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Are viruses a source of new protein
folds for organisms? – Virosphere
structure space and evolution

Aare Abroi1)� and Julian Gough2)

A crucially important part of the biosphere – the viro-

sphere – is too often overlooked. Inclusion of the viro-

sphere into the global picture of protein structure space

reveals that 63 protein domain superfamilies in viruses

do not have any structural and evolutionary relatives in

modern cellular organisms. More than half of these have

functions which are not virus-specific and thus might be

a source of new folds and functions for cellular life. The

number of viruses on the planet exceeds that of cells by

an order of magnitude and viruses evolve up to six

orders of magnitude faster. As a result, cellular species

are subject to a constitutive ‘flow-through’ of new viral

genetic material. Due to this and the relaxed evolutionary

constraints in viruses, the transfer of domains between

host-to-virus could be a mechanism for accelerated

protein evolution. The virosphere could be an engine for

the genesis of protein structures, and may even have

been so before the last universal common ancestor of

cellular life.
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Introduction

Research from the last two decades has widened our under-
standing of viruses revealing an incredible diversity and abun-
dance. For example there is the discovery of giant viruses like
the mimivirus, isolated from amoeba, which have a genome
larger than some bacteria [1]. The mimivirus’ physical size is
comparable to some small bacteria [1]. Mimiviruses are not
alone – there are the giant close relatives of marseillevirus [2]
and mamavirus [3], both infecting amoeba. The discoveries
mentioned above challenge the clarity of the borders between
viruses and cellular organisms (many aspects currently
reviewed in ref. [4]). Another example of our widening under-
standing is found in the widespread existence of ‘gene transfer
agents’ (GTA)-particles mediating genomic DNA transfer
between cells – and their importance in the bacterial popu-
lation. This further blurs the borders of viruses, in this case
with mobile elements [5]. Also in marine environments,
the abundance and diversity of viruses has been found to
be extremely high (reviewed in refs. [6–8]). In different water
environments the ratio of viral particles to prokaryotes varies
between 5 (in lakes) and 100 (in deep ocean waters) ([9] and
references therein), with 106-109 viral particles per millilitre of
sea water [8]. On average, prokaryotes represent 90% of ocean
biomass and viruses 94% of nucleic acid containing particles
[9]. There are more than 5,000 viral genotypes or species in
100 L of sea water [7]. The sequence diversity and uniqueness
of viral metagenomics data are remarkable – usually about
60% (or more) of DNA reads did not encode proteins that were
significantly similar to known genes (reviewed in ref. [10]).
Both the diversity and abundance of viruses and the discovery
of viruses carrying proteins from photosynthesis complexes
PSII and PSI have led to the acceptance of viruses as an
important and integral part of the biosphere [7, 9, 11–14].
These new discoveries have led to an intensifying discussion
on the positioning of the viruses (and viral genes) relative to
the tree of life (TOL) and what the viruses are and what they
are not ([15] and correspondence [16–21], as well as [22, 23]). In
addition to being an important part of the biosphere in its own
right, the virosphere is also a source of a great deal of new
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knowledge in the general field of molecular biology, as illus-
trated in a recent review by Enquist [24].

Since the estimated number of viral particles exceeds the
number of cells by an order of magnitude, given the infectious
nature of viruses, organisms are subject to a continuous ‘flow-
through’ of viral genetic material [9]. Most likely every human
has personally touched a remarkable abundance and diversity of
viruses. Every person has been, or is, infected with viruses in
more or less pathological or non-pathological ways. Due to the
intensive ‘flow-through’ of genes, even the endogenisation of
non-retroviral (non-reverse-transcribing) RNA virus proteins by
eukaryotes has occurred; this was described for humans and
yeast [25, 26], and recently for many vertebrates [27–29]. Since
there are no DNA intermediates in their replication cycle this
observed integration of genes from RNA viruses appears to be a
very unlikely event, whereas the integration of genes from DNA
viruses would appear more likely and thus is expected to be more
common. Importantly, viruses have much faster evolutionary
rates then their hosts and the sequence similarity may disappear
very quickly (Fig. 1 and [30–32]). Depending on the particular
virus, the evolution of viral coding genes is one to five orders of
magnitude faster than their host, either measuring mutation per
position per replication cycle or substitution per site per year
(Fig. 1, also illustrated in [30–32]). Viruses have been recognised
as horizontal gene transfer (HGT) vesicles in bacterial commun-
ities, however their fast evolving nature is often not taken into
account in estimating their evolutionary role. Differences in
evolutionary rates of viruses and their hosts of five orders of
magnitude (quite a typical situation for ssRNA viruses) can be
illustrated a follows: the sequence space which the average
nuclear gene of vertebrates has been able to sample from the
time of the Cambrian explosion until today, could have been
sampled by a viral gene during the written history of humankind.

It is well known that protein structure is much more con-
served than sequence ([41], quantified in ref. [42]). Thus, the
interference between cellular and viral protein domains should
be studied at a structural level to detect these more distant
evolutionary relationships. The evolution of protein structural
domains has been examined in several excellent studies, how-
ever, viruses are simply excluded from these analyses [43–45],

with the exception of [46]. The exclusion of viruses is a major
oversight as they are an important part of the biosphere and may
contribute to the evolution of protein domains. The extent of the
domain transfer or domain exchange between the virosphere and
cells is an important factor in understanding how viruses have
shaped the evolution of cellular organisms. To help integrate
viruses into the global picture of protein evolution (and species
evolution), we characterised the interference (or overlap) of cel-
lular and virosphere structure space based on common ancestry
using the SUPERFAMILY resource (Box 1) for domains of known
structure in genomes (www.supfam.org, [47, 48]). The inclusion
of viruses into the picture leads to interesting conclusions and
many open questions, as described further in this essay.

There exist protein domains in viruses
which have no common ancestor in
cellular organisms

In this section we are able, via protein structure, to identify
domains in the virosphere which are evolutionarily distinct
from anything seen in cellular life. This shows that viruses
have the capability to generate new protein folds de novo.

The SUPERFAMILY database contains the genomic assign-
ment of SCOP protein domains at the SCOP SF level for all
completely sequenced genomes (Box 1). The SCOP is a hier-
archical classification of protein structural domains and
groups together those domains which have structural, func-
tional and sequence evidence for a common evolutionary
ancestor at the SF level [49]. Although proteins easily diverge
beyond the point where there is any detectable sequence
similarity, the close packing of the side-chains in the buried
core of the 3D structure retains the same recognisable form. To
compare proteins across the full range of evolutionary dis-
tances it is necessary to consider SF domains, the fundamental
units of ancestry. Throughout this paper, we use the terms
fold, SF and family as they are defined in SCOP. In
SUPERFAMILY release 1.73 (based on SCOP 1.73) there are
1,304 cellular genomes: 67 archaea; 903 bacteria; 334 eukar-
yota containing assignments to 1,736 SFs with a significant
E-value. To gain an initial insight we analysed the presence
of different SFs in the three superkingdoms of life (archaea,
bacteria and eukaryota) versus those in the virosphere. We
must note that according to current knowledge the viruses
do not have a common viral Last Universal Common
Ancestor (LUCA) as cellular organisms do and from that
point of view the virosphere is not necessarily a phylogeneti-
cally equivalent classification level (or taxonomic group)
when compared to the three superkingdoms. In the
virosphere we found 560 SFs. All three superkingdoms share
SFs with the virosphere and 30-39% of SFs in different
superkingdoms are shared with viruses (Fig. 2A)a.

Figure 1. The ranges of substitution rates for coding sequences of
viruses with different genomic architectures. Substitution rates are
given as substitutions per site per year on a logarithmic scale. Data
for viruses from Fields Virology [33] with updates from [34–39]. The
red circle indicates the average value for mammalian nuclear coding
sequences [40].

a The primary data used to generate Fig. 2A, B, Fig. 3A, B and the
Supporting Information video are available in public SUPERFAMILY
MySQL database in http://www.supfam.org/SUPERFAMILY/
downloads.html. (However, not in an explicit way). Respective
queries were run in MySQL.
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Although the majority of SFs in the virosphere are also
found in cellular organisms, 63 SFs are not assigned to
any cellular genomes and thus are virosphere-specific SF
(VspSF) (Supporting Information Table 1)b. Therefore,
according to the SCOP definition of a domain SF there
is no evidence that they originate from contemporary
cellular organisms. The ratio of VspSFs to the number of
SFs found in the virosphere is comparable to the ratio
of superkingdom specific SFs in bacteria but lower than
that in eukaryotes (Fig. 2A). However, analysing overlaps
between superkingdoms in more detail, a more complex
picture appears, as shown in the Venn diagram (Fig. 2B).
Only 9% of SFs which are specific to Archaea (within
cellular life) are also found in viruses, compared to 42%
of SFs found in all three superkingdoms (Fig. 2B and
Supporting Information video). We see that the SFs
which are specific to one or two cellular superkingdoms
are far less well represented in viruses than SFs which
are common to all superkingdoms.

In summary, out of the 560 SFs observed in viruses,
a significant number (63) are not observed in any cellular
organism, establishing the existence of virosphere specific
SFs.

The observed virosphere specificity of
protein domains is not an artefact of the
data of our analysis

In this section, we examine historically the effect of increasing
data coverage, showing that our observation will not be over-
turned in the future by our knowledge of protein structure and
genome sequence reaching completeness. We also show that
assignment errors are not critical.

We took the SFs found currently in the virosphere and
tested their virosphere specificity as the number of sequenced
genomes increased. Beginning with an early release of
SUPERFAMILY when there were genomes from 57 species,
we found 134 SFs from the used set of SFs (in
SUPERFAMILY 1.75) found in the virosphere that were not
found in these cellular genomes at that time (Fig. 3A).
An almost ten-fold increase in the number of genomes
up to 2007 reduced the number of VspSF twofold, but most
of this decrease was during the year following our start
point. During recent years (2007-2010) the number of
genomes doubled but only resulted in an �10% decrease
in VspSFs. The increased sequencing of genomes and
the number of VspSFs does not appear to lead to the complete
disappearance of anything specific to the virosphere in the
future. Furthermore, these data were produced on the
current virosphere SFs compared to historical cellular
genomic data, in reality the structural characterisation of
new virosphere proteins will also increase, leading to new
VspSFs over time.

b Supporting Information Table 1 was compiled using public data
from SUPERFAMILY MySQL database, NCBI viral genomes (http://
www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid¼10239)
and ViralZone (www.expasy.ch/viralzone).

Box 1

GTA – gene transfer agent. A virus-like element that
contains random pieces of the host chromosome. They are
encoded by the host genome.
HGT – horizontal gene transfer
LUCA – last universal common ancestor
SCOP – structural classification of proteins. Hierarchical
classification of protein structural domains. Hierarchies
from parent to child: fold class (a,b etc); fold, superfamily,
family. (http://scop.mrc-lmb.cam.ac.uk/scop/index.html).
Superfamily – hierarchical level of SCOP grouping
together with those structural domains which have struc-
tural, functional and sequence evidence for a common
evolutionary ancestor. The highest level of SCOP with a
confidence for evolutionary relationship.
SUPERFAMILY – a resource which uses a library of HMMs
to assign domains of known structure to protein sequen-
ces based on the SCOP classification. The resource pro-
vides assignments to all completely sequenced genomes,
viruses, plasmids, etc. (www. supfam.org).
VspSF – virosphere specific superfamily. Superfamily
found in virosphere and not assigned to (not found in)
any of cellular genomes.
UniProt – The Universal Protein Resource is a compre-
hensive resource for protein sequence and annotation

data. Also called ‘Protein KnowledgeBase’. The UniProt
gives access to all the protein sequences which are avail-
able to the public. This is a redundant database. (www.
uniprot.org).
UniProt viral – viral subset of UniProt (redundant).
NCBI viral genomes – a curated and nonredundant set of
viral genomes (www.ncbi.nlm.nih.gov/genomes/VIRUSES/
viruses.html).
ICTV – International Committee on Taxonomy of Viruses
(http://www.ictvonline.org/).
PfamA and PfamB – a database of protein sequence
families and domains. PfamA entries are high quality, man-
ually curated families. The automatically generated entries
are called PfamB. (http://pfam.sanger.ac.uk/).
SRS – integrated system for molecular biology data
retrieval and applications for data analysis from multiple
databases (http://srs.ebi.ac.uk/).
HMM – Hidden Markov Model. In this context statistical
model representing multiple sequence alignment.
HHSearch – profile-profile comparison software which
can score two HMMs against each other.
PDB – Protein Data Bank – an Information Portal to
Biological Macromolecular Structures (www.pdb.org).
CASP8 – 8th Community Wide Experiment on the Critical
Assessment of Techniques for Protein Structure Prediction
(http://predictioncenter.org/).
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We also examined how sensitive the number of VspSFs is to
the possibility of being found in only one, two or a few cellular
genomes; the possible result of a false assignment, sequence
mis-assembly or very recent integration events. The results
shown in Fig. 3B show that the numbers are not greatly
affected by minor assignment errors.

From the 63 VspSF, 45 SF belong to monofolds (i.e. con-
taining one SF per fold) and thus are also virosphere specific
folds. The majority therefore are not susceptible to mis-classi-
fication or over-conservative classification at the SF level in
SCOP. The classification is very unlikely to be wrong even in
the remaining 18-folds where it is theoretically possible.

We have thus shown that the virosphere specificity is not
an artefact of the database and its limitations.

Virosphere specificity is robust under
the extension to incomplete genomes
and other methods

Our analysis above is based on completely sequenced genomes,
so here we checked for apparently VspSFs in incomplete

genomes, and also checked to see if other methods could
detect them where ours had not. Our initial results were
confirmed.

We ran two tests on the 63 VspSFs: a comparison
to UniProt-15.15 [50] and to the PFAM protein families data-
base (24.0 A and B) [51]. Our analysis above is based
on completely sequenced genomes. UniProt, however, also
contains sequences from organisms which have not been
completely sequenced as well as from mobile parts of
genomes (like plasmids etc.), and therefore provides a further
test of virosphere specificity. Only 2 of the 63 VspSF HMMs
made a significant hit against sequences in UniProt from
a cellular organism. We tested these hits with alternative
methods – I-TASSER and LOMETS (‘Zhang-server’) [52]
(one of the best structure prediction servers according
to CASP8 [53]) – applying, in addition to the HMM score,
many different parameters (see illustrative example on
http://zhanglab.ccmb.med.umich.edu/LOMETS/). However,
no evidence supporting either of the two hits could be
found by any of the structure prediction servers (data not
shown).

To attempt to validate the 63 VspSFs using a more
sensitive independent method, we used a profile-profile
comparison tool HHSearch [54] (HMM versus HMM);
this performs significantly better than the HMMs versus
sequences (used by SUPERFAMILY in the original genome
analysis). We used the HMMs of the VspSFs from
SUPERFAMILY to search against 31,912 PFAM models (A
and B). In most cases the PFAM families with a significant
match to a VspSF in turn are not reported by PFAM
to have members detected in cellular organisms. This
leaves us five SFs having significant hits against five
PFAM families. The I-TASSER and LOMETS analysis and
an examination of sequence annotations did not verify
any of them.

In summary the lack of significant hits between the
SUPERFAMILY VspSF models and Uniprot or the PFAM fam-
ilies containing cellular sequences is strong support that the
63 VspSFs we found are likely to be genuine.

Viruses have had proportionally fewer
of their structures experimentally
determined than cellular organisms

To detect an SF domain there must be a representative that has
had its structure determined experimentally (usually by X-ray
crystallography or NMR). Below we show that the virosphere
structure space is poorly characterised, so there remain more
VspSFs yet to be found.

The coverage of genomes by SUPERFAMILY assignments
can be shown in several ways. Here, we use two of them
to illustrate that viral proteins are much less structurally
characterised than cellular proteins. In Fig. 3Cc the

c Figure 3C was visualized from the data at http://www.supfam.org/
SUPERFAMILY/cgi-bin/gen_list.cgi.

Figure 2. Distribution of SFs found in the virosphere. A: number of
SFs shared by the three superkingdoms and the virosphere
(represented by ‘NCBI viral genomes’ – a curated and nonredundant
set of viral genomes) and the fraction of superkingdom specific SFs.
B: SFs shared by different superkingdoms and the number of SFs
found in the virosphere and respective sets. The bold number out-
side the circles indicates the number of virosphere specific SFs.
1,736 SFs from SCOP 1.73 were found in complete genomes as of
March 2010, altogether 1,304 (874) genomes: 67 (59) archaea; 903
(573) bacteria; 334 (242) eukaryota; the numbers in parentheses
indicate the number of different species, ignoring redundant strains.
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percentage of genes (or proteins) with at least one SF
assignment is plotted against the ‘percentage of total
sequence coverage’ (% of amino acids assigned to SFs).
Of all genomes the viral proteins have the lowest value
in ‘% of genes assigned’ and they also have one of the
lowest values in ‘% of total sequence coverage’. The
values for Uniprot sequences are close to the average over
all genomes, however for the viral sequences in Uniprot

the respective values drop significantly (more than 10%).
Analysis of the distribution of structurally characterised
PfamA domains shared by different superkingdoms also
shows a lack of structural characterisation of virosphere
specific domains. 26% of PfamA families contain a link to
the known structures in Protein Data Bank (PDB) [55].
Of those families found in the genomes �30% of those
in bacteria, eukaryotes and viruses have a link to a PDB
structure (Fig. 4A)d. Looking at the overlap, Fig. 4B
shows that PfamA families present in all three super-
kingdoms are structurally the most characterised with
more than half having a link to a PDB structure. The
kingdom-specific PfamA entries are less characterised
than entries shared by different kingdoms (e.g. 47%
for families in archaea compared to 31% for Archaea
specific families) and the virosphere-specific PfamA
entries are the least well characterised having a drastic
threefold drop from 30% overall to 11% for virosphere
specific families. The quite high number of structurally
characterised archaeal domains, 31.4%, could be the result
of structural genomics initiatives as many of these are
domains of unknown function (DUFs) and the fraction

Figure 3. The number of VspSFs is not overestimated or caused by
database bias. A: The change in the number of VspSFs over time.
The ‘virosphere specificity’ of the SFs found in the virosphere as they
would have been predicted at different time points (or against num-
ber of species in SUPERFAMILY). We calculated from historical data
the number of VspSFs at any given year based on the sequences
which were available at the time. SUPERFAMILY version 1.73 is
used throughout this manuscript, except in this figure: the PDB
entries for SCOP 1.73 were downloaded on 26 Sept 2007 (http://
scop.mrc-lmb.cam.ac.uk/scop/index.html). To extend the curve with
more up-to-date data it was necessary to use data from the recently
updated SUPERFAMILY 1.75. The difference from 2001-2002 is due
to the very limited number of eukaryote genomes available before
2002. The very large increase in the number of different species in
SUPERFAMILY has a minor impact on decreasing the number of
VspSFs. Solving new structures reveals new VspSFs and new cellu-
lar sequences reveal some SFs not to be virosphere specific, how-
ever we are now closer to saturation of cellular sequence space
than viral structure space. B: The strictest requirement for virosphere
specificity of a SF is that it is seen in zero cellular organisms (zero on
x-axis, 63 SFs on y-axis). This graph shows what happens to the
number of SFs (y-axis) if you relax that restriction, allowing a single
(1 on the x-axis) cellular sequence to have the SF, or more (continu-
ing on the x-axis). The criteria may be applied per genome or per
domain, e.g. if one genome has two domains from the given SF, it
counts as plus one for the yellow/purple and plus two for the blue/
cyan. The curves (blue/yellow) are cumulative and the bars (purple/
cyan) show the exact number of SFs with that number of members
in cellular space. C: Viral sequences are strongly under-assigned in
SUPERFAMILY. For each genome in the SUPERFAMILY database
the ‘% of total sequence coverage’ is plotted versus the ‘% of
proteins with assignment’ and coloured according to superkingdom.
The same was done for NCBI viral genomes, Uniprot and a Uniprot
viral subset.

d The data for Fig. 4 were generated via publicly available SRS
search engine (srs.ebi.ac.uk). SRS integrates and combines several
different databases.

....Prospects & Overviews A. Abroi and J. Gough

Bioessays 00: 000–000,� 2011 WILEY Periodicals, Inc. 5

P
ro

b
le

m
s

&
P

a
ra

d
ig

m
s



of Archaea specific families with a link to the PDB was
much lower for the previous release (PfamA 23), 13.7%.
Also, altogether 212 viral genomes (and even two viral
families) do not have any significant assignment in
SUPERFAMILY (Table 1)e.

Together these data indicate that most of the virosphere
proteins are not yet structurally characterised and that viro-
sphere-specific proteins may yield many structures not
yet determined and also possibly not existing in cellular
proteins.

VspSFs are found in all major functional
classes of viruses and most fold classes

Inspection of the distribution of VspSFs across viruses and
across structural fold classes shows that they are widespread,
and not restricted by viral or structural class.

The host range of different viruses varies greatly depend-
ing on the class (i.e. nature and strandedness) of their
genome [56]. Conversely, the major groupings of cellular
hosts are infected by different viral classes, e.g. there are
no dsDNA viruses with a plant host and only a few RNA
viruses infect bacterial hosts (illustrated in www.expasy.org/
viralzone). The evolutionary rates are also different depend-
ing on the class (Fig. 1). Thus, according to these very
deep and principal differences, functional classes of

viruses have to be handled separately. We analysed the
distribution of VspSFs between major functional classes
of viruses. As shown in Table 1, the VspSFs is found in all
major functional classes of viruses. Thus, the VspSFs are not
restricted to specific kinds of genetic material. Not one of
the VspSFs is found in more than one functional class of
viruses, however, 5 VspSFs are found in more than one viral
family (Supporting Information Table 1). The host range of
viruses coding VspSFs is also very broad – prokaryotes as
well as different eukaryotic taxons (yeast, metazoa, plants)
are present (Supporting Information Table 1). The VspSFs
are found in all SCOP structural classes (a, b, etc.) except
the a/b-fold class (Supporting Information Table 1). The
virosphere is not exceptional here as this fold class is also
very rare in other superkingdom-specific SF (Abroi and
Gough, unpublished results). The fold class distribution of
SFs found in the virosphere is essentially the same as in SCOP
or in cellular genomes. The presence of VspSFs is widespread
and general.

Only half of VspSFs have functions related
to viral coat/capsid

Surprisingly, looking at the functions of VspSFs we find that
more than half of the protein domains which are specific to
viruses do not have functions specific to viruses.

The default assumption is that, of course, there must be
VspSFs because they are required for the viral capsid/coat
function that in general is not found in cellular organisms (if
we exclude the retroviral ones [57]). However, only up to half of
VspSFs are capsid/coat proteins. We were conservative in clas-
sifying proteins as non-capsid; we are also counting proteins
related to activities specific to viruses, such as attachment and

Table 1. VspSFs are found in all functional classes of virusesa

No. of viral
families by
ICTV

No. of viral families
at least with one hitb

No. of viral
genomes in
dataset

Capsid/coat
VspSF

Non-capsid
VspSF

Total
VspSF

þssRNA 30 30 663 8 8 16
�ssRNA 8 8 131 6 4 10
dsRNA 9 9 124 4 4 8
dsDNA 27 27 748 8 14 22
ssDNA 7 5c 378 1 1
Retrotranscribing 4 3d 101 3 1 4
Hepatitis delta,

Circular ssRNA

1 1 1 1 1

Satellites 129 1 1
Total 86e 83 2,304 31 32 63

a ‘NCBI viral genomes’ as a source of non-redundant viral genomes was downloaded on Oct. 14, 2009.
b From the 2304 genomes in the dataset, 2092 viral genomes have at least one significant SF assignment. No significant assignment for 212

viral genomes.
c None of the genomes from viral families Anelloviridae and Nanoviridae have assignment (despite of six and seven genomes in our dataset,

respectively).
d Viral family Metaviridae had no genome sequence in database and, thus, has no assignment either.
e In the International Committee on Taxonomy of Viruses (ICTV) taxonomy 87 viral families, Alvernaviridae (also named Dinornaviridae) is

classified as an unassigned ssRNA virus and has no hit in SF.

e Distribution of SUPERFAMILY hits in viral genomes (represented
by ‘NCBI viral genomes’ http://www.ncbi.nlm.nih.gov/genomes/
GenomesHome.cgi?taxid¼10239) in different viral families and
functional classes of viruses according to combined data from
SUPERFAMILY and NCBI Viral Genomes.
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entry, encapsidation, etc. as ‘capsid/coat’ in this context
(Table 1). The other half of VspSFs is related to activities which
are not exclusively specific to viruses. Most of them are related
to nucleic acid metabolism (DNA/RNA binding, transcription,
replication etc.), with only 5 of the 32 VspSFs not being related
to nucleic acid metabolism (Supporting Information Table 1).
Thus, about half of VspSFs have functions related to the cell,
and specifically to nucleic acid metabolism.

Virus-to-host (V2H) and host-to-virus (H2V)
transfers of protein domains

In this section and the following three, we begin to speculate
that the virosphere could be a source of new SFs for cellular
organisms (via V2H transfer), as also hypothesised for viruses
and plasmids [58]. For this to be possible there must be HGT
between viruses and hosts.

Here, by V2H transfer, we mean where the new domain is
fixed and has spread in the population (selected for) rather

than just the integration of viral genetic material into the
host chromosome. V2H transfers have not been very widely
described to date for several reasons: only very recent transfers
from V2H, where DNA sequence similarity is very high, can
easily be detected; the viral-like sequences might be filtered
out from genomic sequences as supposed contamination; the
viral genes or viral protein domains are usually excluded from
the phylogenetic analysis of domains or genes; viruses have
much faster evolutionary rates, so the sequence similarity
between homologous domains in viruses and their host
may disappear very quickly. Nevertheless, there are still sev-
eral examples that illustrate the V2H possibility for dsRNA,
ssDNA and both classes of ssRNA viruses [25–28, 59, 60]. The
extent of the transfer however is hard to estimate for the
reasons described above.

The extensive overlap between the virosphere and cellular
structure space (�500 SF out of 1,736) gives rise to the ques-
tion of the direction of domain transfer, and indeed of the
ancient history of viruses and cellular organisms. The abun-
dance of SFs in the virosphere vs. cellular genomes suggests
the possibility that transfers from V2H can be found in this
dataset. Good candidates for this are the SFs found in many
viral genomes and only a tiny fraction of cellular genomes
(Supporting Information video). Work is in progress to analyse
and find evidence for this. It is believed (but not proven on a
large scale) that there is also much of ‘from host-to-virus
(H2V)’ transfer [15]. It is possible that a continuous exchange
exists in both directions.

When discussing domain transfer from V2H, we must bear
in mind some virology. The host range and tissue tropism
for viruses is defined as a species or tissues where productive
infection takes place, i.e. where new infectious viral particles
are produced. However, viruses can transfer genetic material
in a non-productive way into a much larger number of
species or tissues. As an example of this, the widespread
use of viral vectors for gene targeting based on adenoviruses,
lentiviruses, baculoviruses, vaccinia viruses, etc., should be
noted.

The evolutionary history of viral protein
domains can be elucidated

Here, we discuss the ways in which we can elucidate
the phylogeny, diversity and environmental distribution of
viruses.

As explained in the introduction, structural information is
crucial to understanding V2H and H2V transfers. This may also
be used in the same way to examine the evolutionary history of
viral protein domains within the virosphere, i.e. between
different viral genomes (similarly proposed for structures of
viral capsid/coat proteins by Krupovic et al. [61]). The presence
of domain SFs and their combinations in proteins has suffi-
cient information content to, in the case of some medium
and large viral genomes, determine the existence of certain
branches in the (largely unresolved) phylogeny of viruses, as
demonstrated in cellular organisms [62]. Examining the struc-
tural relatives of viral protein domains not only in the chromo-
somes of cellular and viral genomes, but also in the mobile
parts of the genomes (like plasmids) is important when con-

Figure 4. Virosphere-specific PfamA entries are under-represented
in the PDB. A: Number of PfamA families in superkingdoms and
percentage of PfamA families having a link to the PDB or percentage
of families shared with the virosphere. B: Number of PfamA families
in the respective sets and percentage of PfamA families with a link
to the PDB. A – archaea; B – bacteria; E – eukaryota; V - viruses.
Queries were run via SRS interface (srs.ebi.ac.uk) in March 2010
using PfamA 24.0. If the PfamA family has a link to the PDB it was
counted as a structurally characterised family without taking into
account ‘alignment length’.
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sidering the transfer of viral proteins. The representation of
VspSFs and unique (to viruses) combinations of domains in
environmental sampling sequence sets (meta-genomes) can
be used to describe the viral diversity and ubiquity in these
samples, and may suggest to what extent we have explored
the virosphere via sequencing so far. Answers to all these
questions can be extracted from the assignments in the
SUPERFAMILY database.

What is the origin of virosphere specific
superfamilies?

Above we established the existence of VspSFs. In this section
we examine the possible origins of them, crucial to the ques-
tion of the genetic interaction between the virosphere and
cellular life.

If VspSFs have no cellular structural homologues then
they have no visible cellular ancestry, so where did they come
from? There are multiple potential origins of VspSFs: they may
be ancestral viral SFs (for example some viral capsid proteins);
ancestral cellular proteins borrowed by viruses but later lost
by cells, or the respective taxon died out; or they could be a de
novo viral SF evolved by viruses. The origin of VspSFs may
give us important clues about the evolutionary interaction
between the virosphere and the cellular protein world, with
implications for the non-VspSFs, and possibly some hints
about evolution pre-LUCA.

It has been hypothesised that some type of viral capsid
proteins, like the double-jellyroll of adenoviruses Prd1 and
STIV, are very ancient according to their abundance in differ-
ent types of viruses with respect to the range of their hosts [63].
Also other types of viral capsids are found in viruses infecting
hosts from different domains [64]. Thus, the hypothesis that
some viral lineages and viral capsids precede the LUCA
have some strong support (argued in ref. [56]) and could be
classified as ancient viral SFs.

Since VspSFs may originally be from ancestral cellular
proteins but subsequently have been lost via gene loss or
extinction, the virosphere may be able to work as a buffer
or reservoir for SFs the cells have lost. In this way they could
provide a shortcut in time from ancestral cellular to contem-
porary cellular proteins. The host-to-virus-to-host transfer
loop was also proposed [62] to explain the evolutionary history
of MCM proteins in archaea. The virosphere could be much
more than only a store, as it may also work as a workshop to
evolve the domains (see below).

Could the virosphere be a source
for de novo superfamilies?

Below we propose the hypothesis that due to the vast differ-
ences between viral evolution and cellular evolution since the
LUCA, viruses could be responsible for some of the rare de
novo creations of cellular SFs.

The probability of evolving a new SF de novo is extremely
low, but this probability is much higher in viruses than in

cells. The most important aspect – very fast evolutionary rates
of viruses – has already been mentioned. Viruses, as parasites,
are not concerned with the fate of the cell after the new virus
generation has been produced (especially the lytic viruses).
Viruses can express (even at a high level) genes which are
energetically unfavoured by cells (moderately mis-folded
proteins, or loosely packed proteins) or proteins which are
toxic to the cells. These would be selected against in cellular
evolution (avoiding misfolding is also one of the driving forces
for cellular protein domain evolution [65, 66]). Further evol-
ution of these domains may lead to stable and/or nontoxic
domains. For this reason, in the pathway of domain evolution,
viruses can overcome some barriers that cells cannot. The long
branches on the phylogenetic trees (fast evolution) and
accumulation of insertion/deletion and domain swapping
was also observed in the case of mobile element (including
viruses) encoded MCM proteins [61]. Thus, there is the hypo-
thetical possibility that this gives viruses the ability to develop
new protein SFs and families, acting as an evolutionary engine
and store. Is it possible that viruses are actually beneficial to
cellular life in the long term and that they are the medium
through which life can still make use of the ancient pre-LUCA
mechanisms in which the majority of existing SFs were origin-
ally forged?

Why uncharacterised regions
of the virosphere are crucial for the
understanding of structure space

In this section, we consider the regions of the virosphere that
are yet to have a representative protein structure experimen-
tally determined. These regions are excellent targets for struc-
tural genomics since they would help us to understand the
extent to which nature has explored structure space, and (if
viruses are a source of new protein folds) elucidate the nature
of de novo protein evolution itself.

We showed above that the structural characterisation of
viral sequences has been relatively neglected so far (Fig. 4)
and in the future may lead to the discovery of many new SFs.
They would therefore make good targets for structural
genomics initiatives. A good example here is the structure
of the protein from the archaeal plasmid pT26-2, where all
three domains seem to be new folds [58] (classification from
SCOP and CATH is yet to confirm the statement made by the
authors). Viral metagenomics data and studies of archaeal
viruses show that many genes in the virosphere are not yet
found in databases (reviewed in ref. [10, 67]). The currently
sequenced viruses (viral genomes in the database) are strongly
biased to medically and economically important viruses. The
host genomes that have been sequenced have also been sub-
ject to more or less the same sorts of selection bias. The more
commensal (commensalism is a class of relationship between
two organisms where one organism benefits but the other is
unaffected) or symbiotic viruses have just started to be
sequenced and characterised.

The virosphere structure space may contain structurally
stable but evolutionary not-yet-observed protein folds, also
called the ‘dark matter’ of protein structure space [68]. There is
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a discrete-continuous duality of protein structure space
(recently reviewed by Grishin and coworkers [69]), which is
based on knowledge that the space is largely discrete in the
evolutionary sense, but continuous geometrically. The viruses
help to bridge this duality in at least two ways. First, the viral
structure space may broaden the populated structure space
(e.g. the VspSFs are mostly located in the periphery on the
‘galaxy of folds’ [70], http://toolkit.tuebingen.mpg.de/hhcluster)
and also generate ‘tunnels’ on the ‘valleys’ between folds.
Second, if the folds are islands of stability in an ocean of an
overwhelming majority of unstable conformations, using the
analogy of Lupas and Koretke [71], viruses as fast evolving
parasites help to swim (to evolve) the domains from one island
to another (yet unpopulated) island. Since viruses evolve many
times faster than cellular organisms, their structural character-
isation may give us crucial evidence for helping to quantify the
extent to which nature has explored structure space, one of the
important outstanding questions in molecular biology.

At present the characterised viral structure space is popu-
lated very sparsely and is very biased. Hopefully, a more
complete view of viral structure space will help us to under-
stand the evolution of viral as well as cellular proteins, and
how they affect each other.

Conclusions

To our knowledge this is the first comprehensive characteris-
ation of the overlap of the virosphere and cellular structure
space. We have shown conclusively that there are a significant
number of virosphere specific SFs which have no evolutionary
relative in cellular organisms. We have shown that these
VspSFs are genuine and that there are most likely many more
yet to be discovered; they are present in all major classes of
viruses. These SFs are only present in viruses, which due to
their extreme rate of evolution and lack of constraint, could be a
source of novel protein folds not only for themselves but for
cellular organisms via horizontal transfer. Moreover, only half
of the VspSFs have viral capsid/coat functions with the remain-
ing half having functions relevant to cellular life (mostly nucleic
acid metabolism). A more complete characterisation of viral
structure space should be a priority for experimental determi-
nation to understand de novo fold evolution, very early
evolution and virus to host genetic transfer. Most studies of
molecular evolution deliberately focus exclusively on
cellular life, yet the inclusion of viruses and their protein
domain content is crucial to our understanding of the genesis
of nature.
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