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Abstract

It is common knowledge that conserved residues evolve slowly. We challenge generality 
of this central tenet of molecular biology by describing the fast evolu  on of a conserved 
nucleo  de posi  on that is located in the overlap of two open reading frames (ORFs) of poly-
omaviruses. The de novo ORF is expressed through either the ALTO protein or the Middle T 
an  gen (MT/ALTO), while the ancestral ORF encodes the N-terminal domain of helicase-con-
taining Large T (LT) an  gen. In the la  er domain the conserved Cys codon of the LXCXE 
pRB-binding mo  f constrains codon evolu  on 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 specia  on rate and to 
be signifi cantly accelerated compared to the baseline rate of chance subs  tu  on in a large 
monophyle  c lineage including all viruses encoding MT/ALTO and three others. Importantly, 
the COCO-VA site is located in a short linear mo  f (SLiM) of an intrinsically disordered regi-
on, a typical characteris  c of adap  ve responders. These fi ndings provide evidence that the 
COCO-VA toggling is under posi  ve selec  on in many polyomaviruses, implying its cri  cal 
role in interspecifi c adapta  on, which is unprecedented for conserved residues.
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Introduc  on

Intrinsically disordered regions (IDRs), which are either not structured or may become 
structured upon interac  on with diverse partners [1], have been iden  fi ed in many pro-
teins and implicated in various biological processes as adap  ve responders [2 - 5]. They 
have a biased amino acid residue composi  on and evolved faster than structured pro-

teins [6, 7], with excep  on of very small islands of rela  ve conserva  on, known as short 
linear mo  fs (SLiM), that mediate protein-protein interac  ons [8].
 IDRs are frequently encoded by overlapping open reading frames (ORFs) that 
evolved de novo by overprin  ng the ancestral ORFs and are common in viruses [9 - 13]. This 
overlapping of ORFs is accompanied by suppression of synonymous subs  tu  on rate in the 
ancestral ORFs (nega  ve or purifying selec  on) compared to that of non-overlapping ORFs, 
indica  ve of codon constraints in the de novo ORFs due to their expression. The observed 
phenomenon has been extensively used for in silico iden  fi ca  on of func  onal de novo 
ORFs [12, 14, 15], which o  en led to the elucida  on of non-canonical expression mecha-
nisms of these ORFs (e.g., [16 - 19]). Suppression of synonymous subs  tu  on rate is also 
reciprocally imposed on de novo ORFs by the overlapping ancestral gene. These observa-
 ons led to analysis of rela  ve rate change of subs  tu  ons in the de novo genes compared 

to ancestral or non-overlapping genes [12, 20 - 23].
 This ORF-wide analysis has not been extended to individual codons of the de novo 
ORFs due to formidable technical challenges. A common approach to characterize site-spe-
cifi c evolu  on is to es  mate devia  on from the subs  tu  on rate under a model of neutral 
evolu  on for each codon of an ORF. Suppression and accelera  on of the subs  tu  on rate is 
a  ributed to nega  ve and posi  ve selec  on, respec  vely, with posi  ve selec  on being seen 
as the hallmark signature of adapta  on during intra-species evolu  on [24]. One par  cular 
pa  ern of varia  on under posi  ve selec  on is the frequent exchange of residues with per-
vasive return to the wild-type state, dubbed residue toggling [25]. Iden  fi ca  on of codons 
under selec  on, either nega  ve or posi  ve, is part of the established evolu  onary-based 
pipeline that informs func  onal characteriza  on of proteins encoded in non-overlapping 
ORFs [2, 27]. However, the available techniques were not developed to untangle selec  on 
forces ac  ng on the overlapping ORFs, which constrain evolu  on of each other. This may 
explain the lack of iden  fi ca  on of de novo codon(s) under posi  ve selec  on, despite broad 
recogni  on of a prominent role that the overlapping ORFs play in adapta  on of viruses to 
host [12].
 One of the largest and poorly characterized pairs of proteins encoded by overlap-
ping ORFs is expressed by members of the fast growing Polyomaviridae family (Supplemen-
tary Table S1). These viruses cause latent infec  ons in diverse mammals and birds, and in 
humans, some of these viruses have been responsible for diff erent pathologies in immuno-
compromised individuals [28, 29]. Polyomaviruses employ mul  -ORF double-stranded DNA 
(dsDNA) genomes of approximately 5 kb [30, 31]. Genomes of a large subset of polyoma-
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viruses include two overlapping ORFs [15, 32, 33], designated here ORF2 and ORF5 (Figure 
1A; for other designa  ons see Supplementary Text S1 and Supplementary Table S2). ORF2 
encodes the second exon of the large T an  gen (LT) that includes a helicase domain [30, 
34]. ORF5 is expressed as a separate protein (ALTO) in Merkel cell polyomavirus (MCPyV) 
[15]; while it encodes the second exon of Middle T an  gen (MT) in murine and hamster 
polyomaviruses (MPyV and HaPyV) [33, 35, 36]. The ORF5-encoded part of MT an  gen is 
implicated in control of cell transforma  on [33, 35, 36], enriched with Pro residues [37, 38] 
and includes a C-terminal transmembrane domain [35] that is essen  al for the oncogenic 
func  on of MT [39]. This func  on and interac  on of MT with diff erent cellular proteins may 
be modulated by phosphoryla  on at several Ser, Thr and Tyr residues in rodent polyomavi-
ruses [36]. We will use ORF5-plus and ORF5-less to refer to respec  ve subsets of polyoma-
viruses; ORF5-plus viruses are also known as Almipolyomaviruses [15]. Likewise, and purely 
for the sake of uniformity, herea  er we have designated the ORF5-encoding product as MT/
ALTO for all ORF5-plus polyomaviruses. Because ORF5 is conserved in only ORF5-plus poly-
omaviruses, while the overlapping part of ORF2 is found in all mammalian polyomaviruses 
[15], these ORFs are defi ned as de novo (ORF5) and ancestral (ORF2), according to Sabath et 
al., [12]. ORF5-plus viruses form a large monophyle  c cluster in one of the main branches of 
polyomavirus tree [15], dubbed Orthopolyomaviruses I [Ortho-I]; with three other branch-
es being Orthopolyomaviruses II, Malawipolyomaviruses and Wukipolyomaviruses [40], al-
though branch delinea  on and designa  on may vary in diff erent studies [15, 41].
 To understand the evolu  on of overlapping ORFs, we studied ORF2 and ORF5 at 
codon resolu  on. We found that one of the most conserved ORF5 codons, located in a SLiM 
of ORF5, experienced an accelerated evolu  onary rate despite being strongly constrained to 
two amino acids by the overlapping ancestral ORF2. Using available and specially developed 
evolu  onary-based approaches we revealed an unprecedented frequent toggling between 
these two residues during large-scale mul  -species evolu  on in the Ortho-I clade of poly-
omaviruses. This analysis is, to our knowledge, the fi rst to iden  fy a conserved posi  on of 
de novo protein under posi  ve selec  on. Its results suggest a new IDR-mediated adapta  on 
mechanism employed by many mammalian polyomaviruses with poten  al relevance to un-
derstanding adapta  on of other viruses and organisms.

Materials and Methods

Datasets: viruses, sequences and alignments
Full-length genome sequences of 55 polyomaviruses available in the Genbank/RefSeq da-
tabase on February 2013 (Supplementary Table S1) were downloaded into the Viralis plat-
form [42]. When several genomes per species were available, the RefSeq sequence was 
chosen for presenta  on. The Muscle program [43] and ClustalW [44] were used to gener-
ate family-wide mul  ple amino-acid alignments for viral capsid protein (VP)1 encoded in 
ORF3, VP2 (ORF4) and LT (ORF2), followed by manual cura  on. For each of the three protein 
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alignments, strongly conserved blocks [45] were extracted using the Blocks Accep  ng Gaps 
Generator (BAGG) tool (www.genebee.msu.su/~antonov/bagg/cgi/bagg.cgi) to produce a 
concatenated mul  ple sequence alignment used for phylogene  c reconstruc  on and other 
analyses (see below). The ORF2-wide alignment was also mapped on the genome sequenc-
es, which were then translated in the alterna  ve reading frame (RF -3) encoding ORF5 in 
twenty-two viruses of the ORF5-plus group to produce an ORF5 alignment. ORF5 size varies 
from 441 nucleo  des (nts) to 846 nts, and ORF5 sequence conserva  on was detectable only 
in some subsets of polyomaviruses (Supplementary Table S3; data not shown; [15]). 
 For analysis of site-specifi c evolu  onary selec  on by Datamonkey programs, we 
used 10 alignments of selected posi  ons of the ORF5 and ORF2 (datasets, D1-D10). These 
10 alignments represented diff erent groups of viruses, including all mammalian polyomavi-
ruses (D1 and D2), Ortho-I viruses (D3 and D4), ORF5-plus viruses (D5 and D6), ORF5-less vi-
ruses (D7), and three non-overlapping lineages of ORF5-plus viruses (D8-D10), each analyz-
ed separately (see Supplementary Table S4 for details). Using conserva  on considera  ons, 
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 ORF5 of D1-D7, those codons were cho-
sen whose overlapping codon in ORF2 (-1 frame) was aligned with no gaps across mamma-
lian polyomaviruses. For ORF5 of D8-D10 and ORF2, most conserved codons in respec  ve 
alignments were used a  er manual pruning of weakly aligned codons.
 Alignments of the conserved mo  fs in the N-terminal part of LT ORF2 and ORF5, 
par  ally described elsewhere [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 ORF5-plus and two subsets of ORF5-less polyomaviruses, into the respec  ve 
nucleo  de alignments (Supplementary Table S3).

Phylogeny reconstruc  on
Phylogene  c analyses were performed by using a Bayesian approach implemented in BEAST 
version 1.7.4 [46] and the Whelan and Goldman (WAG) amino acid subs  tu  on matrix [47]. 
Rate heterogeneity among sites was modeled using a gamma distribu  on with four catego-
ries, and a relaxed molecular-clock approach was tested against the strict molecular-clock 
approach [48] and was found to be superior. Markov chain Monte Carlo (MCMC) chains 
were run for 2 million steps and the fi rst 10% were discarded as burn-in. Convergence of the 
runs was verifi ed using the Tracer tool (h  p://beast.bio.ed.ac.uk/tracer).

Analysis of natural selec  on at codons 
We have used Mixed Eff ects Model of Evolu  on (MEME) [49] and Fast, Unconstrained 
Bayesian AppRoxima  on (FUBAR) [27] at the Datamonkey website (h  p://www.datamon-
key.org) [26] to test for natural selec  on at conserved ORF5 codons. In addi  on, we have 
screened for toggling at ORF5 residues using TOGGLE, an implementa  on of the residue 
toggling method developed for HIV-1 by Delport et al., [25]. We have analyzed in total ten 
diff erent datasets, D1-D10 (see above), capturing diff erent posi  ons and virus diversi  es 
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(see Supplementary Table S4). For each analyzed data set, selec  on of evolu  onary model 
was performed automa  cally at the Datamonkey web site using default parameters prior to 
the analysis.

Analysis of COCO-VA toggling by BayesTraits
Evolu  on of non-synonymous replacements at the Codon-Constrained Val-Ala (COCO-VA) 
site of ORF5 was analyzed by BayesTraits package using the Mul  state model (h  p://www.
evolu  on.rdg.ac.uk/BayesTraits.html) [50]. This codon is constrained to encode either Ala or 
Val in all mammalian polyomaviruses due to the overlapping Cys codon of the LXCXE mo  f 
that is expressed in the LT ORF2 of these viruses. The analyzed polyomaviruses were divid-
ed into two groups based on whether or not they express ORF5: ORF5-plus and ORF5-less 
viruses, respec  vely. 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 transi  ons are sta  s  cally more frequent in the ORF5- 
plus lineage compared to ORF5-less viruses, we applied the BayesTraits mul  state 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 respec  ve posterior tree samples obtained through independent BEAST analyses. We 
then compared the es  mated Ala-to-Val and Val-to-Ala transi  on rates between the three 
datasets, including an average Ala-Val exchange rate (corresponding to the toggling rate) 
by plo   ng the distribu  ons. Sta  s  cal signifi cance of diff erences in Ala-Val exchange rates 
was assessed using log Bayes Factors that was calculated with the R package Bayes Factor 
(h  p://bayesfactorpcl.r-forge.r-project.org/). As Ala-Val exchange is equivalent to T-C ex-
change at the second codon posi  on of the COCO-VA codon (see “Results and Discussion”), 
we applied BayesTraits also to the third posi  on of that codon as a control. 

Sta  s  cal analyses of COCO-VA toggling using patris  c distances
For each virus the smallest pair-wise patris  c distance (SPAT) to a virus encoding the same 
amino acid (monomorphic pairs: Ala<->Ala and Val<->Val; monoSPAT) and to that encoding 
the diff erent amino acid (polymorphic pair: Ala<->Val, polySPAT) was calculated. Patris  c 
distances were extracted from the polyomavirus phylogeny using the package Analyses of 
Phylogene  cs and Evolu  on (APE) in R language [51].
 We es  mated the rate of COCO-VA toggling as the ra  o of monoSPAT to the sum 
of polySPAT and monoSPAT values; designated SPAT ra  o herea  er. Due to limited virus 
sampling at the intra-species level, we applied a sliding window approach to compare SPAT 
ra  os between ORF5-plus and ORF5-less viruses. A window size of 0.15 and a shi   of 0.05 
at the monoSPAT scale were used. A two-sample non-parametric Mann-Whitney U test was 
u  lized to test for sta  s  cally signifi cant diff erences between the two virus groups within a 
par  cular window. A devia  on of distribu  ons of SPAT ra  os from the average toggling rate 
of 0.5 was assessed using the Wilcoxon rank-sum test.
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 To independently assess the par   oning of mammalian polyomaviruses into ORF5- 
plus and ORF5-less virus groups, we determined the ranking of a predefi ned two-set par-
  oning among all possible two-set par   oning of the same type for the 30 viruses with 

monoSPAT values smaller than the derived threshold of 0.35. These 30 viruses comprise 14 
ORF5-plus and 16 ORF5-less viruses or 16 Ortho-I and 14 non-Ortho-I viruses. We calculated 
the diff erence of mean toggling rate values between the two groups in each of these par  -
 onings and determined its ranking among the diff erences of mean toggling rates obtained 

for all other 14-16 or 16-14 par   oning of the 30 viruses, whose total was 145,422,675 
possible par   onings (e.g. combina  ons).

General bioinforma  cs analyses
For selected phylogene  c lineages, alignments of ORF5 were converted HMM profi les and 
compared to each other using HHsearch [52] in both local and global alignment modes. 
 Sequence logos of selected alignments were produced using the WebLogo server 
[53, 54].
 Secondary structure and disorder predic  on of protein sequences were generated 
using the Disorder Predic  on MetaServer, which reports consensus results of eight protein 
disorder predictor tools: DISEMBL [55], DISOPRED [56], DISpro [57], FoldIndex [58], Glob-
Plot2 [59], IUPred [60], RONN [61], and VSL2 [62], and two protein secondary structure 
predictor tools: PROFsec [63] and PSIPred [64] (h  p://wwwnmr.cabm.rutgers.edu/bioin-
forma  cs/disorder/). The predic  on of disorder was considered signifi cant if at least four 
predictors gave a hit.
 Secondary RNA structures in ORF2/ORF5 overlapping region were predicted with 
the program RNAz in a region of about 300-900 bp fl anking the region encoding LXCXE mo  f 
sequence [65]. The server uses an algorithm that detects thermodynamically stable and 
evolu  onarily conserved RNA secondary structures in mul  ple 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 combina  on of six virus sequences. For struc-
ture predic  on the default RNAz parameters of “Standard Analysis” were u  lized, which 
scored in the overlapping windows of 120 alignment columns with step-size of 40 nucleo-
 des (h  p://rna.tbi.univie.ac.at/cgi-bin/RNAz.cgi?PAGE=1&TYPE=S).

 Proline enrichment in puta  ve ORF5-encoded protein sequences was analyzed by 
use of a custom R script that counts Proline residues and visualizes the counts with respect 
to loca  on in the protein sequence and premature stop codons in the case of ORF5-less 
viruses (www.R-project.org) [66].

Results and Discussion

Discovery of Codon-Constrained Val-Ala (COCO-VA) toggling in MT/ALTO
We were interested in understanding the evolu  on and func  on of the de novo ORF5. Only 
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Figure 1. Toggling at the COCO-VA site in mammalian ORF5-plus and ORF5-less polyomaviruses. (A) ORF organiza-
 on in three reading frames of the genomic region encoding the early genes is shown for Simian virus 40, SV-40 

(le  ; NC_001669) and Murine polyomavirus, MPyV (right; Genbank accession NC_001515) represen  ng ORF5-less 
and ORF5-plus polyomaviruses, respec  vely. The ORF2 frame was chosen as -1 frame for both viruses. ORF bor-
ders are defi ned here from stop to stop codon. Large expressed ORFs are boxed/outlined and named while other 
ORFs with a size of at least 75 nt are shown in grey. ORF5 of the ORF5-plus virus and one of its deriva  ves of the 
ORF5-less virus are highlighted in the -3 frame. The background highligh  ng indicates loca  on of the LXCXE mo  f 
(an essen  al mo  f found in polyomaviruses and other viruses, and cellular proteins that mediates binding and 
inac  va  on of the cellular tumour-suppressor protein pRB [82 – 84]). (B) Shown are sequence logos of the LXCXE 
mo  f (top), the corresponding nucleo  de sequence (middle) and the amino acid sequence translated from the 
ORF5 frame (bo  om) for mul  ple alignment of the 28 ORF5-less (le  ) and 22 ORF5-plus viruses (right) analysed in 
this study using Viralis pla  orm [42]. The asterisk indicates stop codons in the -3 frame of some ORF5-less viruses. 
See M&M sec  on for other details. (C) Shown are four possible scenarios of evolu  on of a polynucleo  de site 
under diff erent selec  on regimes. In scenarios 2 to 4 diff erent selec  on force(s) result in the same observed nucle-
o  de diversity restricted to C or T. Scenarios 3 and 4 depict the COCO-VA toggling in ORF5-less and -plus viruses, 
respec  vely. 
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four short conserved mo  fs, designated ORF5m1 to ORF5m4, were evident in the ORF5- 
wide alignment (Supplementary Figure S1) due to an extremely high residue and two-fold 
size varia  on (see also below and Carter et al., [15]). They are counterparts of four mo  fs of 
LT an  gen in the overlapping part of ORF2. Remarkably, the most conserved 3rd aa residue 
of ORF5m2, iden  fi ed in this study, has a restricted binary residue varia  on (Val/Ala) in both 
ORF5-plus and ORF5-less polyomaviruses (Figure 1A and 1B). Val and Ala are encoded by 
eight G(C/T)(A/G/C/T) triplets which are the only codons compa  ble with the two TG(C/T) 
codons for conserved Cys of the LT LXCXE mo  f in the ancestral ORF2 (the two-nucleo  de 
overlap between the Val/Ala and Cys codons is highlighted in bold). In other words, only var-
ia  on at the second codon posi  on of the COCO-VA codon (C or T) determines the encod-
ed amino acid (Ala or Val) (Figure 1B). We named the observed phenomenon Codon-Con-
strained Val-Ala (COCO-VA) toggling.
 The C/T varia  on represents only half of the full four-nucleo  de varia  on possible 
at a polynucleo  de posi  on (Figure 1C). When each kind of nucleo  de is equally frequent at 
a given posi  on, it is likely to evolve at no selec  on (neutral evolu  on) (Figure 1C1), which 
may be found in the third codon posi  ons of non-overlapping ORFs. In contrast, a restricted 
nucleo  de varia  on, like C/T, may emerge as a result of selec  on, either posi  ve (Figure 
1C2) or nega  ve (Figure 1C3), which is typically observed at the fi rst and second posi  ons of 
codons of non-overlapping ORFs. Evolu  onary interpreta  on of the nucleo  de varia  on is 
more complex in the overlapping ORFs, which may be subject to several evolu  onary forces 
ac  ng on each ORF. For instance, there is no doubt that the restricted C/T varia  on at the 
2nd codon posi  on of the COCO-VA site is due to nega  ve selec  on in the alterna  ve ORF2 
to maintain the Cys residue. On the other hand, this restricted varia  on would be equally 
compa  ble with no selec  on or posi  ve selec  on in ORF5, with the la  er scenario leading 
to accelerated toggling between C and T (compare Figure 1C3 and Figure 1C4). Therefore, 
we asked whether selec  on is involved in the COCO-VA toggling.

Phylogeny suggests accelerated COCO-VA toggling in ORF5-encoding poly-
omaviruses
First and in line with general reasoning [67], we note that conserva  on of the LXCXE Cys 
residue may not constrain the COCO-VA toggling. Second, if C and T nucleo  des at the third 
posi  on of the Cys codon are u  lized unevenly, addi  onal non-ORF2 selec  on pressure(s), 
for instance on RNA, must be taken into account when analyzing the toggling. Third, the 
ORF2 LXCXE conserva  on in both ORF5-plus and -less polyomaviruses provided us with two 
contras  ng virus groups that diff er in rela  on to the COCO-VA site expression through ORF5. 
Consequently, the COCO-VA site is not expected to be under selec  on pressure in ORF5-
less viruses (Figure 1C3 scenario), while its evolu  on in ORF5-plus viruses may or may not 
be driven by selec  on depending on the func  onal importance of these residues (either 
Figure 1C3 or Figure 1C4 scenario). Fourth, the restricted binary choice of aa residues at 
the COCO-VA site compared to the full 20 amino acid (aa) residue varia  on simplifi es the 
evolu  onary analysis of its residue varia  on.
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 Taking all these considera  ons into account, we reasoned that the rela  ve abun-
dance of either Ala or Val in ORF5-plus compared to ORF5-less polyomaviruses would be 
indica  ve of selec  on on residue type. Since Ala and Val are similarly and evenly abundant 
at the COCO-VA site in the known ORF5-plus and ORF5-less mammalian polyomaviruses: 
11 vs. 11 and 12 vs. 14 (Figure 2), respec  vely, no indica  on for selec  on is apparent. This 
observa  on indicates also that the COCO-VA site may not have experienced other, non- 
ORF2-related selec  on favoring one of the two nucleo  des. Accordingly, we have not found 
conserved RNA secondary structure elements in this region (see Supplementary Text S2 and 
Supplementary Table S3, Supplementary Figure S2 and S3), which, poten  ally, could have 
been an alterna  ve source of constraint on the non-synonymous subs  tu  on in ORF5. 
 Next, we inves  gated the frequency of COCO-VA toggling among polyomaviruses. 
In this and subsequent analyses, switching between Ala and Val residues was accounted 
with no regard to its direc  on: from Ala to Val or from Val to Ala. The analysis was limited 
to the interspecies comparisons. The rate of the COCO-VA toggling in the ORF5-less poly-
omaviruses provided a baseline rate of COCO-VA toggling that can be expected by chance 
muta  on (neutral evolu  on). Comparison of this rate with that of the ORF5-plus viruses 
informed us about direc  onal selec  on at the COCO-VA codon in the la  er viruses.
 In the framework of this comparison, we have fi rst mapped COCO-VA toggling on 
a Bayesian phylogene  c tree of polyomaviruses (Figure 2). Due to extreme sequence di-
vergence of the ORF2/ORF5 overlap region in mammalian polyomaviruses (see above and 
Carter et al., [15]), reliable alignment of this region is limited to four mo  fs of only ~30 resi-
dues in total (Supplementary Figure S1), which may not be suffi  cient for reliable phylogeny 
reconstruc  on. Therefore we choose to use a concatenated alignment of other conserved 
domains represen  ng LT, VP1 and VP2 proteins and accoun  ng for ~50% of genome for 
phylogeny inference. Large monophyle  c groups on this tree were formed by viruses, which 
were recognized as similar in the ORF2/ORF5 overlapping region. Addi  onally, we have ob-
served good agreement between topologies of separate branches of this tree, each repre-
sen  ng closely related polyomaviruses, with trees of these same viruses using alignments 
of the ORF2/ORF5 overlap region (Supplementary Figure S4). These observa  ons showed 
that the ORF2/ORF5 overlap region is likely to have coevolved with the LT, VP1 and VP2/3 
proteins, whose tree was thus considered suitable for analysis of the COCO-VA toggling.
 Subsequently, visual inspec  on of the tree revealed contras  ng pa  erns of phy-
logene  c grouping for Ala- and Val-specifi c viruses in ORF5-plus and ORF5-less subsets of 
mammalian polyomaviruses, respec  vely (Figure 2). While Ala- and Val-specifi c viruses 
were largely intertwined in the fi rst subset, they predominantly formed large residue-spe-
cifi c monophyle  c groups in the second subset. This result was indica  ve of accelera  on of 
the COCO-VA toggling in ORF5-plus viruses. To verify and extend this observa  on further, 
we have conducted addi  onal evolu  onary-based analyses using available and specially de-
signed approaches.
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Figure 2. Polyomavirus phylogeny and ORF5 characteris  cs. Shown is a Bayesian phylogeny using BEAST version 
1.7.4 [46] for 55 polyomaviruses (listed in Supplementary Table S1) based on conserved regions in the LT, VP1 and 
VP2 proteins (see M&M sec  on for details). The numbers plo  ed in the tree show posterior probability support 
values for internal branching events <1. The scale bar is in average number of amino acid subs  tu  ons. Asterisks in 
the virus column indicate viruses for which the ORF5 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 mo  f in mammalian polyomaviruses (see Figure 1 and Supplementary Figure S1). The accelera  on 
column (accel.) labels viruses that experienced selec  on-driven accelera  on at the COCO-VA site. The geno-group 
column depicts the phylogene  c distribu  on of polyomaviruses according to Feltkamp et al., [40]. Please note that 
Carter et al., 2013 [15] divided all mammalian polyomaviruses into two groups, monophyle  c Almipolyomaviruses 
and paraphyle  c non-Almipolyomaviruses, which correspond to ORF5-plus and ORF5-less polyomaviruses, respec-
 vely. The tree was pseudorooted at the branch connec  ng mammalian and avian (Avi) polyomaviruses (see M&M 

sec  on for other details).
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No evidence for posi  ve selec  on at the COCO-VA site by conven  onal 
evolu  onary analyses
We started with employing two most advanced and widely used programs, MEME [49] and 
FUBAR [27], developed for evolu  onary analysis of residue varia  on. Also included was 
TOGGLE [25], which was specifi cally developed for analysis of residue toggling. These three 
programs are available through the Datamonkey website [26]. The employed programs dif-
fer in how they accommodate lineage- and site-specifi c varia  on in the analyzed dataset to 
infer pa  erns of evolu  on and deduce selec  on forces ac  ng on individual codons. Since 
these tools were developed for the analysis of non-overlapping ORFs, only a single evolu-
 onary force, if iden  fi ed, is reported. Consequently, we did not expect that these programs 

could infer both purifying selec  on (due to Cys conserva  on of LXCXE) and posi  ve selec-
 on (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 
nega  ve or posi  ve selec  on at this site of ORF5-plus viruses and nega  ve selec  on at this 
site of ORF5-less viruses. This type of inferences depends on the number and diversity of 
alignment posi  ons under analysis. Due to the high sequence divergence of the ORF2/ORF5 
overlapping region, we thus analyzed diff erent subsets of mammalian polyomaviruses, in 
order to facilitate iden  fi ca  on of selec  on forces. Specifi cally, the programs were applied 
to ten diff erent alignments of ORF5, D1-D10, represen  ng selected ORF5 codons, which 
may or may not be merged with ORF2 codons for diff erent subsets (see M&M and Sup-
plementary Table S4). In none of the thirty conducted analyses, the COCO-VA codon was 
iden  fi ed to be under posi  ve/diversifying selec  on, including toggling. Also the COCO-VA 
codon was not found to be nega  vely selected in analyses that included only ORF5-plus 
viruses, neither in the en  re set nor its D5, D6, D8, D9 and D10 subsets. However, upon 
analysis of the other fi ve 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 iden  fi ed to be under purifying selec  on. In contrast, various other ORF5 codons were 
iden  fi ed as being posi  vely or nega  vely selected or be involved in toggling, in many of 
these analyses (Supplementary Table S4).
 The lack of evidence for posi  ve selec  on/toggling at the COCO-VA codon in ORF5- 
plus viruses according to these analyses could be either a true nega  ve result (lack of the 
phenomenon) or a false nega  ve result (failure to detect a signal due to systema  c technical 
defi ciency). As detailed below, we believe that the la  er explana  on is most likely. Indeed, 
the employed three programs operate under the assump  on that the en  re codon table of 
61 varie  es is available for evolu  on at every site in the analyzed alignments. Consequently, 
the eight diff erent codons (four for Val and four for Ala) observed at the COCO-VA site were 
seen as severely restricted rather than represen  ng the full spectrum allowed at this site 
(imposed by Cys conserva  on in the overlapping ORF2 codon). This misreading of the ob-
served residue varia  on has profound implica  ons for its evolu  onary interpreta  on, since 
high diversity tends to be interpreted as a sign of posi  ve selec  on, while restricted diver-
sity is commonly associated with purifying selec  on during evolu  on of non-overlapping 
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ORFs. It is thus not surprising that the COCO-VA site evolu  on was qualifi ed to be under 
nega  ve selec  on in several tests by FUBAR. This result could be seen as evidence for the 
dominance of purifying selec  on at the COCO-VA site according to FUBAR.

Toggling at the COCO-VA site is signifi cantly accelerated
Due to the above considera  ons, we decided to con  nue our tes  ng of the toggling by ap-
plying an approach that could be free from the limita  ons of standard evolu  onary based 
programs developed for non-overlapping ORFs. First, we sought to verify the elevated fre-
quency of Ala-Val exchange in ORF5-plus compared to ORF5-less viruses that is apparent 
from polyomavirus phylogeny (Figure 2). To this end, we have applied the Mul  state meth-
od of the BayesTraits package [50] to compare the COCO-VA site varia  on in mammalian 
ORF5-plus and ORF5-less polyomaviruses. The program employs con  nuous-  me Markov 
models to es  mate the transi  on rates between mul  ple states for a single trait (Ala/Val 
for COCO-VA site in this case) while it traverses a tree. The produced es  mates take into 
account the uncertainty associated with tree reconstruc  on as it u  lizes the full posterior 
tree sample. The es  mated transi  on rate distribu  on was plo  ed for three virus datasets 
(Figure 3 le  ). From this plot it is evident that the es  mated Ala-Val exchange rate is more 
than 3  mes higher (13.6 vs 4.3) for ORF5-plus viruses compared to ORF5-less viruses, with 
a 25-75% interquar  le range of 9.5-19.1 and 2.5-7.7, respec  vely. This striking diff erence 
between the two datasets is strongly supported by a log Bayes Factor (logBF) of 3352.2, 
which is astronomically large and dwarfs the signifi cance threshold of 2. As expected, the es-
 mate for mammalian polyomaviruses was intermediate between those two with a 25-75% 

interquar  le range of 5.6-13.3 (Figure 3 le  ). As Ala-Val exchange at the COCO-VA posi  on is 
equivalent to C-T exchange at the second codon posi  on (see Figure 2 and M&M) we have 
compared its exchange rate to that at the third codon posi  on (Figure 3 right). This posi  on 
accepts all four nucleo  des and its varia  on is primarily driven by selec  on in the overlap-
ping ORF2 in which it occupies the fi rst codon posi  on of the subsequent residue. As may be 
expected, the exchange rate at this posi  on (now averaged over four instead of two nucleo-
 des) is comparable for ORF5-plus and ORF5-less viruses (median and 25-75% interquar  le 

range: 10.2 and 8.5-12.3 vs. 9.8 and 8.0-11.9, respec  vely). Of no  ce, these numbers are 
s  ll and consistently smaller than those of the Ala-Val exchange rate for ORF5-plus viruses.
 Importantly, the observed diff erence at the second codon posi  on (i.e., the Ala-
Val exchange) may not be a  ributed to diff erences in virus diversity of the compared two 
datasets, whose distribu  ons of smallest pair-wise patris  c distance (SPAT) values (median 
value and 25-75% inter-quar  le range: 0.23 and 0.13-0.32 vs. 0.28 and 0.12-0.46) were not 
diff erent at a sta  s  cally signifi cant level (Mann-Whitney U test; p=0.42). Consequently, we 
concluded that the COCO-VA toggling rate is signifi cantly 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 posi  ve 
selec  on on the COCO-VA site in ORF5-plus viruses.
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Figure 3. COCO-VA toggling is accelerated in ORF5-plus compared to ORF5-less viruses. Shown are results of 
BayesTraits mul  state analysis of COCO-VA toggling rate in three groups of viruses. The distribu  ons of es  mated 
exchange rates at second (le   side) and third (right side) codon posi  on of the COCO-VA codon is shown. The ex-
change rate at the second codon posi  on corresponds to the COCO-VA toggling while the rate at the third codon 
posi  on serves as a control. The distribu  ons are shown as Box-and-whisker graphs. The boxes span from the fi rst 
to the third quar  le and include the median (bold line), and the whiskers (dashed lines) extend to the extreme 
values.

Ra  o approach to study accelerated COCO-VA toggling
To study the accelerated COCO-VA toggling further, we have developed a ra  o approach 
remotely similar to that of comparing the ra  o of non-synonymous to synonymous subs  tu-
 ons. We used the ra  o of monoSPAT/(monoSPAT+polySPAT) values as a normalized meas-

ure of the COCO-VA toggling rate rela  ve to Ala/Ala or Val/Val persistence, with polySPAT 
and monoSPAT resembling es  ma  ons of non-synonymous and synonymous subs  tu  ons, 
respec  vely (for group designa  ons see M&M). Only the C/T varia  on at the 2nd codon posi-
 on that controls Val-Ala exchange, rather than the en  re codon for Ala/Val as it would have 
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been the case upon analysis of a non-overlapping ORF by a conven  onal technique, was 
analyzed in our test. We thus avoided complica  ons to the analysis that would otherwise 
be caused by the unaccounted evolu  onary pressure on the third posi  on of Ala/Val co-
dons by the ORF2 overlapping codon, where it occupies the fi rst posi  on of the subsequent 
residue (Figure 1B). An SPAT ra  o of 0.5 indicates that the Ala/Val exchange rate matches 
that of Ala/Ala or Val/Val persistence during evolu  on of a par  cular lineage (herea  er, 
matching rate). Since amino acid residue persistence at the COCO-VA site in a pair of viruses 
may involve either no gene  c change or synonymous subs  tu  on, the matching rate for 
toggling under the model of neutral evolu  on could be expected only at suffi  ciently large 
evolu  onary distances when chance muta  on, either synonymous or non-synonymous, is 
highly probable. Accordingly, persistence would dominate over toggling at smaller distances 
under this model, resul  ng in SPAT ra  os smaller than 0.5. If posi  ve selec  on is involved in 
toggling, increase of SPAT ra  os compared to those expected under neutral evolu  on could 
be observed at suffi  ciently small evolu  onary distances.
 The above considera  ons indicate that under the model of neutral evolu  on we 
could expect diff erent SPAT ra  os at small and large evolu  onary distances. To verify this 
and defi ne ranges for small and large evolu  onary distances separa  ng pairs of monomor-
phic viruses, we analyzed the diff erence between the matching rate and within-window 
distribu  ons of SPAT ra  os involving all mammalian polyomaviruses, which were plo  ed 
against monoSPAT values. Due to stochas  c reasons, the es  mated toggling rate may devi-
ate from the actual rate for a virus. To address this limita  on, we pooled SPAT ra  os within 
a predefi ned window that was slid along the monoSPAT axis. Our analysis revealed that the 
Ala/Val exchange rate of polyomaviruses varies considerably, with very diff erent median 
values being observed in two monoSPAT ranges (Figure 4A). In the monoSPAT range of 0- 
0.35, median SPAT ra  os were consistently smaller compared to the matching rate, while in 
the monoSPAT range of 0.35-0.75, they were consistently larger than the matching rate. Ac-
cordingly, the en  re monoSPAT range was split into two sub-ranges in our subsequent anal-
yses. For evolu  onary interpreta  ons of the ra  o test in subsequent analyses, we used the 
results obtained for ORF5-less viruses as a base-line, since Val-Ala toggling in these viruses 
is expected to experience no selec  on (Figure 1C3 scenario) over the en  re evolu  onary 
distance range.

Accelerated COCO-VA toggling is associated with interspecies diversifi ca-
 on of ORF5-plus polyomaviruses

Is the accelerated toggling a characteris  c of the en  re ORF5-plus viruses or its subsets? The 
diff erence between SPAT ra  os in the distribu  ons for ORF5-plus and ORF5-less viruses was 
sta  s  cally signifi cant 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) (Figure 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 distribu  ons along the monoSPAT range (Supplementary Figure S5).
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 Consequently, the above observa  ons indicate a selec  on-driven accelera  on of 
COCO-VA toggling in the majority (fi  een out of twenty-two) 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 separated 
from another monomorphic virus by a monoSPAT larger than 0.35, no accelerated COCO-VA 
toggling was observed. This could be either due to specifi cs of evolu  on or the unavailabil-
ity of close monomorphic rela  ves 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 phyle  c distribu  on is likely otherwise. Figure 2 shows that the fi  een 
viruses with accelerated COCO-VA toggling are sca  ered across the en  re branch of ORF5-
plus viruses. This observa  on implies that the accelerated COCO-VA toggling may involve 
all ORF5-plus viruses (all terminal nodes in the respec  ve tree branch) thus presen  ng an 
extreme case of convergent evolu  on. An improved, much larger virus sampling, which in-
cludes closely related viruses for each analyzed virus species, will enable verifi ca  on of this 
implica  on. Also, it may facilitate addi  onal insights, including: a) refi ning the es  mate of 
the monoSPAT threshold at which the COCO-VA toggling accelera  on can be observed, and 
b) extending our analysis to poorly sampled intra-species diversity, in order to address the 
ques  on whether COCO-VA toggling drives specia  on or vice versa.
 Could the observed diff erence between ORF5-plus and ORF5-less viruses in the 
monoSPAT range of 0-0.35 (Figure 4B) have emerged also under the evolu  onary scenar-
io that is alterna  ve to that involving posi  ve selec  on on ORF5-plus and no selec  on on 
ORF5-less viruses? If the COCO-VA site was under strong nega  ve selec  on in ORF5-less 
viruses while being under either weak nega  ve or no selec  on in ORF5-plus viruses, SPAT 
ra  o of these viruses would diff er. The following considera  ons make this scenario unlikely 
to be applicable to explain the data obtained in our study. First, this scenario implies that the 
COCO-VA site must be expressed in all ORF5-less viruses. These viruses include some of the 
most well characterized polyomaviruses, e.g. SV40, with no evidence for the expression 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 defi ned as a 
group not having the property (ORF5) rather than having one, which would be required to 
link strong nega  ve selec  on to the func  onal characteris  c. Second, SPAT ra  o 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 agree-
ment with posi  ve selec  on ac  ng on the COCO-VA site in ORF5-plus viruses, while it may 
not be reconciled with the weak nega  ve selec  on hypothesis. On the other hand, it would 
in principle be compa  ble with neutral evolu  on of the COCO-VA site in ORF5-plus viruses 
under the condi  on that polyomaviruses have very high muta  on rate. The es  mates of 
this rate vary greatly and generally this aspect has not been fully resolved [68]. However, we 
note that the Val-Ala varia  on is already observed in several monophyle  c subsets of ORF5-
plus viruses which otherwise diverged li  le or modestly. This observa  on indicates that the 
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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 representa  ve set of 50 mammalian polyomaviruses (see Supplementary Table S1) was studied. Due to the lack 
of species demarca  on criteria for polyomaviruses, we chose to consider viruses with diff erent names as represent-
ing diff erent species (dots in the plot). The only excep  on was made for MX polyomavirus, Human polyomavirus 10 
and MW polyomavirus, which were represented only by the la  er because of the very small distances that separate 
these three viruses. Two pairs of virus par   oning (subsets) of the mammalian polyomaviruses, based on the ORF5 
presence and phylogeny, were considered. They and their colour codes are defi ned in the inset of panel B. (A) The 
par   oning of the monoSPAT scale at 0.35 was derived based on the drop of the mean diff erence of SPAT ra  os to 
the matching rate. Here, a sliding window (size 0.15, shi   0.05) star  ng at monoSPAT of 0.0 was moved along the 
monoSPAT range to calculate within-window mean diff erences (dots) and associated standard devia  ons (ver  cal 
lines). See also M&M sec  on and Supplementary Figure S5 for other details. (B) The curves show the fi t of a 3-pa-
rameter logis  c func  on to each of four diff erent subsets. The numbers below show P-values of Mann–Whitney U 
tests comparing the SPAT ra  o distribu  ons between ORF5-plus and ORF5-less viruses (Orthopolyomavirus-I and 
non-Orthopolyomavirus-I) for two monoSPAT ranges (0–0.35, 0.35–1.25). A horizontal do  ed line is drawn at the 
matching rate, whose evolu  onary interpreta  on is defi ned in the text.

Val-Ala varia  on may be among most frequent rather than average as would be expected 
under the neutral evolu  on scenario. This aspect could be studied most closely with the im-
proved virus sampling. In conclusion, based on the available data the accelerated COCO-VA 
toggling due to posi  ve selec  on is the most likely evolu  onary scenario.

Accelerated COCO-VA toggling is most strongly associated with monophy-
le  c Ortho-I viruses
The results described above provide evidence for accelerated COCO-VA toggling in the 0-0.35 
monoSPAT range for ORF5-plus viruses. However, it is also evident that the distribu  ons of 
ORF5-plus and –less SPAT ra  os overlap with two ORF5-less viruses devia  ng considerably 
from their group-mates and instead fi   ng into the other group rather well (Figure 4B, red 
dots in the 0-0.35 monoSPAT range). This grouping with ORF5-plus viruses received strong 
sta  s  cal support when analyzing all of the 145,422,675 possible 16-by-14 combina  ons 
of the 30 viruses with monoSPAT values in the range of 0-0.35 (Supplementary Text S3 and 
Supplementary Figure S6). Intriguingly, these two viruses along with another one for which 
no closely related monomorphic virus is available in the current virus sampling (Figure 4B, 
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red dot in the 0.35-1.20 monoSPAT range) form a sister lineage of ORF5-plus polyomavirus-
es at the root of the Ortho-I monophyle  c group (Figure 2) [15, 40]. These results suggest 
that the accelerated toggling is most strongly associated with the Ortho-I group. Since the 
observed accelerated toggling is indica  ve of posi  ve selec  on that may be realized only 
upon expression of the COCO-VA site in the two (three) poorly characterized basal Ortho-I 
viruses, such hypothesis must be considered. It could be achieved using a mechanism other 
than expression of the en  re ORF5, for instance, through alterna  ve splicing of mRNA(s) 
[69] that could fuse the COCO-VA site with other ORF(s). In the evolu  onary framework, 
such expression of the COCO-VA site would be ancestral to those used by ORF5-plus viruses, 
implying that the COCO-VA site and the associated sequence mo  f could be a nuclea  on 
site for the subsequent ORF5 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? Bioinforma  cs analyses indicate 
that MT/ALTO is a Pro residue rich IDR, whose mo  fs could form SLiMs (Figures S1, S7, S8 
and S9) [15]. Thus, the interspecifi c toggling targets a SLiM, which is in line with the no  on 
that IDRs evolving diff erently than structured protein regions [6, 7]. Since SLiMs promote 
protein folding in rela  vely fl at energy landscapes [70] and mediate interac  ons with part-
ners that are rela  vely weak [71, 72], diff erence between physico-chemical proper  es of 
the just two possible COCO-VA residues, Val and Ala, could be of signifi cance. For instance, 
these residues have contras  ng structural propensi  es, favoring the forma  on of either 
α-helix (Ala) or β-sheet (Val) [73], which might be used to promote alterna  ve folding of 
MT/ALTO upon interac  on with partner(s). Unfortunately, this hypothesis may not be tested 
using the available computa  onal approaches. 

Concluding Remarks
In complex protein networks, SLiMs are emerging as evolu  onary adap  ve transmi  ers of 
intracellular signals involving mul  ple interac  ng partners [2, 3, 13, 74]. Here we present-
ed evidence for the evolu  onary signature of adapta  on in the otherwise uncharacterized 
SLiM of MT/ALTO. The eff ect of COCO-VA toggling on the SLiM may be similar to that of 
phosphoryla  on which could modulate SLiM ac  vity considerably [75]. MT an  gen of ro-
dent polyomaviruses has been shown to interact through its ORF5-encoded part with nu-
merous cellular targets involved in signal transduc  on [33, 35, 36, 39]. The func  on of ALTO, 
iden  fi ed just recently, has not been resolved yet [15]. The described COCO-VA toggling 
is notable because of a unique combina  on of proper  es: it involves one of the just few 
conserved posi  ons of the otherwise highly divergent MT/ALTO protein, and it may aff ect 
every species of Ortho-I polyomaviruses. These viruses are known to infect bats, rodents, 
monkeys, hominids and humans with apparently frequent host switching (Figure 2). Fu-
ture studies should iden  fy driving forces of the COCO-VA toggling to enable its comparison 
with intra-species residue toggling [25]. The la  er is likely driven by the cellular immune 
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response and occurs at much smaller  me and divergence scales, and with the exchange 
of many residues. Prac  cally, our study suggests that analysis of subs  tu  on rates can be 
applied to individual residues in overlapping ORFs. It extends the u  lity of the subs  tu  on 
rate analysis from mapping to dissec  ng func  onal elements in overlapping ORFs.
 The described phenomenon also challenges common percep  on of conserva  on 
of proteins, which is believed to be inversely and universally correlated with the rate of 
evolu  on. Accordingly, sites accep  ng rela  vely few residues are classifi ed conserved and 
evolving slowly under nega  ve selec  on. Typically, such residues are cri  cal for maintaining 
protein core and/or playing an essen  al role in the ac  ve site of structured proteins. Besides 
the sites that are strictly invariant, those that accept only two residues during large-scale 
evolu  on are among the most conserved. Exchange of these residues could happen due to 
either rare fi xa  on of non-synonymous muta  on that is driven by episodic posi  ve selec  on 

0.5

F F

Divergent Evolution
Purifying Selection

Convergent Evolution
Positive Selection

Figure 5. Contras  ng modes of evolu  on at a conserved protein site accep  ng two residues. Shown are fi c  onal 
examples of evolu  on of a conserved protein site with two-residue varia  on in families of structured (le   panel) 
and unstructured (right) proteins, whose evolu  onary scale of replacement at all sites was considerable (bar 0.5) 
and whose phylogeny is described by iden  cal trees. In both cases, two residues are evenly distributed, each oc-
cupying 50% of terminal nodes. Residue type either clusters into two monophyle  c groups (le  ) or is intertwined 
(right). The le   panel depicts divergent evolu  on driven mostly by purifying selec  on as seen in many character-
ized structured proteins. The right panel depicts convergent evolu  on driven by posi  ve selec  on as discovered at 
the COCO-VA site in the presented chapter and may be experienced at other sites in unstructured proteins.



Chapter 5

112

or residue dri  . As a result, each of the two residues is likely to be associated with a large 
monophyle  c clade in the tree (Figure 5 le   panel), the pa  ern that can be recognized by 
available programs (e.g. [76]). Examples of this type of evolu  on are plenty in many protein 
families. For instance, rare exchange of the cataly  c nucleophile Cys and Ser residues in 
virus proteases with chymotrypsin-like fold [77] or phosphate-binding Ser and Thr residues 
in the Walker-box GKS/T mo  f of nucleo  de-binding proteins [78], are notable. The above 
considera  ons indicate that in structured proteins, limited residue varia  on may largely be 
imposed by the molecular environment in which these proteins operate. In contrast, con-
straints on the gene  c level is the chief factor determining residue varia  on in proteins 
encoded in overlapping ORFs. Consequently, this restricted residue varia  on in overlapping 
ORFs may not be linked to residue func  on in the manner described for structured proteins. 
Accordingly, overlapping ORFs predominantly encode unstructured proteins with their most 
conserved SLiMs media  ng adapta  on, a func  on that is commonly facilitated by the least 
conserved elements in structured proteins. Along the same line, we now provide evidence 
for the phylogene  c intertwining of viruses that employ, respec  vely, Val and Ala at the 
conserved COCO-VA site in the IDR of MT/ALTO. When depicted in a simplifi ed form, this 
phylogene  c pa  ern can be contrasted with the clade-specifi c associa  on of residues in a 
tree of structured proteins (compare right and le   panels of Figure 5). This contrast is par-
 cularly striking since it is not evident in the cumula  ve frequency of residues at terminal 

nodes (bo  om panels underneath of trees in Figure 5). Thus, this logos-style representa  on 
of residue conserva  on, which is very popular in func  onal studies, may not capture residue 
change and its role in adapta  on. Only analysis in the context 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 evolu  on in the -3 RF (or +1 RF) to only two residues, the described 
codon-constrained accelerated toggling might be viewed as an extremely exo  c phenome-
non limited to polyomaviruses. We believe that this percep  on 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 thousand virus species [79, 
80]. This implies a good chance of discovering COCO-VA toggling in other viruses in the fu-
ture. Furthermore, accelerated toggling might involve more than two residues at a site that 
could s  ll be considered conserva  ve rela  ve to many other sites. Such constraint could be 
imposed by conserved amino acids other than Cys in the overlapping ORF or, if non-over-
lapping ORF is involved, by a diff erent gene  c mechanism, e.g. RNA structure, or even by 
a partner or partners interac  ng with an IDR site. Thus, the described COCO-VA toggling 
may represent an extreme case of common evolu  on of individual residues in IDRs of pro-
teins, making it poten  ally relevant to understanding biology and pathology of adapta  on 
of many organisms.
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Supplementary Text S1. Nomenclature of open reading frames of mamma-
lian polyomaviruses
Polyomaviruses use genomes with two non-overlapping protein-coding regions that are ex-
pressed either early or late in infec  on, respec  vely [1]. Each region includes open reading 
frames (ORFs) that produce – for some through alterna  ve splicing – early proteins Small, 
Middle and Large T an  gen (ST, MT and LT) and the late capsid proteins (VP2/VP3 and VP1), 
respec  vely (Supplementary Table S2) [2]. ST and LT are ubiquitous in all mammalian pol-
yomaviruses. MT, however, was known only for the mouse (MPyV) and hamster (HaPyV) 
polyomaviruses. Recently, a third early protein called ALTO was described for MCPyV that is 
homologous to the C-terminal domain of MT [3].
 Polyomaviruses use alterna  ve pre-messengerRNA (primary transcript) splicing to 
produce mRNAs that direct synthesis of proteins. The currently used nomenclature focuses 
on annota  on of proteins and the respec  ve transcripts. When ORFs are named, which 
happens only occasionally in literature, protein-based designa  on is used. The produced 
designa  on could be confusing for ORFs that encode more than one protein. For instance, 
the fi rst ORF in the early region is commonly called ST ORF, while it also encodes the fi rst 
exon of MT and LT protein. To address this complexity, we have used in this study a ra  onal 
nomenclature of ORFs designa  ons that is independent from names of proteins/transcripts. 
Its ra  onal is similar to that used to design ORFs nomenclature in other virus families with 
similarly complex rela  ons between ORFs, transcripts and proteins [4]. We defi ned regions 
fl anked by two stop codons as ORFs in three diff erent reading frames. Two pairs of ubiqui-
tous early and late ORFs were designated ORF1 and ORF2, and ORF3 and ORF4, respec  vely, 
while an op  onal early ORF was designated ORF5. In this regard, the early primary transcript 
can be alterna  vely spliced to merge (parts of) ORF1 and ORF2 for direc  ng the synthesis of 
LT, and (parts of) ORF1 and ORF5 for direc  ng the synthesis of MT. Alterna  vely, ORF1 and 
ORF5 can be translated directly through internal start codons, respec  vely, resul  ng into 
synthesis of ST and ALTO (Supplementary Table S2). The developed ORF nomenclature can 
accommodate the iden  fi ca  on of new alterna  vely spliced transcripts as well as proteins 
expressed by canonical and non-canonical mechanisms.

Supplementary Text S2. No conserved RNA secondary structure elements 
are evident around COCO-VA genomic site 
Conserved RNA secondary structures constrain evolu  on of the respec  ve genomic regions 
of viruses involved. To clarify whether toggling at the COCO-VA site was aff ected by the pres-
ence of conserved RNA secondary structures in polyomaviruses, we used the RNAz web-
based program to predict func  onal RNA structures based on two criteria: i) evolu  onary 
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conserva  on and ii) thermodynamic stability [5]. Due to overall poor conserva  on of ORF5 
in mammalian polyomaviruses, the analysis was conducted in monophyle  c subsets of pol-
yomaviruses for which reliable alignments were possible to produce (see also [3]). In total, 
nucleo  de alignments for six subsets of the ORF5-plus and ORF5-less polyomaviruses were 
generated (Supplementary Table S3 and Figure 3) and analyzed in a genomic region around 
the LXCXE overlapping COCO-VA site (see M&M for details).
 Several RNA secondary structures in the tested region with a probability higher 
than the cutoff  value of p=0.5 were predicted by the RNAz program in the subsets 1, 2 and 3 
of the ORF5-plus viruses (Supplementary Figure S2). Majority of these secondary structures 
were predicted on the nega  ve-strand of the input RNA-alignments. No conserved RNA 
secondary structures were iden  fi ed on the posi  ve or nega  ve-stands of other subsets. 
Importantly, one of the predicted RNA structures closely corresponds to the experimentally 
validated pre-microRNA located on the nega  ve-strand of MCPyV RNA [6, 7] (Supplemen-
tary Figure S3), lending further and independent support to the results of RNA structure 
analysis by RNAz. Since COCO-VA site is NOT base-paired in either of the predicted RNA 
structures, we concluded that the evolu  on of the COCO-VA site is not likely constrained by 
RNA secondary structure elements in mammalian polyomaviruses.

Supplementary Text S3. Accelerated COCO-VA toggling is most associated 
with monophyle  c Ortho-I viruses
In addi  on to assessing sta  s  cal signifi cance of diff erence between SPAT ra  o distribu-
 ons of ORF5-plus and ORF5-less viruses, we sought to assess the combinatory scale of 

14/16 par   oning that would give another, top-down perspec  ve on the probability value 
obtained for the diff erence. To this end, we ranked the diff erence among diff erences for 
all possible two-side par   oning of this type (14 vs. 16) for 30 viruses in the 0-0.35 mono-
SPAT range. In total, 145,422,675 values were obtained and plo  ed as a histogram revealing 
highly symmetrical bell-like distribu  on of values (Supplementary Figure S6), whose diff er-
ence of group means of toggling rate ra  os for all possible combina  ons was virtually zero 
(2.7e-17). The ORF5-plus/ORF5-less par   oning was ranked #284 (counted from the le   
side) with a diff erence of means of -0.2726 between the compared datasets. This high rank 
corresponds to a p-value of 1.95e-06 that was close to the 7e-06 value obtained in MWU 
test. The high ranking of the ORF5-plus/ORF5-less par   oning strongly supported the prior 
conclusions.
 In the view of such high ranking, why this par   oning did not outrank all other 
par   onings? Inspec  on of par   oning with higher ranks showed that, like ORF5-plus vi-
ruses, many of them and including the number 1 (diff erence of means of -0.3051), involved 
a large subset of phylogene  cally compact Ortho-I viruses, which was contrasted against 
mainly non-Ortho-I viruses. This observa  on prompted us to compare Ortho-I vs. non-Or-
tho- I viruses. Since this par   oning compares 16 to 14 viruses, its ranking could be de-
rived from the density distribu  on already used to rank ORF5-plus/ORF5-less par   oning 
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(14 vs. 16 viruses), now from its right tail (Supplementary Figure S6). Its analysis showed 
that the Ortho-I/non-Ortho-I par   oning had a diff erence of mean toggling rate values of 
0.2993 that ranked number three. This ranking is a two-order improvement over the ranking 
of ORF5-plus/ORF5-less par   oning and corresponded to a p-value of 2.1e-08, which was 
close to 5.5e-08 in the MWU test (Figure 4B). The diff erence in values of mean toggling 
rates for the Ortho-I/non-Ortho-I par   oning was only marginally worse than those for two 
top-ranking 16/14 par   oning, which had 0.3007 and 0.2996 values, respec  vely. This re-
sult showed that the accelerated toggling is most strongly associated with the tree-based 
Ortho-I/non-Ortho-I par   oning.
 Sequence alignments and the polyomavirus phylogeny used in this study can be 
found at h  ps://github.com/chrar  n/COCOVAtoggling . 
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Supplementary Tables

           Supplementary Table S1. Polyomavirus representa  ves used in this study*
    

NC_001515 MPyV Murine polyomavirus Mouse 
NC_001663 HaPyV Hamster polyomavirus Hamster 
JQ178241 RacPyV Raccoon polyomavirus Raccoon 
NC_020068 EiPyV1 Eidolon polyomavirus-1 Bat 
NC_020071 OtPyV1 Otomops polyomavirus-1 Bat 
JQ958889 CPPyV Carollia perspicillata polyomavirus Bat 
JQ958887 APPyV1 Ar beus planirostris polyomavirus Bat 
NC_020067 CdPyV Cardioderma polyomavirus Bat 
HQ385749 PtvPyV2c Pan troglodytes verus polyomavirus-2c Chimpanzee 
HQ385752 GggPyV1 Gorilla gorilla gorilla polyomavirus-1 Gorilla 
NC_010277 MCPyV Merkel cell polyomavirus Human 
HQ385746 PtvPyV1a Pan troglodytes verus polyomavirus1a Chimpanzee 
NC_020065 CoPyV1 Chaerephon polyomavirus-1 Bat 
JQ958888 SLPyV Sturnira lilium polyomavirus Bat 
JQ958893 MMPyV Molossus molossus polyomavirus Bat 
NC_014743 ChPyV Chimpanzee polyomavirus Chimpanzee 
NC_019844 VePyV1 Vervet monkey polyomavirus-1 Monkey 
NC_019850 PRPyV1 Piliocolobus rufomitratus polyomavirus-1 Monkey 
FN356901 OraPyV2 Orangutan polyomavirus Orangutan 
NC_014361 TSPyV Trichodysplasia spinulosa-associated polyomavirus Human 
FN356900 OraPyV1 Orangutan polyomavirus Orangutan 
NC_019853 AtPPyV1 Ateles paniscus polyomavirus-1 Monkey 
NC_015150 HPyV9 Human polyomavirus-9 Human 
NC_019851 MFPyV1 Macaca fascicularis polyomavirus-1 Monkey 
NC_004763 LPyV African green monkey polyomavirus Monkey 
NC_020106 STLPyV STL polyomavirus Human 
JX259273 MXPyV MX polyomavirus Human 
JX262162 HPyV10 Human polyomavirus-10 Human 
JQ898291 MWPyV MW polyomavirus Human 
NC_009238 KIPyV KI polyomavirus Human 
NC_009539 WUPyV WU Polyomavirus Human 
NC_014407 HPyV7 Human polyomavirus-7 Human 
NC_014406 HPyV6 Human polyomavirus-6 Human 
JQ958890 APPyV2 Ar beus planirostris polyomavirus Bat 
JQ958891 PPPyV Pteronotus parnellii polyomavirus Bat 
NC_020070 PDPyV Pteronotus polyomavirus Bat 
JQ958892 DRPyV Desmodus rotundus polyomavirus Bat 
NC_013796 CSLPyV California sea lion polyomavirus Sea lion 
NC_001442 BPyV Bovine polyomavirus Cow 
NC_001505 MptV Murine pneumotropic virus Mouse 
NC_011310 BatPyV Myo s polyomavirus VM-2008 Bat 
AB588640 MasPyV Mastomys polyomavirus Mouse 
NC_019854 CAPyV1 Cebus albifrons polyomavirus-1 Monkey 
NC_009951 SqPyV Squirrel monkey polyomavirus Monkey 
NC_020069 MiPyV Miniopterus polyomavirus Bat 
NC_001669 SV40 Simian virus-40 Monkey 
NC_001699 JCPyV JC polyomavirus Human 
NC_001538 BKPyV BK polyomavirus Human 
NC_007611 SA12 Simian virus-12 Monkey 
JQ412134 EPyV Equine polyomavirus Horse 
NC_004800 GHPyV Goose hemorrhagic polyomavirus Goose 
NC_007922 CPyV Crow polyomavirus Crow 
GU345044 CaPyV Canary polyomavirus Canary 
NC_004764 APyV Budgerigar edgling disease virus-1 Parakeet 
NC_007923 FPyV Finch polyomavirus Finch 

Accession Abbrevia on Virus name Host

*Viruses are listed according to phylogene  c tree in Figure 2.
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Supplementary Table S2. ORF designa  ons used in this study and by others

Supplementary Table S3. Virus subset composi  ons whose alignments were 
used for RNA secondary structure predic  on

   
This study By others Encoding Reference 

 
ST-an gen Small T an gen [8] 
MT-an gen Middle T an gen 1st exon [9] 
LT-an gen Large T an gen 1st exon [10] 

 LT-an gen Large T an gen 2nd exon [10] 

 VP2 VP2  [11] 
VP3 VP3  [12] 

 VP1 VP1  [12] 

ORF5 MT-an gen Middle T an gen 2nd exon [9] 
ALTO protein ALTO protein [3] 

Open reading frame 
nomenclature

ORF1

ORF2

ORF3

ORF4

  ORF5 

 GggPyV1, PtvPyV2c, PtvPyV1a, MCPyV 
APPyV1, CPPyV, CdPyV, OtPyV1, EiPyV1, RacPyV plus 

 VePyV1, ChPyV, PRPyV1, MMPyV, SLPyV, CoPyV1 plus 
 TSPyV, AtPPyV1, OraPyV1 plus 
 MPyV, HaPyV plus 
 HPyV9, MFPyV1, LPyV plus 

6 

KIPyV, WUPyV, HPyV6, HPyV7, STLPyV, HPyV10, 
MXPyV, MWPyV, JCPyV, SA12, SV40, BKPyV, 
APPyV2, PPPyV, DRPyV, PDPyV, CAPyV1, 
SqPyV, MiPyV, MptV, MasPyV, BatPyV 

less 

Subset Polyomavirus

1

2
3
4
5
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Supplementary Table S5. Shown are p-values of a Wilcoxon rank sum 
test for devia  on of the mean of a distribu  on of SPAT ra  os from the 
matching rate

Bold, sta  s  cally signifi cant p-values (α=0.05)

 MonoSPAT range 
 0 - 0.35 0.35 - 1.25 0 - 1.25 

0.390 0.039 0.656 
3.1e-5 0.064 0.003 
0.211 0.020 0.672 
1.2e-4 0.129 0.001 

Virus group
ORF5-  
ORF5-  
Ortho I 
non- -I 

plus
less
-

Ortho
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Supplementary Figures

Supplementary Figure S1. Conserved features of ORF5 of the Ortho-I group. (A) domain organiza  on of two dif-
ferent proteins, par  ally or fully encoded in ORF5, that were experimentally characterized in MPyV and MCPyV. 
The ORF1-encoded MT domain is not further specifi ed. The ORF5-encoded domain includes four conserved mo  fs, 
ORF5m1 - ORF5m4, colored diff erently and detailed in panel B. The ORF5 remains open upstream of the start 
codon for MCPyV ALTO. (B) Conserved mo  fs in the ORF5/ORF2 overlap. Presented are sequence logos of four 
conserved mo  fs in LT ORF2 (bo  om), their counterparts in MT/ALTO ORF5 (top), and the corresponding genome 
region (middle). The logos are based on alignments of the 22 viruses of the Ortho-I group (see M&M). Gray bars 
indicate the codon structure of the LT ORF2 and MT/ALTO ORF5 reading frames. The arrow indicates the COCO-VA 
toggling posi  on.
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TSPyV / AtPPyV1

TSPyV / OraPyV1

VePyV1 / PRPyV1 / SLPyV / MMPyV

CoPyV1 / SLPyV / MMPyV

APPyV1 / CPPyV / CdPyV / OtPyV1

ORF5-plus (subset 1)

800 nts7006005004003002001000

500 nts4003002001000

300 nts2001000

ORF5-plus (subset 3)

ORF5-plus (subset 2)

MCPyV / PtvPyV1a / PtvPyV2c / GggPyV1

P=0.72 P=0.95

P=1.00

P=0.68

P=0.63

P=0.77

P=0.58

MCPyV / PtvPyV1a / PtvPyV2c / RacPyV

P=1.00 P=0.83

P=0.60 P=0.84

MCPyV / PtvPyV2c / OtPyV1 / APPyV1

P=0.62

P=1.00

P=0.60

P=0.84

MCPyV / PtvPyV1a / APPyV1 / CPPyV

P=0.95 P=0.97

P=0.98

P=0.97

VePyV1 / PRPyV1 / MMPyV

P=0.98

P=0.74

P=0.92

P=0.59

P=0.77

P=1.00

P=0.58

VePyV1 / PRPyV1 / ChPyV

P=1.00 P=0.85

COCO-VA site

COCO-VA site

COCO-VA site

Supplementary Figure S2. Predic  on of RNA secondary structure consensus using RNAz. ORF5-plus viruses from 
subset 1 (top panel), subset 2 (middle panel) and subset 3 (bo  om panel) alignment demonstrated regions of 
RNA secondary structures in several combina  on of viruses. The predicted secondary structures from the nega-
 ve-strand (green bars) and posi  ve-strand (red bars), within the given alignment of indicated viruses with a prob-

ability value higher than 0.5, are shown. Posi  on of the COCO-VA in the given alignment is illustrated by horizontal 
red line.
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Supplementary Figure S3. Pre-microRNA hairpin predic  on by RNAz. (A) Two overlapping predicted RNA second-
ary structures (orange arrows) in the input alignments of subset 1 covering the ORF2- ORF5 overlapping region of 
~800 nucleo  des, and the corresponding region rela  ve to the LXCXE mo  f/COCO-VA site, are shown. Blue arrow 
indicates ORF5 encoded amino acids, and green arrow depicts ORF2 encoded amino acids. The signifi cance levels 
of RNAz predicted secondary structure hits are color-coded. Colors indicate the number of diff erent types of base 
pairs that support stabilizing selec  on on the structures (inset: color table-combina  on). Circles indicate variable 
posi  ons in the stems, also known as loops. (B) Structure and color annotated output alignment of the two RNA 
secondary structures shown in A, which were predicted in MCPyV, GggPyV1, PtvPyV2c and PtvPyV1a input align-
ment. This region corresponds to the pre-microRNA shown experimentally for MCPyV [6, 7]. The dot-bracket nota-
 on on top of each alignment indicates loop-stem, respec  vely, of the RNA secondary structure consensus. Region 

rela  ve to the LXCXE mo  f and COCO-VA site sequence is shown below the bo  om alignment.
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Supplementary Figure S4. Congruence of lineage-specifi c phylogenies with the polyomavirus tree. Compared is the 
topology of the polyomavirus tree es  mated using LT, VP1, and VP2 proteins (A) with that of two ORF5-plus mono-
phyle  c lineages independently es  mated using ORF5 codon alignments (B) and of Ortho-II viruses es  mated using 
nucleo  de alignments of the ORF2-ORF5 overlapping genomic region (C). The lineages are indicated by color. The 
trees in B and C are neighbor joining trees used in the Datamonkey analyses.

0.2

PDPyV

RacPyV

DRPyV

EiPyV1

EPyV

CSLPyV

TSPyV

STLPyV

MMPyV

PRPyV1
OraPyV2

LPyV

MptV

MWPyV

WUPyV

BatPyV

APyV

CoPyV1

GHPyV

MXPyV

KIPyV

JCPyV

CPyV

SA12

PPPyV

BKPyV

SqPyV

SV40

PtvPyV1a

FPyV

MPyV

VePyV1

OraPyV1

PtvPyV2c

OtPyV1

APPyV1

MFPyV1

SLPyV

CPPyV

CdPyV

ChPyV

AtPPyV1

HPyV6

MiPyV

HPyV7

HaPyV

HPyV9

APPyV2

GggPyV1

HPyV10

MasPyV
CAPyV1

CaPyV

BPyV

0.96

0.99

0.93

0.99

0.98

0.990.58

0.99

MCPyV

polyomavirus phylogeny
based on LT+VP2+VP1 proteins

ORF5-plus clade-wide phylogenies
based on ORF5 nucleotide sequences

0.07
M C P y V

E i P y V 1
A r P P y V 1

R a c P y V

P t v P y V 1 a

G g g P y V 1

C d P y V
O t P y V 1

C P P y V

P t v P y V 2 c

A B

Ortho-II phylogeny
based on nucleotide sequences of ORF2-5 overlap

C

0.05

BatPyV

PDPyV
JCPyV

CSLPyV
MiPyV
SqPyV

CAPyV1

SV40

EPyV

APPyV2

BKPyV

DRPyV

MptV

SA12

PPPyV

MasPyV

0.03

MMPyV

VePyV1

SLPyV

ChPyV

PRPyV1

CoPyV1



5

Polyomavirus host adapta  on

131

Supplementary Figure S5. Virus sampling in rela  on to monoSPAT. The number of ORF5-plus and ORF5-less viruses 
per sliding window (size: 0.15, shi  : 0.05) along the monoSPAT scale is shown.
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Supplementary Figure S7. Enrichment of Proline residues near the COCO-VA site in ORF5-less (A) and ORF5-plus 
(B) viruses. Shown is the number and loca  on of Proline residues along the translated puta  ve MT polypep  de se-
quence of the mammalian polyomaviruses analyzed in this study. The green and red bars indicate the COCO-VA site 
and termina  on codons, respec  vely. The dashed line indicates the ORF1-ORF5 splice junc  on. ORF5-plus viruses 
show an enrichment of Proline residues at the ORF5-encoded part of MT, which is a characteris  c of intrinsically 
disordered protein regions.
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Supplementary Figure S8. The COCO-VA site is embedded in an intrinsically disordered protein region in ORF5-less 
(A) and ORF5-plus (B) viruses. Shown is the predica  on of protein disorder along the translated puta  ve MT pol-
ypep  de sequence of the mammalian polyomaviruses analyzed in this study. The green and red bars indicate the 
COCO-VA site and termina  on codons, respec  vely. The dashed line indicates the ORF1-ORF5 splice junc  on. Large 
parts of the ORF5-encoded part of MT are predicted to be disordered for ORF5-plus viruses.
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Supplementary Figure S9. Protein secondary structure and COCO-VA site in ORF5-less (A) and ORF5-plus (B) virus-
es. Consensus of two protein secondary structure predictors is shown along the translated puta  ve MT polypep  de 
sequence of the mammalian polyomaviruses. Red and green bars indicate termina  on codons and COCO-VA site, 
respec  vely, and dashed lines suggest the puta  ve ORF1-ORF5 splice junc  on. On top, a color-coded scoring table 
for Helices and Sheets is shown.
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