polyomaviruses (see above; (15)), reliable
alignment of this region is limited to four motifs of only
~30 residues in total (Supplementary Figure S1), which
may not be sufficient for reliable phylogeny reconstruction.
Therefore we choose to use a concatenated alignment of
other conserved domains representing LT, VP1 and VP2
proteins and accounting for ~50% of genome for phy-
logeny inference. Large monophyletic groups on this tree
were formed by viruses, which were recognized as similar
in the ORF2/ORFS5 overlapping region. Additionally, we
have observed good agreement between topologies of sep-
arate branches of this tree, each representing closely re-
lated polyomaviruses, with trees of these same viruses us-
ing alignments of the ORF2/ORFS5 overlap region (Sup-
plementary Figure S4). These observations showed that the
ORF2/ORFS5 overlap region is likely to have co-evolved
with the LT, VP1 and VP2/3 proteins, whose tree was thus
considered suitable for analysis of the COCO-VA toggling.

Subsequently, visual inspection of the tree revealed con-
trasting patterns of phylogenetic grouping for Ala- and Val-
specific viruses in ORF5-plus and ORF5-less subsets of
mammalian polyomaviruses, respectively (Figure 2). While
Ala- and Val-specific viruses were largely intertwined in
the first subset, they predominantly formed large residue-
specific monophyletic groups in the second subset. This re-
sult was indicative of acceleration of the COCO-VA tog-
gling in ORF5-plus viruses. To verify and extend this obser-
vation further, we have conducted additional evolutionary-
based analyses using available and specially designed ap-
proaches.

No evidence for positive selection at the COCO-VA site by
conventional evolutionary analyses

We started with employing two most advanced and widely
used programs, MEME (52) and FUBAR (27), developed
for evolutionary analysis of residue variation. Also included
was TOGGLE (25), which was specifically developed for
analysis of residue toggling. These three programs are avail-
able through the Datamonkey website (26). The employed
programs differ in how they accommodate lineage- and site-
specific variation in the analysed dataset to infer patterns
of evolution and deduce selection forces acting on individ-
ual codons. Since these tools were developed for the anal-
ysis of non-overlapping ORFs, only a single evolutionary
force, if identified, is reported. Consequently, we did not ex-
pect that these programs could infer both purifying selec-
tion (due to Cys conservation of LXCXE) and positive se-
lection (accelerated Val-Ala toggling) at the COCO-VA site
of the ORF5-plus viruses as depicted in Figure 1C4. Rather,
we asked whether the programs could provide evidence for
either negative or positive selection at this site of ORFS5-
plus viruses and negative selection at this site of ORF5-less
viruses. This type of inferences depends on the number and
diversity of alignment positions under analysis. Due to the
high sequence divergence of the ORF2/ORF5 overlapping
region, we thus analysed different subsets of mammalian
polyomaviruses, in order to facilitate identification of selec-
tion forces. Specifically, the programs were applied to 10 dif-

ferent alignments of ORFS5, D1-D10, representing selected
ORF5 codons, which may or may not be merged with ORF2
codons for different subsets (see ‘Materials and Methods’
section and Supplementary Table S4). In none of the 30
conducted analyses, the COCO-VA codon was identified to
be under positive/diversifying selection, including toggling.
Also the COCO-VA codon was not found to be negatively
selected in analyses that included only ORF5-plus viruses,
neither in the entire set nor its D5, D6, D8, D9 and D10 sub-
sets. However, upon analysis of the other five virus sets by
FUBAR, either including all ORF5-plus viruses along with
other viruses (D1-D4) or including only ORF5-less viruses
(D7), the COCO-VA codon was identified to be under pu-
rifying selection. In contrast, various other ORFS5 codons
were identified as being positively or negatively selected or
be involved in toggling, in many of these analyses (Supple-
mentary Table S4).

The lack of evidence for positive selection/toggling at the
COCO-VA codon in ORF5-plus viruses according to these
analyses could be either a true negative result (lack of the
phenomenon) or a false negative result (failure to detect a
signal due to systematic technical deficiency). As detailed
below, we believe that the latter explanation is most likely.
Indeed, the employed three programs operate under the as-
sumption that the entire codon table of 61 varieties is avail-
able for evolution at every site in the analysed alignments.
Consequently, the eight different codons (four for Val and
four for Ala) observed at the COCO-VA site were seen as
severely restricted rather than representing the full spec-
trum allowed at this site (imposed by Cys conservation in
the overlapping ORF2 codon). This misreading of the ob-
served residue variation has profound implications for its
evolutionary interpretation, since high diversity tends to be
interpreted as a sign of positive selection, while restricted di-
versity is commonly associated with purifying selection dur-
ing evolution of non-overlapping ORFs. It is thus not sur-
prising that the COCO-VA site evolution was qualified to
be under negative selection in several tests by FUBAR. This
result could be seen as evidence for the dominance of puri-
fying selection at the COCO-VA site according to FUBAR.

Toggling at the COCO-VA site is significantly accelerated

Due to the above considerations, we decided to continue our
testing of the toggling by applying an approach that could
be free from the limitations of standard evolutionary based
programs developed for non-overlapping ORFs. First, we
sought to verify the elevated frequency of Ala-Val exchange
in ORF5-plus compared to ORF5-less viruses that is appar-
ent from polyomavirus phylogeny (Figure 2). To this end, we
have applied the Multistate method of the BayesTraits pack-
age (53) to compare the COCO-VA site variation in mam-
malian ORF5-plus and ORF5-less polyomaviruses. The
program employs continuous-time Markov models to esti-
mate the transition rates between multiple states for a sin-
gle trait (Ala/Val for COCO-VA site in this case) while it
traverses a tree. The produced estimates take into account
the uncertainty associated with tree reconstruction as it uti-
lizes the full posterior tree sample. The estimated transition
rate distribution was plotted for three virus datasets (Fig-
ure 3 left). From this plot it is evident that the estimated
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Figure 3. COCO-VA toggling is accelerated in ORF5-plus compared to ORF5-less viruses. Shown are results of BayesTraits multistate analysis of COCO-
VA toggling rate in three groups of viruses. The distributions of estimated exchange rates at second (left side) and third (right side) codon position of
the COCO-VA codon is shown. The exchange rate at the second codon position corresponds to the COCO-VA toggling while the rate at the third codon
position serves as a control. The distributions are shown as Box-and-whisker graphs. The boxes span from the first to the third quartile and include the
median (bold line), and the whiskers (dashed lines) extend to the extreme values.

Ala-Val exchange rate is more than three times higher (13.6
versus 4.3) for ORF5-plus viruses compared to ORF5-less
viruses, with a 25-75% inter-quartile range of 9.5-19.1 and
2.5-7.7, respectively. This striking difference between the
two datasets is strongly supported by a log Bayes Factor
(logBF) of 3352.2, which is astronomically large and dwarfs
the significance threshold of 2. As expected, the estimate
for mammalian polyomaviruses was intermediate between
those two with a 25-75% inter-quartile range of 5.6-13.3
(Figure 3 left). As Ala-Val exchange at the COCO-VA posi-
tion is equivalent to C-T exchange at the second codon posi-
tion (see Figure 2 and ‘Materials and Methods’ section) we
have compared its exchange rate to that at the third codon
position (Figure 3 right). This position accepts all four nu-
cleotides and its variation is primarily driven by selection in
the overlapping ORF2 in which it occupies the first codon
position of the subsequent residue. As may be expected,
the exchange rate at this position (now averaged over four
instead of two nucleotides) is comparable for ORF5-plus
and ORF5-less viruses (median and 25-75% inter-quartile
range: 10.2 and 8.5-12.3 versus 9.8 and 8.0-11.9, respec-
tively). Of notice, these numbers are still and consistently
smaller than those of the Ala-Val exchange rate for ORFS5-
plus viruses.

Importantly, the observed difference at the second codon
position (i.e. the Ala-Val exchange) may not be attributed to
differences in virus diversity of the compared two datasets,
whose distributions of smallest pairwise patristic distance
(SPAT) values (median value and 25-75% inter-quartile
range: 0.23 and 0.13-0.32 versus 0.28 and 0.12-0.46) were
not different at a statistically significant level (Mann—
Whitney U test; P = 0.42). Consequently, we concluded that
the COCO-VA toggling rate is significantly and genuinely
accelerated in the ORF5-plus compared to the ORF5-less
polyomaviruses. Since the COCO-VA site is expressed in
ORF5-plus but not ORF5-less viruses (although see below),
this result implies positive selection on the COCO-VA site
in ORF5-plus viruses.

Ratio approach to study accelerated COCO-VA toggling

To study the accelerated COCO-VA toggling further, we
have developed a ratio approach remotely similar to that
of comparing the ratio of non-synonymous to synonymous
substitutions. We used the ratio of monoSPAT/(monoSPAT
+ polySPAT) values as a normalized measure of the COCO-
VA toggling rate relative to Ala/Ala or Val/Val persistence,
with polySPAT and monoSPAT resembling estimations of
non-synonymous and synonymous substitutions, respec-
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Figure 4. Accelerated toggling at the COCO-VA site in ORF5-plus and Ortho-I viruses. For the purpose of this analysis a representative set of 50 mam-
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10 and MW polyomavirus, which were represented only by the latter because of the very small distances that separate these three viruses. Two pairs of virus
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in the inset of panel (B). (A) The partitioning of the monoSPAT scale at 0.35 was derived based on the drop of the mean difference of SPAT ratios to the
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mono SPAT ranges (0-0.35, 0.35-1.25). A horizontal dotted line is drawn at the matching rate, whose evolutionary interpretation is defined in the text.

tively (for group designations see ‘Materials and Methods’
section). Only the C/T variation at the second codon po-
sition that controls Val-Ala exchange, rather than the en-
tire codon for Ala/Val as it would have been the case upon
analysis of a non-overlapping ORF by a conventional tech-
nique, was analysed in our test. We thus avoided complica-
tions to the analysis that would otherwise be caused by the
unaccounted evolutionary pressure on the third position of
Ala/Val codons by the ORF2 overlapping codon, where it
occupies the first position of the subsequent residue (Fig-
ure 1B). An SPAT ratio of 0.5 indicates that the Ala/Val ex-
change rate matches that of Ala/Ala or Val/Val persistence
during evolution of a particular lineage (hereafter, matching
rate). Since amino acid residue persistence at the COCO-
VA site in a pair of viruses may involve either no genetic
change or synonymous substitution, the matching rate for
toggling under the model of neutral evolution could be ex-
pected only at sufficiently large evolutionary distances when
chance mutation, either synonymous or non-synonymous,
is highly probable. Accordingly, persistence would domi-
nate over toggling at smaller distances under this model, re-
sulting in SPAT ratios smaller than 0.5. If positive selection
is involved in toggling, increase of SPAT ratios compared to
those expected under neutral evolution could be observed at
sufficiently small evolutionary distances.

The above considerations indicate that under the model
of neutral evolution we could expect different SPAT ratios
at small and large evolutionary distances. To verify this and
define ranges for small and large evolutionary distances sep-
arating pairs of monomorphic viruses, we analysed the dif-
ference between the matching rate and within-window dis-

tributions of SPAT ratios involving all mammalian poly-
omaviruses, which were plotted against monoSPAT values.
Due to stochastic reasons, the estimated toggling rate may
deviate from the actual rate for a virus. To address this lim-
itation, we pooled SPAT ratios within a predefined window
that was slid along the monoSPAT axis. Our analysis re-
vealed that the Ala/Val exchange rate of polyomaviruses
varies considerably, with very different median values be-
ing observed in two monoSPAT ranges (Figure 4A). In
the monoSPAT range of 0-0.35, median SPAT ratios were
consistently smaller compared to the matching rate, while
in the monoSPAT range of 0.35-0.75, they were consis-
tently larger than the matching rate. Accordingly, the en-
tire monoSPAT range was split into two sub-ranges in our
subsequent analyses. For evolutionary interpretations of the
ratio test in subsequent analyses, we used the results ob-
tained for ORF5-less viruses as a base-line, since Val-Ala
toggling in these viruses is expected to experience no selec-
tion (Figure 1C3 scenario) over the entire evolutionary dis-
tance range.

Accelerated COCO-VA toggling is associated with inter-
species diversification of ORF5-plus polyomaviruses

Is the accelerated toggling a characteristic of the entire
ORF5-plus viruses or its subset? The difference between
SPAT ratios in the distributions for ORF5-plus and ORF5-
less viruses was statistically significant over the monoSPAT
range of 0-0.35 (MWU test P-value = 7e-06), but not
over the 0.35-1.2 range (MWU test P-value = 0.829) (Fig-
ure 4B). Importantly, this result may not be due to biases



of the virus sampling which was comparable for ORF5-
plus and -less viruses in the two distributions along the
monoSPAT range (Supplementary Figure S5).

Consequently, the above observations indicate a
selection-driven acceleration of COCO-VA toggling in the
majority (15 out of 22) of ORF5-plus polyomaviruses, each
of which is separated from another monomorphic virus
by a monoSPAT of 0.35 or smaller (Figure 4). For the
remaining seven ORF5-plus viruses, each of which is sep-
arated from another monomorphic virus by a monoSPAT
larger than 0.35, no accelerated COCO-VA toggling was
observed. This could be either due to specifics of evolution
or the unavailability of close monomorphic relatives of
these viruses in the current sampling. If the former is
true, the viruses with accelerated COCO-VA toggling
may be expected to cluster in the tree, while a random
phyletic distribution is likely otherwise. Figure 2 shows
that the 15 viruses with accelerated COCO-VA toggling are
scattered across the entire branch of ORF5-plus viruses.
This observation implies that the accelerated COCO-VA
toggling may involve a/l ORF5-plus viruses (all terminal
nodes in the respective tree branch) thus presenting an
extreme case of convergent evolution. An improved, much
larger virus sampling, which includes closely related viruses
for each analysed virus species, will enable verification of
this implication. Also, it may facilitate additional insights,
including: (i) refining the estimate of the monoSPAT
threshold at which the COCO-VA toggling acceleration
can be observed and (ii) extending our analysis to poorly
sampled intra-species diversity, in order to address the
question whether accelerated COCO-VA toggling drives
speciation or vice versa.

Could the observed difference between ORF5-plus and
ORF5-less viruses in the monoSPAT range of 0-0.35 (Fig-
ure 4B) have emerged also under the evolutionary sce-
nario that is alternative to that involving positive selection
on ORF5-plus and no selection on ORF5-less viruses? If
the COCO-VA site was under strong negative selection in
ORF5-less viruses while being under either weak negative
or no selection in ORF5-plus viruses, SPAT ratio of these
viruses would differ. The following considerations make this
scenario unlikely to be applicable to explain the data ob-
tained in our study. First, this scenario implies that the
COCO-VA site must be expressed in al/l ORF5-less viruses.
These viruses include some of the most well characterized
polyomaviruses, e.g. SV40, with no evidence for the expres-
sion of the COCO-VA site, although some of the poorly
characterized ORF5-less viruses may indeed express this
site (see below). We could also recall that ORF5-less viruses
were defined as a group not having the property (ORFS5)
rather than having one, which would be required to link
strong negative selection to the functional characteristic.
Second, SPAT ratio of ORF5-plus viruses in the monoSPAT
range of 0-0.35 is comparable to the matching rate (P =
0.390 in Wilcoxon rank sum test; see Supplementary Table
S5). This result is in the excellent agreement with positive se-
lection acting on the COCO-VA site in ORF5-plus viruses,
while it may not be reconciled with the weak negative se-
lection hypothesis. On the other hand, it would in princi-
ple be compatible with neutral evolution of the COCO-VA
site in ORF5-plus viruses under the condition that poly-
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omaviruses have very high mutation rate. The estimates of
this rate vary greatly and generally this aspect has not been
fully resolved (71). However, we note that the Val-Ala vari-
ation is already observed in several monophyletic subsets of
ORF5-plus viruses which otherwise diverged little or mod-
estly. This observation indicates that the Val-Ala variation
may be among most frequent rather than average as would
be expected under the neutral evolution scenario. This as-
pect could be studied most closely with the improved virus
sampling. In conclusion, based on the available data the ac-
celerated COCO-VA toggling due to positive selection is the
most likely evolutionary scenario.

Accelerated COCO-VA toggling is most strongly associated
with monophyletic Ortho-I viruses

The results described above provide evidence for acceler-
ated COCO-VA toggling in the 0-0.35 monoSPAT range for
ORF5-plus viruses. However, it is also evident that the dis-
tributions of ORF5-plus and less SPAT ratios overlap with
two ORF5-less viruses deviating considerably from their
group-mates and instead fitting into the other group rather
well (Figure 4B, red dots in the 0-0.35 monoSPAT range).
This grouping with ORFS5-plus viruses received strong
statistical support when analysing all of the 145,422,675
possible 16-by-14 combinations of the 30 viruses with
monoSPAT values in the range of 0-0.35 (Text S3 and
Supplementary Figure S6). Intriguingly, these two viruses
(MFPyV1 and LPyV) along with another one (HPyV9) for
which no closely related monomorphic virus is available in
the current virus sampling (Figure 4B, red dot in the 0.35—
1.20 monoSPAT range) form a sister lineage of ORF5-plus
polyomaviruses at the root of the Ortho-I monophyletic
group (Figure 2) (15,43). These results suggest that the
accelerated toggling is most strongly associated with the
Ortho-I group. Since the observed accelerated toggling is
indicative of positive selection that may be realized only
upon expression of the COCO-VA site in the two (three)
poorly characterized basal Ortho-I viruses, such hypothe-
sis must be considered. It could be achieved using a mecha-
nism other than expression of the entire ORF3, for instance,
through alternative splicing of mRNA(s) (72) that could
fuse the COCO-VA site with other ORF(s). In the evolu-
tionary framework, such expression of the COCO-VA site
would be ancestral to those used by ORF5-plus viruses, im-
plying that the COCO-VA site and the associated sequence
motif could be a nucleation site for the subsequent ORFS5
origin by ORF expansion (15).

COCO-VA toggling is located in a SLiM of an intrinsically
disordered region

What could be the structural basis of COCO-VA toggling?
Bioinformatics analyses indicate that MT/ALTO is a Pro
residue rich IDR, whose motifs could form SLiMs (Sup-
plementary Figures S1, S7, S8 and S9) (15). Thus, the in-
terspecific toggling targets a SLiM, which is in line with
the notion that IDRs evolving differently than structured
protein regions (6,7). Since SLiMs promote protein fold-
ing in relatively flat energy landscapes (73) and mediate in-
teractions with partners that are relatively weak (74,75),
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difference between physico-chemical properties of the just
two possible COCO-VA residues, Val and Ala, could be of
significance. For instance, these residues have contrasting
structural propensities, favouring the formation of either -
helix (Ala) or B-sheet (Val) (76), which might be used to
promote alternative folding of MT/ALTO upon interaction
with partner(s). Unfortunately, this hypothesis may not be
tested using the available computational approaches.

Concluding remarks

In complex protein networks, SLiMs are emerging as evolu-
tionary adaptive transmitters of intracellular signals involv-
ing multiple interacting partners (2-3,13,77). Here we pre-
sented evidence for the evolutionary signature of adaptation
in the otherwise uncharacterized SLiM of MT/ALTO. The
effect of COCO-VA toggling on the SLiM may be similar to
that of phosphorylation which could modulate SLiM activ-
ity considerably (78). MT antigen of rodent polyomaviruses
has been shown to interact through its ORF5-encoded part
with numerous cellular targets involved in signal trans-
duction (33,38-39,42). The function of ALTO, identified
just recently, has not been resolved yet (15). The described
accelerated COCO-VA toggling is notable because of a
unique combination of properties: it involves one of the
just few conserved positions of the otherwise highly diver-
gent MT/ALTO protein, and it may affect every species
of Ortho-I polyomaviruses. These viruses are known to in-
fect bats, rodents, monkeys, hominids and humans with ap-
parently frequent host switching (Figure 2). Future stud-
ies should identify driving forces of the COCO-VA toggling
to enable its comparison with intra-species residue toggling
(25). The latter is likely driven by the cellular immune re-
sponse and occurs at much smaller time and divergence
scales and with the exchange of many residues. Practically,
our study suggests that analysis of substitution rates can be
applied to individual residues in overlapping ORFs. It ex-
tends the utility of the substitution rate analysis from map-
ping to dissecting functional elements in overlapping ORFs.

The described phenomenon also challenges common per-
ception of conservation of proteins, which is believed to be
inversely and universally correlated with the rate of evolu-
tion. Accordingly, sites accepting relatively few residues are
classified conserved and evolving slowly under negative se-
lection. Typically, such residues are critical for maintaining
protein core and/or playing an essential role in the active
site of structured proteins. Besides the sites that are strictly
invariant, those that accept only two residues during large-
scale evolution are among the most conserved. Exchange
of these residues could happen due to either rare fixation of
non-synonymous mutation that is driven by episodic posi-
tive selection or residue drift. As a result, each of the two
residues is likely to be associated with a large monophyletic
clade in the tree (Figure 5 left panel), the pattern that can
be recognized by available programs (e.g. (79)). Examples
of this type of evolution are plenty in many protein fami-
lies. For instance, rare exchange of the catalytic nucleophile
Cys and Ser residues in virus proteases with chymotrypsin-
like fold (80) or phosphate-binding Ser and Thr residues in
the Walker-box GKS/T motif of nucleotide-binding pro-
teins (81), are notable.

Divergent Evolution
Purifying Selection

Convergent Evolution
Positive Selection

0.5

.L.é.ﬁ.é.é e

=
=

Figure 5. Contrasting modes of evolution at a conserved protein site ac-
cepting two residues. Shown are fictional examples of evolution of a con-
served protein site with two-residue variation in families of structured (left
panel) and unstructured (right) proteins, whose evolutionary scale of re-
placement at all sites was considerable (bar 0.5) and whose phylogeny is de-
scribed by identical trees. In both cases, two residues are evenly distributed,
each occupying 50% of terminal nodes. Residue type either clusters into
two monophyletic groups (left) or is intertwined (right). The left panel de-
picts divergent evolution driven mostly by purifying selection as seen in
many characterized structured proteins. The right panel depicts conver-
gent evolution driven by positive selection as discovered at the COCO-VA
site in the presented paper and may be experienced at other sites in un-
structured proteins.

The above considerations indicate that in structured pro-
teins, limited residue variation may largely be imposed by
the molecular environment in which these proteins oper-
ate. In contrast, constraints on the genetic level is the chief
factor determining residue variation in proteins encoded
in overlapping ORFs. Consequently, this restricted residue
variation in overlapping ORFs may not be linked to residue
function in the manner described for structured proteins.
Accordingly, overlapping ORFs predominantly encode un-
structured proteins with their most conserved SLiMs medi-
ating adaptation, a function that is commonly facilitated by
the least conserved elements in structured proteins. Along
the same line, we now provide evidence for the phyloge-
netic intertwining of viruses that employ, respectively, Val
and Ala at the conserved COCO-VA site in the IDR of
MT/ALTO. When depicted in a simplified form, this phy-
logenetic pattern can be contrasted with the clade-specific
association of residues in a tree of structured proteins (com-
pare right and left panels of Figure 5). This contrast is
particularly striking since it is not evident in the cumula-
tive frequency of each of these residues at terminal nodes
(bottom panels underneath of trees in Figure 5). Thus, this
logos-style representation of residue conservation, which is
very popular in functional studies, may not capture residue



change and its role in adaptation. Only analysis in the con-
text of phylogeny could do it, as demonstrated in this study.

Since Cys is one of the least frequent amino acid residues
and none of the other residues can constrain evolution in
the overlapping —3 RF (or +1 RF) to only two residues,
the described codon-constrained accelerated toggling might
be viewed as an extremely exotic phenomenon limited to
polyomaviruses. We believe that this perception is biased for
several reasons. First of all, the (unknown) diversity of the
Virus Universe is expected to be many orders of magnitude
larger than the number of currently recognized few thou-
sand virus species (82,83). This implies a good chance of dis-
covering accelerated COCO-VA toggling in other viruses in
the future. Furthermore, accelerated toggling might involve
more than two residues at a site that could still be considered
conservative relative to many other sites. Such constraint
could be imposed by conserved amino acids other than Cys
in the overlapping ORF or, if non-overlapping ORF is in-
volved, by a different genetic mechanism, e.g. RNA struc-
ture, or even by a partner or partners interacting with an
IDR site. Thus, the described accelerated COCO-VA tog-
gling may represent an extreme case of common evolution
of individual residues in IDRs of proteins, making it poten-
tially relevant to understanding biology and pathology of
adaptation of many organisms.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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