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First proteome-wide analysis of intrinsic disorder in a major plant virus genus.
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Abstract

Within proteins, intrinsically disordered regions (IDRs) are devoid of stable secondary and tertiary
structures under physiological conditions and rather exist as dynamic ensembles of inter-
converting conformers. Although ubiquitous in all domains of life, intrinsic disorder content is
highly variable in virus genomes. Over the years, functional annotations of disordered regions at
the scale of the whole proteome have been conducted for several animal viruses. But to date,
similar studies applied to plant viruses are still missing. Based on disorder prediction tools
combined with annotation programs and evolutionary studies, we analyzed the intrinsic disorder
content in Potyvirus, using a 10-species dataset representative of this genus diversity. In this
paper, we revealed that: i) potyvirus proteome displays a high disorder content, ii) disorder is
conserved during potyvirus evolution, suggesting a functional advantage of IDRs, iii) IDRs evolve
faster than ordered regions and, iv) IDRs may be associated to major biological functions required
for the potyvirus cycle. Notably, the proteins P1, Coat protein (CP) and Viral genome-linked
protein (VPg) display a high content of conserved disorder, enriched in specific motifs mimicking
eukaryotic functional modules and suggesting strategies of host machinery hijacking. In these
three proteins, IDRs are particularly conserved despite their high amino acid polymorphism,
indicating a link to adaptive processes. Through this comprehensive study, we further investigate
the biological relevance of intrinsic disorder in potyvirus biology and we propose a functional

annotation of potyviral proteome IDRs.

Importance

Two main biological advantages can be associated to intrinsic disordered regions (IDRs) in virus
proteomes. First, IDRs confer a structural flexibility required for the viral proteins to interact with

several different partners and ensure their multifunctionality during infection. Second, the low
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topological requirements associated to intrinsic disorder allow mutational permissiveness,
enabling virus adaptation. In this context, assessing the content and the distribution of intrinsic
disorder in a whole viral genus can help to better understand virus-host interactome, and to shed
light on adaptive processes leading to host defense overcoming/escape and new diseases
emergence. Owing to the importance of protein intrinsic disorder in animal virus biology, we
investigated for the first time the occurrence of intrinsic disorder in Potyvirus, a major plant virus
genus, in an attempt to identify biologically-relevant IDRs and propose functional annotations of

these regions as part of potyvirus biology exploration.

Introduction

About 25 years ago, the emergence of the intrinsic disorder concept, which defines proteins or
proteins regions as devoid of stable and fixed secondary and/or tertiary structure in physiological
conditions and in absence of binding partners, started to challenge the classical view of proteins
structure/function relationship *. Contrary to stable and unique structures found in ordered or
globular proteins, intrinsically disordered proteins (IDPs) or intrinsically disordered regions (IDRs)
share the peculiarity to exist as dynamic ensemble of conformers in the cell >**¥. The key idea
behind this discovery, which at the start puzzled many structuralists, was that protein intrinsic
disorder had a functional relevance. In this sense, a growing number of studies report the role of

11-14

disorder in multi-interactions and post-translational regulation processes , signal transduction

and control pathways, as well as involvements in evolutive processes > 2.

This strong interest of the scientific community encouraged the development of robust in silico
predictors to estimate disorder content from amino acid (aa) sequences. This contributed over the

last years to a high-throughput proteome analysis that established the ubiquitous nature of

22,23

intrinsic disorder in all domains of life . Useful databases are now available, such as DisProt
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that lists today more than 700 IDPs and 1500 IDRs for which disorder prediction matches with

experimental data 2.

With between 7,3% to 75% of residues being disordered, the proteome of viruses in its whole
presents the highest variability of disorder in the living world **%*%. Viruses are proven masters in
genome compactness, as most viral proteomes usually encode for a few proteins that must ensure
a diversity of functions through multiple interactions. Recently, intrinsic disorder has been

experimentally related to these multi-interaction and binding promiscuity in several studies 2*7%°.

Another aspect of protein disorder in virus lifestyle concerns the extraordinary abilities of these
microbes to quickly adapt to various environments. Low topological constraints exerted on
disordered regions of some viral proteins have already been experimentally associated to a larger

mutational tolerance *

. This could explain in part how RNA virus can cope with their high
mutation rates (10> to 10® error/nt/replication cycle)*'. This mutational robustness is even more
surprising given the commonly-used frameshift strategy in viral genomes and the
multifunctionality of the proteins they encode. Consequently to this observation, it has been
postulated that mutations could accumulate in IDRs without strong deleterious effect on protein

32-36

stability and function, while facilitating viral adaptation and the emergence of new functions

37,38

In this context, assessing the disorder content and distribution in viral species/families can help to
better understand some key-features of virus biology, such as adaptive processes leading to host
resistance breaking, defense escape and new diseases emergence. Overall, while bearing in mind
the necessary cautiousness inherent to predictive approaches, addressing “disordome” and its

functional implications in virus biology can result in finding common traits of disorder
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functionality. These findings could in turn feed prediction/annotation programs to better

apprehend newly discovered viral families.

Functional annotations of disordered regions at the scale of the whole proteome have already
been conducted for some well-studied animal viruses, like Hepatitis C virus (HCV) 3 Human
immunodeficiency virus-1 (HIV) *°, Human papillomavirus (HPV) ** and more recently Dengue virus
22 with other members of Flavivirus genus (e.g. Yellow fever virus, Japanese encephalitis virus and

West nile virus)®.

To date, same kind of analyzes applied to plant viruses are still missing. Nevertheless, strong
experimental evidences for the presence of functional disorder in a reduced number of potyvirus

proteins have been recently reported ***~*,

Potyvirus genus represents one of the largest and the most economically destructive genus of
plant viruses. Because of their wide host range and spread/dispersion, potyviruses are very hard to

contain and manage, and cause dramatic losses in cultural crops worldwide ***°

. Among
potyviruses, both Potato virus Y (PVY) and Plum pox virus (PPV) rank in the "Top 10" plant viruses

of major social and economic impact >

Potyvirus virions are flexuous filamentous particles that include a 10kb positive-sense single-

stranded RNA molecule ((+)ssRNA) *>™% The viral protein genome-linked (VPg) is covalently

d >>’. This genome contains

attached at its 5’ end and a poly(A)-tail terminates its 3’ en
untranslated or non-coding regions (UTR) at each of its ends, that surround a single-ORF encoding
a polyprotein ~3'000 residues long. After translation, the polyprotein is proteolytically processed
by three potyvirus-encoded proteases P1, Helper component proteinase (HC-Pro) and Nuclear

58-62

inclusion proteinase (Nla-Pro) into ten mature proteins . In addition to the ten proteins

ensuing from the polyprotein maturation, an eleventh protein, P3N-PIPO, is translated from a +2
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ribosomal frameshift in the P3 sequence ®*. The replication step occurs within viral factories
localized into intracellular specific membranes, where the nuclear inclusion b (Nlb), the potyviral
replicase, performs the synthesis of new genomic RNAs ®*. After the translation and replication
processes, viral genomes can be addressed to different fates, comprising encapsidation into new
particles, degradation, or cell-to-cell, long distance and vector-mediated movement. Advances in

the understanding of processes underlying regulation of those pathways are reviewed in ®.

In this context, we propose here to examine the occurrence of intrinsic disorder in the entire
Potyvirus genus and to assess its involvement in viral functions. Owing to the importance of
protein intrinsic disorder in viral functions, performing this analysis on a whole plant virus genus is
worth doing. In this work, we assessed for the first time the disordome of Potyvirus, through in
silico characterization of intrinsic disorder at the whole genus level. In addition, an attempt was
made to identify biologically-relevant IDRs and establish a functional annotation of these regions

as part of the study of Potyvirus biology.

Materials and Methods

Potyviral sequences dataset

Potyviral full length genomic sequences of the 10 potyvirus species considered were retrieved
from the National Center for Biotechnology Information (NCBI) resource
(http://www.ncbi.nlm.nih.gov/).The 5" and 3’ non-coding regions (UTRs) were discarded and the
remaining genomic sequences were translated into polyproteins using MEGA6.0 software 66,
Sequences containing ambiguous characters were curated. Due to dN/dS calculation
requirements, datasets of more than 40 sequences per species were curated to remove redundant

or almost identical sequences for preserving the database diversity. A total of 288 non redundant

polyproteins was thus obtained (listed in Table S1).
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To extract individual proteins sequences, polyproteins nucleotide sequences were aligned and
each open reading frame (ORF) was retrieved from its respective GenBank annotations. ORFs were
then translated into protein sequences. A different process was conducted to build the P3N-PIPO
dataset, given its intra-species length polymorphism ®’. For each species, the sequences ends were
manually adjusted. P3 and P3N-PIPO sequences were not included in the dN/dS study, because

ribosomal frameshifts introduce too much bias for this type of evolutionary sequence analysis.

Determination of disorder in potyvirus proteins

Disorder prediction
Disorder was predicted both in polyproteins and in each individual proteins using PONDR-VLXT®

predictor ®, available on Disprot database resource (www.disprot.org) **. This neuronal learning-

based predictor employs algorithms using a set of features based on biological knowledge. It was
trained on disorder data derived from either X-ray crystallography or nuclear magnetic resonance.
It is particularly suitable for proteins that share ordered and disordered regions at the same time,
which is typical of viral proteins. This predictor is also very accurate in the detection of sites
involved in molecular recognition, signaling and regulation. There are generally good correlations
between PONDR-VLXT® predictions and experimentally probed disorder. It is the case for the
potyviral VPg, for which predictions are in very good agreement with the experimental
characterization of the disorder properties of VPgs originating from several potyviral species
294546 pONDR-VLXT® predictions are also in agreement with the experimental disorder
characterization of the Potato virus A (PVA) CP *®. The software uses a sliding window (set to 7
amino acids length in this study) to associate a disorder score to each residue. Residues with a

score below 0.5 were considered as ordered and residues with a score higher than 0.5 are

considered as disordered.

Page 8 of 51



Page 9 of 51

157
158
159
160
161
162

163

164
165
166
167
168
169
170
171

172

173
174
175
176
177
178

179

Molecular BioSystems

Mean disorder content and conservation calculation

For each viral sequence within a given species, the disorder/order state was determined at each
residue position. After intra-species sequence alignment, this disorder/order state was compiled.
An average score at each amino acid position along viral sequences representative of all
sequences was obtained and expressed as a percentage of disorder state conservation at each
position. Heatmaps of these conservation scores were built for each individual protein within the

10 species datasets using plotly software (https://plot.ly/).

Segmenting the protein sequences into ordered and disordered regions

Comparison of the evolutionary rates associated to ordered and disordered state was initiated by
separating ordered and disordered regions. Within each of the 10 species datasets, PONDR-VLXT®
disorder scores obtained for all sequences at each amino acid position were used to calculate
average scores resulting in a consensus disorder prediction profile along the polyprotein. On the
10 consensus profiles, ordered and disordered regions were defined as a minimum of 5
consecutive amino acids displaying disorder scores >0.5 and <0.5 respectively. The resulting
segmentation patterns were used to cut all the polyprotein sequences within each species

datasets.

dN/dS ratio calculations

To evaluate the evolutive constraints exerted on each IDR and ordered regions, we determined
dN/dS ratios, defined as non-synonymous nucleotide substitutions (resulting in amino acid
changes) vs synonymous nucleotide substitutions (no amino acid changes). To this end, only
domains encoded by nucleotides sequences of at least 60 nucleotides long were retained to

6!

maintain the analysis robustness °°. PARtitioning approach for Robust Inference of Selection

(PARRIS) method ° was used (default parameters). It is part of the Hyphy package ’* which is
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72,73

available on www.datamonkey.org website . This method is particularly suitable for viral

sequences analysis, which often results from recombination events ’* that could lead to
misinterpretation of phylogenetic results ”. Finally, @ value (corresponding to mean dN/dS ratio)
is inferred from all sequences. Mean dN/dS are classified into ordered and disordered domains. A
Kruskal-Wallis non-parametric statistical test was applied to mean dN/dS values obtained from
IDRs and ordered regions from to detect significant difference of dN/dS -values between those 2

classes.

Phylogenetic analysis
To infer phylogenetic tree of potyvirus, a polyprotein amino acid sequence per species was
randomly chosen. They were aligned using the high speed multiple sequence alignment program

MAFFT (Multiple Alignment using Fast Fourier Transform) ’®

with default parameters. Two
outgroups sequences (Agropyron mosaic virus and Hordeum mosaic virus) belonging to Rymovirus
genus were also used for multiple alignment, according to ”’. The phylogenetic tree was inferred
from polyproteins alignment using Maximum Likelihood method, with MEGA6.0 software.

Resulting phylogenetic tree was customized with FigTree software

(http://tree.bio.ed.ac.uk/software/figtree/).

Functional annotations of potyvirus proteins

Amino acid diversity score calculation

Amino acid diversity of protein alignment was determined using Shannon entropy measure,
available on Protein Variability Server (http://imed.med.ucm.es/PVS/) “8. It consists in assigning a
diversity score H at each alignment position.Typically, position is considered as variable when the

H parameter is higher than 2 and conserved when H is below 2. Shannon’s scores were displayed
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for each species dataset as heatmaps. A blue (low H-score) to yellow (high scores) color gradient

was used to visualize diversity along protein sequences, using Plotly program.

Determination of MoRF

Molecular recognition features (MoRF) are predicted from amino acid sequences, using MoRFPred

79
I

tool "(http://biomine-ws.ece.ualberta.ca/MoRFpred/), an algorithm fed with a large dataset of

annotated MoRF regions. MoRF predictions were done on each protein sequences and aligned.
MoRF signals corresponding to less than 5 consecutive residues were considered as not
biologically relevant and were discarded. The intra-species MoRF conservation was determined,

and represented as a color gradient (green boxes on protein heatmaps Supplemental data S2).

Determination of ELMs

To assess the abundance of motif usage in the virus world, an in silico prediction of the occurrence
of 173 known functional ELMs was attempted in a dataset of 2,208 non-redundant viruses
belonging to various groups and including the 10 potyvirus species used in our study *’. Given the
difficulty to predict motifs with biological relevance, only motifs occurring in IDRs were considered
In order to identify potential new functions/interactions associated to intrinsic disorder in
potyviral proteins, we extracted ELM predictions obtained for potyviruses from the whole viral
ELMs dataset provided by Hagai and co-workers. High probabilities of occurence are inherent to
the low complexity of many ELMs. However, given their high biological relevance in the viral
context, some of these motifs could not be discarded. Motifs conservation strongly correlates with
functionality ®°. Consequently, this criterion was used and we applied a 80% conservation cut-off
to discriminate predicted biologically relevant ELM from false-positive ones. Potentially relevant

ELMs are listed in supplementary data, Table S2.

10
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Manual annotation of functional domains and proteolytic cleavage sites
Functional annotations of polyproteins and proteins were retrieved for each species both from

literature and UniProtKB website (http://www.uniprot.org/uniprot/).

Results and Discussion

Assessment of disorder abundance in the Potyvirus genus

To assess whether protein intrinsic disorder represents a strategy employed by potyviruses that
would be selected during their evolution, we considered 10 potyvirus species representing the
diversity of the whole genus ’’, and for which more than fifteen full-length genome sequences
were available on NCBI GenBank resource (see Material and Methods Section). The chosen species
and their respective sequence accessions are given in supplemental data (Table S1). For each
species dataset, intrinsic disorder was first predicted at the polyprotein level (Fig. 1) using PONDR-
VLXT® as a robust predictor (see Material and Methods Section). The calculated “average number
of disordered residues per polyprotein” is close to 20%, whatever the inter-species phylogenetic
distance. Importantly, starburst radiation occurring during potyvirus evolution ! prevented us for
going deeper in the study of phylogenetic dynamics of intrinsic disorder in the genus. However,
the disorder frequency in potyviruses seems not directly related to the evolutive history of this
group, as no disorder enrichment or depletion seems to be correlated to any evolutive lineages
(Fig. 1A). The disorder content was homogenous inside each species, as shown by low mean root
square deviations. This was also observed at the inter-species level (Fig. 1B). Such an homogeneity
is in contrast with the high variability of disorder content observed in some other viral families and

25,81

despite the long-scale evolutive divergence of the Potyvirus genus . Interestingly, a higher

propensity of intrinsic disorder is observed for Lettuce mosaic virus (LMV) species and results from

11
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the particular contribution of the viral protein P3 (discussed in “P3 and P3N-PIPO contain
constrained disordered regions” section). Overall, these results indicate that potyvirus belong to

the group of viruses displaying high disorder in their proteome, similarly to other (+)ssRNA viruses

22,23,25

Given the high diversity of this viral genus, the conservation of intrinsic disorder during potyvirus
evolution strongly suggests an evolutive hallmark selected during potyvirus evolution and thus a

functional advantage of this structural feature.

To assess the intrinsic disorder distribution inside potyvirus proteomes, polyproteins were
segmented into their individual protein sequences and PONDR-VLXT® predictor was used to
predict the disorder content in the eleven mature potyviral proteins. A box plot representing the
disorder variability for nine of the eleven proteins at the inter-species scale is plotted in Fig. 2A,
while the variation at intra-species scale is figured in Fig. 2B. Except few exceptions (P1 from PPV
and P3/P3N-PIPO from LMV), all potyviral species share the same distribution of intrinsic disorder
for each protein (Figs. 2A,B). Based on a previously described method %, the proteins can be
classified into three groups according to their mean disorder propensity (Fig. 2A). Nla-Pro and Nlb
replicase are classified as “structured” with an overall disorder content of less than 10%. HC-Pro,
P3, P3N-PIPO and ClI are classified as “moderately disordered” with an intermediate disorder
content comprised between 11 and 30%. Finally, VPg, P1 and CP have an overall disorder content
globally higher than 30% and are classified as “highly disordered” (Fig. 2A). VPgs from LMV, PVA
and PVY were previously experimentally proven as disordered proteins, as well as the CP from PVA
294448 These data validate the strength of our prediction for these two proteins. On the basis of

the disorder analysis in our dataset, it is more than likely that the disorder features of these

12
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viruses can be extended to the other members of the Potyvirus genus. This legitimates the

hypothesis of a functional assignment of disorder in potyviruses.

Disorder involvement in molecular functions, multi-interactions and adaptation
No direct correlation was identified so far between disorder content and functions in potyviral
proteins: for instance, the 5 proteins carrying enzymatic functions (P1, HC-Pro, Cl, Nla-Pro, Nib)

have variable disorder contents (from P1 highly disordered to Nlb highly ordered, Fig. 2A).

It was hypothesized that intrinsic disorder could confer to a single domain the necessary plasticity

to fulfill several different functions 7%,

Nevertheless, using data on potyvirus protein
interactome reviewed in %, we observed that the multi-interactions ability of potyviral proteins is

not correlated with their mean disorder content (R<0.01 ; P-value>0.8) (data not shown).

Intrinsic disorder has been related to adaptive abilities of RNA viruses to escape host immunity

16,30,37 .
21 Interestingly,

responses to breakdown host resistances or to enlarge their host specificity
potyviral VPg, P1 and CP, proteins classified as highly disordered (Fig. 2A), have already been
associated to adaptive events (reviewed in ¥). It prompted us to perform a deeper analysis of this
adaptation-disorder relationship. However, the examination of published data on some plant virus
virulence factors, already defined as directly related to adaptive processes, didn’t give any
correlation between these factors and their mean disorder content. Additionally, no clear
relationship was observed between evolutive constraints and the disorder content in each protein

considered as a whole, as reported with their respective calculated dN/dS ratio (or ®) at intra-

species level (Fig. S1).

To conclude on this part, no correlation can be made so far between the whole-protein disorder
content and general molecular and biological functions. This led us to perform a deeper analysis of

intrinsic disorder along the proteins sequences with the aim to identify specific conserved

13
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disordered regions and to discuss their possible involvement in known and sequence mapped

interactions.

Functional annotation of IDRs in potyviruses

Potyvirus proteins IDRs evolve faster than ordered regions.

We reasoned that because of their multiple roles during plant infection, potyvirus proteins could
be viewed, in first instance, as tandems of functional modules. Consequently, we conducted a
comparison of the evolutive constraint (dN/dS) between ordered and disordered regions along the
polyprotein of each virus species. Polyproteins were segmented into ordered and disordered
regions according to PONDR-VLXT® predictions. The dN/dS ratio was calculated for all the
sequences of at least 20 residues long (see details in Material and Methods section). Globally, in
potyviruses, IDRs display significantly higher dN/dS values than ordered ones (Fig. 3), that
indicates a true tendency of intrinsically disordered domains to evolve faster than more structured
regions during potyvirus evolution. Such weaker evolutive constraints on IDRs strongly suggest
abilities for a faster and easier exploration of adaptive solutions and the emergence of new

functions in viral proteins %%’

. Nevertheless, some potyviral IDRs display a low dN/dS (Fig. 3),
illustrating the concepts of “constrained” and “flexible” disorder discussed below in section

“amino acid polymorphism”.

Disorder and proteolytic processing of the potyviral polyprotein

The potyvirus polyprotein is proteolytically processed into ten mature proteins by the three
potyvirus-encoded proteases P1, HC-Pro and Nla-Pro **®“®?(Fig. 4A). The P3N-PIPO protein results
from a translation frameshift and cannot be considered as a proteolytic product ®. P1 and HC-Pro
are self-cleaved at their C-terminal (C-ter) end and Nla-Pro cleaves at 7 different sites in the

polyprotein central and C-ter regions ®® (Fig. 4A). The potyvirus genome strategy to encode for a

14
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single ORF has been related to a way of tuning the proteins function through a sequential
proteolytic process during the viral cycle *%. Indeed, functional relevant intermediary forms have
been identified as key players in viral infection and adaptation. The 6K2-VPg-Nla-Pro intermediate

is anchored to the ER membrane during potyvirus replication 8

. The 6K2 proteolytic separation
from Cl and VPg modulates viral replication rate and movement °%. Deleterious effects on viral
fitness of NIb relocation at different positions in the polyprotein also highlight the functional
relevance of proteins placement within the polyprotein and the importance of transient
intermediary forms in the viral cycle °%. The cleavage efficiencies by Nla-Pro at each of its cleavage
sites was investigated. Most proteolytic sites were fast processed (6K1/Cl, 6K2/VPg, Nla-Pro/Nlb
and NIb/CP) but three of them, namely P3/6K1, CI/6K2 and VPg/Nla-Pro, were processed at a
lower rate *®. These data strongly suggest that differences in cleavage efficiencies at various Nla-
Pro sites are of strong functional relevance. A fine time-dependent tuning of the polyprotein
maturation is likely to be important for the virus biology. For instance, the post-translational

phosphorylation of Nla-Pro was demonstrated to inhibit the trans-proteolytic cleavage of VPg-Pro

(Mathur & Savithri 2012).

The site accessibility to the enzyme strongly influences the proteolytic cleavage efficiency. It is

well-established that intrinsic disordered regions undergo faster proteolytic digestion than more

94-97

structured ones . In viral polyproteins, the propensity to disorder in the vicinity of cleavage

sites has already been predicted for Hepatitis C virus *

and Dengue Virus. Remarkably, our
comparative analysis of the disorder propensity at the inter-species scale shows that the NIb-CP
cleavage site is located in a disordered segment in all species (Fig. 4B). The conservation score of
the intrinsic disorder state along the polyprotein was also determined for the ten potyvirus species

dataset (Fig. 4B). Disorder was considered as conserved intra-species when it was observed in at

least 80% of the sequences (Fig. 4B). P3/6K1, CI/6K2 and VPg/NIla-Pro proteolytic sites, which were

15
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demonstrated as slowly processed *® share a low score of disorder conservation between 0% and
40% (Fig. 4A). By contrast, disorder is conserved in some of the other Nla-Pro cleavage sites with
up to 100% conservation in 6K2/VPg and NIb/CP sites (Fig. 4B). The high release rate observed for
CP *® is directly correlated with a high conservation of disorder at this cleavage site and well-
supports the hypothesis of protease-sensitivity of unstructured/flexible regions. The genome
encapsidation requires a large pool of monomeric CP units, and it is likely that a fast release of CPs
facilitates the assembly. In addition, it was recently proposed that the pool of free CP could finely
tune the steps of genome translation and encapsidation . This seems to illustrate the evolutive
constraint exerted on disorder status because of its role as proteolytic “facilitator”. CI-6K2, is a
stable intermediate form in vivo, and has been associated to replicative functions in the viral cycle.
It is noteworthy that the cleavage site is part of a conserved ordered region in 100% of the
potyviruses considered here (Fig. 4A,B). The prevalence of a structural order in this proteolytic
region could slow down the proteolysis by Nla-Pro, resulting in a longer availability of this
intermediate required for the viral cycle. Conversely, despite of a relatively low disorder-state
conservation of Nla-Pro/NIb sites among potyviruses, the proteolytic release of the corresponding
intermediary forms is fast *%. In this case, intrinsic disorder does not seem to be related to any
proteolytic facilitation. To conclude, only partial correlations can be established between
order/disorder states of the cleavage sites within the polyprotein and their processing kinetics by
Nla. It is likely that the order-disorder balance in the vicinity of the polyprotein maturation sites
provides a kinetic modulator participating to the necessary chronologic apparition of various
functional intermediates during the potyviral cycle. In this respect, the self-release of P1 from HC-

Pro requires a special discussion (see “P1: Polymorphism, but conserved IDRs” section).
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Protein-by-protein analysis of IDRs functions

Although it is difficult to associate predicted conserved IDR to known biological processes and
functions, the task deserves to be done, as structural disorder proves to be a main strategy for

273539 T4 this end, a functional annotation of the potyviral IDRs found within

many viral functions
each protein was performed through an analysis of: i) their amino acids polymorphism, ii) their

content in recognition-binding motifs and, iii) their content in eukaryotic functional linear motifs.

The relationship between these three parameters and IDRS is presented as follows.

Amino acid polymorphism analysis. In many organisms, IDRs are more tolerant to aa changes than
structured regions, a statement that seems to be also the case for potyviruses (Fig. 3). Bellay and
colleagues proposed that it allows sorting conserved disordered regions in two classes according
to their evolutive rates: “flexible disorder” for disordered regions which display a relatively high
amino acid polymorphism (AAP), and “constrained” disorder which refers to disordered regions
that are not variable in their aa sequences *°. Flexible disorder is, in the first instance found in

flexible spacers between functional domains *°

. In addition, flexible disorder is particularly
observed in proteins with one or two regions interacting sequentially with several partners
through conformational switches, termed "date Hubs" 19,100,101 "o nstrained disorder, by contrast,
is found in IDRs, whose function is linked to more topological requirements. This is the case of

100,102,103 "+hat can be involved in simultaneous binding

multi-interface hubs (named “party hubs”)
with various partners. Therefore, an analysis of sequence conservation in potyvirus IDRs is

expected to give insights on underlying interaction modes.

MoRFs analysis. Molecular recognition features (MoRFs) are defined as short motifs (5 to 25

residues long) embedded in IDRs that undergo disorder-to-order transition upon binding to a

104,105

partner, according to the induced-folding process . MoRFs can be classified in three classes,
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depending of the secondary structure resulting from the folding upon interaction: a-MoRFs fold
into a-helixes, B-MoRFs into B-sheets and coil-MoRFs into random coils. Functional MoRFs are

106

frequent in viral IDRs ~. Sequence characteristics (charge, hydrophobicity, conservation and

secondary structure properties) allow the prediction of potential MoRFs and help to their

functional annotation "*:*07:108

. This analysis was performed on our potyviral protein datasets using
MoRFPred predictor ’°, to detect highly-conserved MoRF motifs potentially involved in
interactions. Their relevance and possible involvement in potyvirus biology is discussed on a "case-

by-case" basis in view of already documented interactions and the evolutive conservation they

display at intra-species level.

ELMs analysis. Eukaryotic Linear Motifs (ELMs) consist in 3 to 10 residues long motifs, which are

ubiquitous in eukaryotic organisms. According to the ELM database resource

109(http://elm.eu.org/), they are involved in many interaction-based processes and divided into six

functional classes : ligand-binding sites, post-translational modifications, targeting sites,

proteasome degradation targeting sites, docking sites and proteolytic cleavage sites. ELMs are

111

often located within IDRs “°, which, with their flexibility, facilitate ELM-based interaction

1337112113 Baing crucial in the emergence of new functions during eukaryotes evolution, ELMs

constitute probably a “Achilles heel” since they have been mimicked by viruses during their

evolution %14

. The use of such eukaryotic short motifs to hijack the host cellular machinery may
explain, at least partially, how viruses establish so many interactions despite their high genome
compactness. To date, 46 ELMs functional classes among the 219 of the ELM database have been
identified in the proteome of viruses from various families, suggesting that ELMs mimicry is a

d 3. To assess the abundance of ELM usage in the virus world,

common strategy in the virus worl
an in silico prediction of the occurrence of 173 known types of functional ELM was attempted in

2’208 not redundant viruses of diverse groups, including the 10 potyviruses species used in the
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present study >’. Therefore, we selected the potyviral ELMs located in IDRs from the data
produced by Hagai et al., in order to identify potential new functions/interactions associated to
intrinsic disorder. Given the low complexity and high degenerated nature of these motifs, false
positives are expected. In this respect, the localization of conserved ELMs in IDRs constitutes a
biological relevant criterion to discriminate true positive motifs. All motifs predicted in potyviral
polyproteins share a high probability of occurring by chance. However, given their high biological
relevance, some of these motifs could not be discarded. Thus, we applied a “conservation cut-off”
to discriminate biologically relevant ELM from false-positive ones. Because motifs conservation
strongly correlates with functionality 2°, this criterion was used to identify strong relevant ones.
Consequently, all predicted motifs found in at least 80% of the polyprotein IDRs from the 10
species considered are listed in Table S2. Among these motifs, only those which were found
relevant regarding plant-virus biology were considered (Bold Green boxes in Table S2) and

discussed.

P1: a both highly disordered and variable protein
All potyviral P1 display long and conserved IDRs. The P1 protein, localized to the N-terminus (N-
ter) of the potyviral polyprotein, is a serine endopeptidase. It is self-released by cis cleavage at its

115

C-ter ®*. A trans activity was also reported in Tobacco etch virus (TEV) **>. At the inter-species level,

disorder was observed in all P1 (Fig. 2). However, P1 has evolved through recombination and

116 and displays the highest variability both in length (30-63 kDa) and in aa

duplication events
sequence of all potyviral proteins. This prevents the alignment of P1 sequences at the inter-
species level. Therefore, such a comparison of the distribution of disorder along the protein was
not possible. At the intra-species level, long and conserved IDRs were identified (Fig. 5), suggesting

that the conservation of P1 intrinsic disorder in the course of potyvirus evolution is associated to

biological functions.
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P1 IDRs could contain RNA binding sites. RNA and DNA binding has often been reported as

117 118

associated to basic positively charged IDRs ~*’, which act as binding facilitators ~°. The predicted
central long-IDR of Turnip mosaic virus (TuMV) contains a broad specific RNA binding domain,
spanning from residues 150 to 168, that was experimentally confirmed **°. It is noteworthy that,
although highly diverse in sequence at the inter-species level, the first 180 aa of P1 conserve a
high averaged isoelectric point value of 9.2, supporting the presence of a nucleic acid binding
function. Hence, IDRs in P1 could favor RNA-binding and participate to viral replication and
translation processes. TEV P1 physically interacts with the host 80S cytoplasmic ribosomes in
infected cells and stimulates translation of viral proteins in vitro ***. The RNA-binding ability of P1
k 121.

IDRs may be related to RNA-chaperone activity, for which intrinsic disorder is an hallmar

Moreover, such RNA chaperone activity was already reported in other viral proteins *22.

N-ter IDR is expected to modulate P1 proteolytic activity. P1 N-ter domain modulates its
proteolytic self-release from the polyprotein, thereby preventing early host defense responses,

that would be detrimental to virus systemic infection %

. The auto-inhibitory effect of intrinsically
disordered domains was already reported ***. Thus, IDRs within the N-terminal part of P1 could
fold back to interact with the distant cleavage site at the C-ter end of the protein, slowing down its

release. Post-translational modifications, such as phosphorylation, and/or its interaction with

another viral/host protein 125 could act as an activator switch.

MOoRF in P1. Some well conserved MoRF were found, embedded in P1 disordered regions. One of
them, located in a C-ter IDR was shared by 6 of the 10 potyvirus species considered in this study.
However, as there is no functional annotation available for this part of the protein, no putative

function could be associated with these motifs.
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P1 disorder and adaptation. P1 is the most variable potyviral protein in terms of sequence length
and AAP. Its involvement in adaptive process and host range specificity was previously reported
16126127 31d is strongly suggested by its high mean dN/dS (Fig. S1). Interestingly, most of P1 IDRs
are well-conserved at the intra-species level (white to red bars, Fig. 5) despite the relatively high
diversity of their aa sequence (blue to yellow gradation, Fig. 5). This strongly suggests that: i) there
is an evolutive constraint for the conservation of disorder state at these positions that is likely of
functional relevance, and ii) these regions are prone to aa switches occurring during virus
evolution. This kind of evolutive behavior in IDRs has been referred to as “flexible disorder” 19,
which relates to regions binding different partners sequentially. The high variability of sequence in
P1 (considered as the least conserved protein among potyviruses), associated to its high degree of
disorder strongly support the hypothesis of mutational robustness and lower-evolutionary
constraints effect related to disorder, a feature already observed in various proteins *2*'%°. This
could be related to adaptive abilities to various environments ¢, a disorder-based feature already
discussed for RNA-viruses . In this context, P1 has already been related to host range specificity

116,126,127

within the Potyviridae family , reinforcing the idea that disorder could act as an enhancer

of adaptation.
P1 disordered regions contain ELMs.

Phosphorylation motifs. Post-translational motifs such as phosphorylation sites are abundant in
P1. In disordered regions, surface accessible serine and threonine residues are more prone to

phosphorylation than in ordered regions **™**

. In many cases, these phosphorylations have been
reported to modulate functions by preventing or conversely potentiate the folding of intrinsically

disordered regions **. According to DISPHOS (Disorder-Enhanced Phosphorylation Sites Predictor),
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at least four serines and two threonines are highly susceptible to phosphorylation, all located in P1

N-ter IDR.

14-3-3, FHA and WW binding motifs. These well-conserved eukaryotic motifs are phospho-sensors
consisting in 6-8 residues with a conserved phospho-serine or threonine binding site. 14-3-3
proteins (also called GRF for General Regulatory Factors) are involved in many regulatory
processes in plants (e.g. metabolism, hormone signaling, cell-division, stress responses) through

their interaction with more than 300 potential targets *>**!

. Several 14-3-3 binding motifs are
present within P1 IDRs. The hijacking of that kind of motifs by potyviruses could have many
implications in the viral cycle. It was observed that plants deficient for GRF6 display enhanced

resistance to PPV infection 32

. Furthermore, these authors reported that GRF6 degradation by the
proteasome is stimulated upon virus infection and contribute to plant defense mechanisms. With
14-3-3, forkhead-associated (FHA) domains are phosphobinding domains involved in numerous

131

signaling processing, such as metabolism and plant development ~°°. FHA-binding motifs have

already been characterized as functional motifs in plants ***

. They are conserved in potyvirus P1 as
disorder-embedded ELM, and co-localize with predicted phosphorylation motifs (Table S2). The
WW domains are known to recruit regulatory protein complexes in various signaling networks.
They bind to WW binding motifs, which are short proline or phosphoserine- phosphothreonine-
containing motifs. WW-domain proteins have recently been reported as inhibitors of the
replication of a (+)ssRNA virus, the Tomato bushy stunt virus (TBSV, Tombusviridae) =*. WW
binding motifs were predicted in P1 of all species studied here (Table S2). This could provide
another example of disorder-mediated ELM mimicry by potyviruses to recruit host factors. All
together, these data suggest that FHA, 14-3-3 and WW binding motifs, directly associated to

posttranslational phosphorylation sites in P1, are involved in the viral cycle regulation and/or host

defense counteracting.
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USP7 binding motif. The Ubiquitin Specific Protease USP7 is a member of the large DUB family
(deubiquitinating enzymes) in Eukaryotes. It catalyzes the ubiquitin removal from proteins,
preventing their degradation by the proteasome. Several examples have been reported in plant

135

virus ~>°. Viral DUB activities are encoded by the (+)ssRNA virus Turnip yellow mosaic virus (TYMV,

Tymoviridae) and are involved in controlling levels of RNA-dependent RNA polymerase (RdRp) and

138 It is likely that controlling the host ubiquitination pathway is a prerequisite for

viral infectivity
the virus cycle. There is no report of ubiquitin protease activity encoded by the potyvirus genome
but the presence of conserved USP7 binding motifs in P1 argues in favor of a possible recruitment
of a deubiquitinating activity.

NLS motif. Nuclear localization signals (NLS) motifs are predicted in P1 IDRs. The propensity of

d **’. An active nucleolar localization

disordered regions to display NLS has already been reporte
signal (NoLS) was found in the P1 of TEV within a region encompassing residues 50 to 115, which is
predicted as disordered in most of the potyvirus species considered in our study. This NoLS seems
to be functional, as during the early stage of infection, P1 is found in the nucleolus, where the pre-
ribosomal particles processing takes place. Moreover, the protein has been demonstrated as
trafficking between the cytoplasm and nucleolus during infection, and to interact physically with
the cytoplasmic 80S ribosomal subunit, arguing in favor of its involvement in viral translation 3.
Additional nuclear localization signals are predicted for the majority of potyvirus species.
Interestingly, among these conserved ELMs (Table S2), some are not strictly localized in the same
IDR. This could suggest a de novo apparition of these motifs during potyvirus evolution. Such an
evolutionary convergence illustrates both the strong functional benefit underlying these motifs

and the evolvability of the corresponding IDRs 337113,
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In vitro experimental approaches like disorder characterization through limited proteolysis and
secondary structure analysis through circular dichroism should be now undertaken to further
investigate the disorder features of this protein. The biological relevance of the detected ELMs

could also be experimentally assessed in vivo (for instance by site-directed mutagenesis).

HC-Pro, a weakly-disordered multifunctional protein

Next to P1 on the polyprotein, HC-Pro is a cysteine endopeptidase of approximately 460 aa long,
which self-cleaves at its C-terminus. HC-Pro is a good example of what virus evolution can design
in terms of genome economy. This protein is involved in many processes, such as genome
replication, aphid transmission, virus-induced gene silencing, virus polyprotein maturation and

139

virus migration within the plant 7. According to the electron microscopy of HC-Pro two-

dimensional crystals, the N-ter and C-ter domains of the protein are separated by a flexible

constriction %°

. Three structural domains can be distinguished: the N- and C-ter regions
(approximately 100 aa long each) and the central domain (approximately 250 aa long). The C-ter
domain is responsible for the proteolytic activity of the protein. The N-terminal domain is required
for aphid transmission of the virus, but most of the HC-Pro functions are located in the central
region of the protein. As a whole, only relatively short disordered intra-species conserved regions
are predicted in HC-Pro (Fig. S2A). These regions are spread all along the protein sequence and are
not conserved between species with the exception of region 161-182 which is predicted as
disordered in the 10 species (Fig. S2A). Although resistant to trypsinolysis, HC-Pro from LMV

displays two highly exposed sites after Thr170 and Gly176 *°

, a feature consistent with this
predicted (161-182) IDR (Fig. S2A). This region contains a highly conserved FRNK box allowing the
binding of siRNA and miRNA duplexes **! and has been described as involved in the binding by HC-

Pro from Zucchini yellow mosaic virus (ZYMV) of the small RNAs methyltransferase HEN1 **%. Taken

together, these features are likely to be related to the gene silencing suppression activity of HC-
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Pro in the infected cell. This is another example of the potential role of intrinsic disorder in RNA
binding processes. This ability of HC-Pro to interact with elements of the silencing pathway well-
illustrates a defense and counter-defense interplay between potyviruses and their hosts. Finally, in
most of the species considered, a very short segment (at most 10 residues long) is predicted as
disordered within the protease domain (Fig. S2A). In the case of TuMV, the 3D structure of this

143
d

protease domain, which span residues 301-458, was recently solve . It is mostly structured

with the exception of a loop (residues 419-426) that was roughly modeled due to weak electron
density. However, for TuMV, this loop is not predicted as disordered. This confirms that many

short flexible loops on proteins surface should be differentiated from truly disordered segments.

Disorder in P3 and P3N-PIPO: a mediator of proteins scaffolding at the membrane surface

87,144

In spite of its proven involvement in pathogenicity and symptomatology , P3 remains one of

the less characterized potyviral proteins. It has been associated to cell-to-cell movement and to

the formation of replication complexes, through its interaction with the ER and replication vesicles

145196 b3 of many potyvirus species contain a N-ter conserved hydrophobic region potentially

involved in membrane interactions **°. This region (between the residues 40 and 80) is preceded

by an IDR of variable length, which is conserved intra-species. This IDR-containing N-ter part, is

145

important for addressing the protein to the Golgi apparatus . In membranous proteins, an

intrinsically disordered tail is commonly observed, protruding in the cytoplasm that is involved in

%7 This P3 IDR could participate in the

the addressing of various factors at the membrane surface
anchorage of replication vesicles on the ER or alternatively, in the virus addressing to
plasmodesmata through interactions with the cytoskeleton. Indeed, P3 traffics along actin

145,146

filaments and colocalizes with replication vesicles . It is noteworthy that the region including

this IDR and the adjacent hydrophobic domain is a common feature of P3 and P3N-PIPO, as the
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frameshift generating P3N-PIPO is positioned downstream. It could be that both proteins share
some functional specificity.

On a broader level, the disorder analysis in P3 showed that there is no clear reproducible IDR
pattern at the inter-species level. Nonetheless, some IDRs are highly-conserved intra-species and
associated to a low AAP (Fig. S2B). This enables to qualify P3 disorder as globally constrained.
Hence, the protein displays features of “party hubs”, namely scaffold proteins which interact
simultaneously with several partners and/or anchor them to membranes. It is worth mentioning
that in LMV, more than 30% of the P3 sequence is predicted as disordered with a succession of
large and well-conserved IDRs interspaced by shorter ones. A long N-ter IDR (more than 80
residues) is associated to a highly conserved MoRF, a potential interacting domain with other
factors. Interestingly, for LMV, the N-ter hydrophobic region was reported around residue 60 **°.
According to our data, it is embedded in this long IDR (Fig. S2B). This very local hydrophobic signal
is typical of MoRF signatures ’° although undetected by MoRFPred.

A 30 aa-long conserved IDR is observed around residue 100 in Soybean mosaic virus (SMV) and

148

TuMV (Fig. S2B) that matches with a RubisCO-interacting domain ~*°. Finally, a central and

relatively conserved IDR is identified between residues 200 and 250 of Bean Yellow mosaic virus
(BYMV), Sugarcane mosaic virus (SCMV), LMV, PPV, PVY and TuMV. This region cannot be

functionally annotated because of the absence of detectable ELMs.

P3N-PIPO was recently discovered and results from a +2 ribosomal frameshift in P3 . Its length is

highly variable among potyvirus species and has recently been associated to host-driven

67

specificities °’. In the infected cells, P3N-PIPO localizes in plasmodesmata, suggesting its

149,150

involvement in virus cell-to-cell movement . The PIPO domain interacts with PCaP1, a cation-

15

binding protein anchored to membranes through myristoylation . A putative disordered-

embedded MoRF is found in the C-ter region. In spite of its heterogeneity in length, and as
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opposed to P3, the IDRs distribution in the PIPO part is conserved throughout in the 10 species. In
addition, similarly to P3, IDRs in the PIPO part can be classified as constrained disordered regions.
Like P3, P3N-PIPO could act as a party-hub. As a matter of fact, P3N-PIPO interacts with Cl 1% The
IDRs within P3N-PIPO could potentiate the simultaneous interactions of the protein with Cl and
PCaP1. Although overlapping reading frames are frequent and strategic for virus genome
economy, they are expected to be heavily impacted by viruses high mutational rates. However,
many IDRs better tolerate mutations than structured regions. Interestingly, intrinsic disorder was
found to be abundantly generated in viral overlapping reading frames 2. Disorder both in the
PIPO and P3 C-ter part, (orange dashed lines in Fig. S2B,C) observed for most of the studied
potyviral species, could prevent destabilizing effects of mutations on these overprinting regions.

No ELM was found associated to disorder neither in P3 nor in the PIPO part.

Given their small size (about 50 aa each), and owing to the very short disordered segments
predicted for 6K1 and 6K2 and obtained on in their N- and C-terminal parts (data not shown),

these two proteins were discarded from our analysis.

Cl, a protein with two ordered domains interspaced by a conserved IDR

The cylindrical inclusion protein (Cl) is a viral helicase. It interacts with various viral and host
partners and is involved in movement and replication (see (147) for review). As HC-Pro, P3 and
P3N-PIPO, Cl is classified as moderately disordered. This is consistent with CI main functions
devoted to catalysis, through its ATPase and RNA-helicase activities, which require well-ordered
catalytic domains. The N-terminal region of Cl carries the helicase activity *>* and the C-terminal
domain possesses binding sites for (at least) two different proteins, the viral VPg, and the plant

155

elF4E, an initiation translation factor —°. These two domains are interspaced by a flexible region
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(Fig. S2D). This less-structured region is the main contributor to the overall disorder scores
obtained (Fig. 2). This IDR is conserved both intra- and inter-species and is roughly located
between residue 330 and 370. In the IDR, is included an arginine-rich motif constituting a RNA-
binding domain, which corresponds to the most carboxy-terminal conserved domain of the RNA

helicases of the superfamily SF2 **°

. In PPV, this RNA-binding domain was mapped in between aa
350 and 402 **. Interestingly, such motif is also the hallmark of elF4A, another SF2 helicase
belonging to the translation initiation complex elF4F highly conserved in all eukaryotes. PONDR-
VLXT® prediction obtained for elF4A displays the same general profile as that of ClI, with an
ordered background interrupted by short and spaced disordered signals all along the sequence **’.

Hence, it is noteworthy that Cl shares with elF4A a similar intrinsically disordered RNA binding

domain, sustaining the hypothesis of a common function associated to disorder.

VPg contains flexible disorder
In potyviruses, VPg constitutes the N-ter part of the Nla protein. After cleavage, the VPg consists in
a 22 to 25kDa protein. VPgs are not restricted to phytoviruses, being also involved in the genome

replication and protein translation of animal (+)ssRNA viruses. VPg is covalently linked to the viral

158,159

RNA 5’-end through a conserved tyrosine residue . This feature is likely involved in many

functional aspects, such as aphid transmission and uncoating process regulation, movement of

viral RNA through plasmodesmata, replication initiation through urydilyl VPg priming or the initial

90,91,160-171

steps of translation . VPg can be considered as a hub protein interacting with both

172

various host and viral factors, as well as with the viral RNA ““. The best documented of these

interactions concerns the eukaryotic translation initiation factors elF4E and elF(iso)4E 1737177,

This association is associated to various tasks during potyvirus infection such as translation,

168,178,179

replication and cell-to-cell movement . Interaction with nucleolar Fibrillarin has also been

reported 180 suggesting a function in RNA-silencing or host gene expression regulation. Interaction
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of VPg with a host RNA helicase RH8, a poly(A)-binding protein (PABP) and the eukaryotic
elongation factor 1A (eF1A) clearly demonstrate the involvement of VPg in viral RNA replication

91,176,181,182

and translation . Unfortunately, these interactions have not yet been mapped on the

VPg sequence. Intrinsic disorder in VPgs was clearly demonstrated by experimental results

obtained in several plant viruses comprising potyviruses and sobemoviruses >4

IDRs were predicted in all the potyviral VPgs of our dataset. This intrinsic disorder is highly
conserved in intra- and inter-species. Conserved IDRs were found at the N-ter and C-ter of

potyviral VPgs. The N-ter IDR interacts with PVIP *°

, this interaction being linked to virus
movement. Downstream, a short highly conserved IDR, centered around residue 50, contains
functional NTP-binding and RNA-binding sites *’. The central part of the VPg displays a conserved
IDR about 20 to 30 residues long. This region is involved in the interaction of VPg with elF4E and

HC-Pro **

. Interestingly, although no MoRF was predicted in this region, the IDR spanning residues
89-105 folds into an helix upon binding with elF4E **. At the intra-species level, potyviral VPgs do
not share a global high dN/dS value (Fig. S1). But in most of the species, the VPgs central and C-ter
IDRs are associated with a high AAP (Fig. S2E). Therefore, the disorder contained in potyviral VPgs

is typically of flexible nature. In this respect potyviral VPg is likely to constitute a typical example of

“date hub”, with its central IDR interacting sequentially with several partners.

Interestingly, the central domain of VPg contains the molecular determinants responsible for the

177184187 As 3 matter of fact, VPgs shares

overcoming of many elF4E-mediated resistances
episodic and localized events of positive selection mostly localized in this central IDR. This leads us

to hypothesize about the involvement of disorder status in such adaptive process. The central part

of PPV VPg is not predicted as disordered and represents a puzzling exception.
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Phosphorylation motifs. As in P1, well-conserved phosphorylation motifs are predicted in VPg
disordered regions (Table S2). Both in vitro and in vivo experiments have already highlighted that

188,189

VPg is a highly phosphorylated protein . However, no functions have yet been associated to

these modifications.

Nuclear localization motifs. The N-ter IDR of TEV and PVA VPgs display bi-partite NLS signals 8%,

Their biological relevance was validated by VPg nucleus localization experiments in several

176180190 £ nctions associated to this nuclear localization still remain unclear but could

potyviruses
be related to an hypothetic involvement in host silencing suppression process *°. Such VPg NLS
motifs are retrieved in 8 of the 10 species studied here, reinforcing the idea that VPg nuclear

localization is shared among all potyviruses and is very probably associated to important functions

in viral cycle.

Nla-Pro displays an inconstant functional C-ter IDR

The 240 residues long C-ter domain of Nla, called Nla-Pro, is a protease, which self-releases from
Nla. Its functions in the polyprotein processing have been discussed above (see “Disorder and
polyprotein processing” section). Additionally, Nla-Pro possesses a DNase activity possibly
involved in regulation of host gene expression ***.

A central IDR between residues 95 and 125 is predicted in half of the species examined. The
corresponding region in the TEV and Tobacco vein mottling virus (TVMV) proteases is part of a

1927194 1t cannot be excluded that this region is

well-resolved surface loop in the 3D structures
stabilized in the crystal packing. A short IDR (about 20 residues long) is only predicted at the C-ter
of SCMV in our dataset (Fig. S2F). This inconstant IDR was experimentally confirmed in the

structures of the TEV and TVMV Nla-Pro. Interestingly, this IDR increases the proteolytic activity in

the case of TEV, while it reduces it in the case of TVMV, suggesting this IDR behaves like a
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193

modulator of the enzyme ~°. This illustrates how IDRs could tune the viral functions according to

the host specificity.

The Nlb replicase protein is ordered

NIb is the potyviral replicase, ensuring virus genome amplification. Nlb is addressed to membrane-
associated viral factories and participates to the formation of replication complexes, through its
interaction with VPg, Nla-Pro and several host factors EF1A, Hsc70-3 and PABP '8%1%>1% | spite of
the ordered nature of this protein, a well-conserved IDR spanning residues 400 to 450 was
predicted in nine of the species. It was not possible to functionally annotate this region. An a-
MOoRF is predicted for most of the species spanning residues 320-340. However, the low disorder

content in the region doesn’t support this prediction.

As many others viral RdRP, the potyviral Nlb displays well-ordered and conserved domains folding

197 .
. However, the low disorder content observed for

into the typical “right hand” structure
potyviral RARP does not strictly constitute a hallmark in RNA virus world. For instance, HCV RdRP

displays a mean disorder content of 19,1% *°.

Structural Coat protein (CP), flexible disorder and adaptation

Potyvirus CPs are filamentous particles with helical symmetry made up from the supramolecular
assembly of about 2000 CP subunits >*. According to structural studies, many viral CPs folding
consist in a central globular part with N- and C-ter extended arms, found as flexible and disordered

1% These extended arms have been related to several

at least in the CP monomeric form
functions, such as nucleic acids interactions, regulation and control of virion assembly and
stabilization. In addition to its role in viral genome protection (encapsidation), potyviral CPs also
participate to various non-structural functions such as viral RNA translation, replication and

movement 199'200.
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At the inter-species scale, potyviral CPs are heterogeneous in size (from 270 to 350 residues). But
all species share the same organization, consisting in: i) a highly conserved ordered central core
flanked by a long N-ter IDR, that presents a high intra-species sequence polymorphism, and ii) a
more conserved C-ter domain displaying altered short ordered and disordered segments (Fig. S2H)
201,202 \When assembled, the central globular part of the CP, which is inaccessible to proteolysis,
forms a structural core interacting with the genomic RNA. The CP N-ter part is accessible from the

particle surface as shown by its sensitivity to proteolysis 2**

. In PVA, tritium bombardment gave
evidence that residues 1-15 and 27-50 are exposed to the surface with at least the 8 first residues
being disordered 2**. Depending on the virus species, the 18 to 20 C-ter aa are also exposed to the

203

surface “°. Importantly, intrinsically disorder was experimentally detected in the CP within the

8 The N-ter region is likely to be the main contributor to this observed

assembled particle
intrinsic disorder. The N-terminal part is not structurally essential for the capsid as its deletion has
little effect on the virion morphology 2. This suggests that the structurally flexible N-ter region
could participate to non-structural functions in the viral cycle. The N-ter displays a DAG motif, that
is involved in the aphid-transmission process *°° by mediating the CP interaction with HC-Pro 2%’.
This interaction site co-localizes with an inter-species highly conserved MoRF (Fig. S2H),
supporting plausible induced folding events associated with HC-Pro binding. This N-ter IDR could
behave as an extended arm, that explores a large area (according to the “fly-casting” model) and

208,209

folds as it approaches the actual binding site . Contrarily to the N-ter part, which is always

exposed at the particle surface, the C-ter region surface exposure varies between potyviral species
203,210

. However, in all species, disorder is predicted in this part (Fig. S2H). A conserved MoRF signal

is associated to these IDRs but no interaction was yet reported in this region.

CP, amino acid variability and potyvirus adaptation. In the N-ter region of potyviral CPs, the high

content in conserved disorder is associated with a high amino-acid polymorphism (Fig. S2H). This
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illustrates the relationship between low structural constraints and high variability in disordered
regions. Given its N-ter extreme aa diversity (revealed by its high mean dN/dS value on Fig. S1), CP
is expecting to be a determinant of potyvirus adaptation. Indeed, host-specific determinant motifs

in the CP N-ter region have been reported in Watermelon mosaic virus (WMV) 2.

ELMs in CP. PVA CP is subjected to phosphorylation. This post-translational modification is directly
involved in the RNA-binding regulation, as it reduces the CPs affinity for nucleic acids 2***2. In PPV,
CP phosphorylation and O-GIcNAcylation modifications have also been reported in the N-ter of the

214,215

protein . The CPs phosphorylation state seems to have an enhancing impact on viral infection

13 These phosphorylation sites were detected in most of the species of our dataset (Table S2). A

199 ' As a matter of fact, a high CP accumulation

fine tuning of the CPs pool is required within cells
induces RNA encapsidation, preventing its replication by Nlb. To enable replication, this excess of
CPs is likely to be addressed to ubiquitination-associated degradation, through an interaction with
the chaperones CPIP and HSP70 *®?'%. The ELMs analysis of CP IDRs revealed a well-conserved

USP7-binding motif (Table S2). As discussed in the case of P1, this motif could participate to CP

recognition by a HSP70 dependent ubiquitin-ligase.

Conclusion

Using a proteome dataset representative of the entire Potyvirus genus, we were able to analyze
the proteome intrinsic disorder both at inter- and intra-species scales. Our work revealed that
potyvirus proteomes display a high disorder content. Its maintenance during potyvirus evolution
strongly suggests that functional benefits are associated to this structural feature.

A deeper analysis of disorder conservation indicates that, as previously reported for animal

viruses, many potyvirus cycle steps and evolutive processes potentially benefit from intrinsic
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disorder. This feature could favor potyviral adaptation, as IDRs globally evolve faster than ordered
regions, suggesting that they are more tolerant to mutation than structured domains. Our results
also suggest that intrinsic disorder regulates the polyprotein proteolytic cleavage. Based on their
disorder content and its supposed related functions, potyviral proteins can be mainly classified
into three groups. The first group includes P1, VPg and CP, three highly disordered proteins. They
all contain IDRs displaying a high aa polymorphism, a distinctive feature of flexible disorder. The
functional annotation of these proteins allows to classify them as date hubs, that interact
sequentially with several partners. Moreover, their numerous IDRs display several conserved ELM,
mostly related to post-translational modifications. This illustrates the potential involvement of
intrinsic disorder in host motif mimicry by the virus. The second group, with medium disorder
content, includes HC-Pro, P3, P3N-PIPO and Cl. Most IDRs of these proteins are rather conserved
and belong to the class of constrained disorder. This disorder is especially present in party hubs,
which are proteins involved in several simultaneous interactions, as illustrated by P3 scaffolding
role in the intracellular virus factories. The third group, represented by two enzymes, Nla-Pro and

Nlb, contains a low amount of disorder.

The constant progress in our understanding of potyvirus biology underlines its molecular
complexity, and many key features of the viral cycle remain unknown. We believe that this
proteome-wide analysis of intrinsic disorder provides an alternative way to functionally annotate
potyviral proteins, helping to define new experimental paths for exploring the biology of this

major viral genus.
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FIG 1. Intrinsic disorder conservation in proteome of 10 potyvirus species. A) Phylogenetic tree of potyvirus
polyproteins used in this study. Box plots represent variation of residues frequencies predicted as disordered (PONDR-
VLXT) among each potyvirus polyprotein dataset. Dots represent disorder frequency calculated for each polyprotein of
the dataset used to construct the plot. Tree scale bar correspond to number of substitutions per site. B) Bar charts
representation of mean disordered residues frequency for each potyvirus proteome (BYMV, Bean yellow mosaic virus;
LMV, Lettuce mosaic virus; PPV, Plum pox virus; PRSV, Papaya ringspot virus; PVY, Potato Virus Y; TuMV, Turnijp
mosaic virus; SMV, Soybean mosaic virus; SCMV, Sugarcane mosaic virus; WMV, Watermelon mosaic virus; ZYMV,
Zucchini yellow mosaic virus).
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FIG 2. Conservation of intrinsic disorder amount in potyvirus proteins. A) Box plot representation of mean
variation in disordered residues frequency (predicted with PONDR-VLXT) for each protein per potyvirus species.
Proteins are classified depending on their total disorder content : 0-10% are considered as highly ordered (blue), 11-
30% as moderately disordered (white) and 31-100% as highly disordered (red). B) Bar charts representation of mean
disordered residues frequency for each proteins of each species. (BYMV, Bean yellow mosaic virus; LMV, Lettuce
mosaic virus; PPV, Plum pox virus; PRSV, Papaya ringspot virus; PVY, Potato Virus Y; TUuMV, Turnjp mosaic virus;
SMV, Soybean mosaic virus; SCMV, Sugarcane mosaic virus; WMV, Watermelon mosaic virus; ZYMV, Zucchini mosaic
Virus).
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FIG 3. Evolutive constraints (dN/dS ratio) exerted on intrinsic disordered domains and Ordered
domains of Potyvirus proteins. Box blots are constructed respectively with mean dN/dS data obtained both for
IDRs (red box plot and dots) and ordered domains or OD (blue ones). Dots represent each dN/dS value obtained. Star
represent statistical significance of difference between mean OD and IDR dN/dS (p-value<0.001).
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FIG 4. Disorder status of potyvirus polyproteins cleavage sites regions. A) Potyvirus polyprotein
representation and cleavage sites. Values represent the percentage of disorder conservation at the level of each
cleavage site for the ten potyvirus species. Cyan, light and dark blue arrows indicate sites processed by P1, HC-Pro
and NIa-pro respectively. B) Polyprotein displayed disorder landscape. Disorder conservation scores obtained along
the polyprotein for each species dataset (see Table S1 for sequences accessions). The grey shaded horizontal bar
indicates the 80% cut-off used to define positions where disorder is conserved at the intra-species level. Triangles
indicate cleavage sites that are in predicted disordered (dark ones), and ordered regions (white and dotted ones).
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FIG 5. Conserved IDRs along P1 protein of ten potyvirus. White-to-red gradation bar represent degree of
disorder conservation, from 0% (white) to 100% (dark red). White-to-green bar represent Molecular recognition
features (MoRFs) conservation signal, from 0% (white) to 100% (dark green). Blue-to-yellow bar represents amino
acid polymorphism (AAP). By definition, 0 to 1 represent highly conserved position, 1 to 2 is considered as moderately
conserved and higher than 2 is considered as variable.



