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Sequence analysis reveals a conserved extension
in the capping enzyme of the alphavirus
supergroup, and a homologous domain in
nodaviruses
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Abstract

Background: Members of the alphavirus supergroup include human pathogens such as chikungunya virus, hepatitis
E virus and rubella virus. They encode a capping enzyme with methyltransferase-guanylyltransferase (MTase-GTase)
activity, which is an attractive drug target owing to its unique mechanism. However, its experimental study has proven
very difficult.

Results: We examined over 50 genera of viruses by sequence analyses. Earlier studies showed that the MTase-GTase
contains a “Core” region conserved in sequence. We show that it is followed by a long extension, which we termed
“lceberg” region, whose secondary structure, but not sequence, is strikingly conserved throughout the alphavirus
supergroup. Sequence analyses strongly suggest that the minimal capping domain corresponds to the Core and
Iceberg regions combined, which is supported by earlier experimental data. The Iceberg region contains all known
membrane association sites that contribute to the assembly of viral replication factories. We predict that it may

also contain an overlooked, widely conserved membrane-binding amphipathic helix. Unexpectedly, we detected a
sequence homolog of the alphavirus MTase-GTase in taxa related to nodaviruses and to chronic bee paralysis virus.
The presence of a capping enzyme in nodaviruses is biologically consistent, since they have capped genomes but
replicate in the cytoplasm, where no cellular capping enzyme is present. The putative MTase-GTase domain of
nodaviruses also contains membrane-binding sites that may drive the assembly of viral replication factories, revealing
an unsuspected parallel with the alphavirus supergroup.

Conclusions: Our work will guide the functional analysis of the alphaviral MTase-GTase and the production of domains
for structure determination. The identification of a homologous domain in a simple model system, nodaviruses, which
replicate in numerous eukaryotic cell systems (yeast, flies, worms, mammals, and plants), can further help crack the
function and structure of the enzyme.
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Background

The positive-strand (+ss) RNA viruses, i.e. viruses with a
single-stranded RNA genome of the same polarity as
mRNAs, constitute the large majority of known plant
viruses, and also include major human and animal
pathogens. They can be subdivided into large supergroups
based on the presence of a shared set of domains in
their replication proteins [1,2], such as the picornavirus,
flavivirus, and alphavirus supergroups. +ssRNA viruses
infecting eukaryotes replicate in the cytoplasm of infected
cells in association with membranes [3] and utilize
multiple strategies to express their proteins [4]. In
particular, for many + ssRNA viruses, the viral mRNAs
is capped, allowing efficient translation in eukaryotic
cells [5]. Since cellular mRNA capping enzymes are located
in the nucleus, many viruses that replicate in the cytoplasm
encode their own capping enzymes [5].

The genomes of members of the alphavirus supergroup
are 5’-capped, and the hallmark of this supergroup is the
presence of a unique type of RNA capping enzyme [6,7],
which has combined methyltransferase-guanylyltransferase
(MTase-GTase) activity. The organization of the replicase
proteins of three members of the alphavirus supergroup is
shown in Figure 1A. The MTase-GTase is generally located
upstream of a helicase domain; in alphaviruses, the viral
polyprotein is cleaved, leading to the production of a
shorter protein, nspl, composed in good part of the
MTase-GTase (Figure 1A). The capping enzyme was
initially characterized as a guanine-7-MTase [8-10], and
was thought to be encoded by a domain of ~200 amino
acids (aas) containing 4 universally conserved residues [7],
which we will refer to as the “Core” region. The secondary
structure of the Core region and the location of its
functionally important residues suggested that it could
be structurally related to cellular methyltransferases
with a Rossman fold [11]. The MTase-GTase of the alpha-
virus supergroup uses an atypical pathway for RNA
capping (reviewed in [5]), which makes it an attractive
drug target [12,13]. Cellular cap methyltransferase en-
zymes methylate GTP only after it has been transferred to
the 5" end of the mRNA [5]. In contrast, the alphaviral
MTase-GTase first methylates GTP and only subsequently
transfers it to the 5” end of the viral mRNA [6,14,15].
The MTase-GTase forms a covalent complex with the
product of the methyltransferase reaction, giving a covalent
m’GMP-enzyme adduct with release of pyrophosphate [6].
Prior to MTase-GTase action, the first step of the alphavirus
capping pathway is an RNA triphosphatase reaction, which
is carried out by the viral helicase protein, using the same
NTPase active site that powers the helicase [16-19].

Specific mutations within the Core region of the
MTase-GTase can abolish both the MTase and/or the
GTase activity [11,20,21]. However, the Core region
alone is not sufficient for each enzymatic activity, and
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the minimal region required for activity probably also
encompasses ~200 residues downstream of the Core
region [11,22,21]. Interestingly, Koonin et al. discovered
a region of that length downstream of the Core, the
“Y domain”, conserved in sequence in three genera [23].

Nodaviridae is another family of + ssSRNA viruses that
also replicate in the cytoplasm [24,25] and have a capped
genome [26,27], but the mechanism by which their
genomes are capped is unknown. Members of the
Nodaviridae are known to infect arthropods (genus
Alphanodavirus) or fish (genus Betanodavirus) and have
small bipartite genomes of altogether ~4.5 kb [28]. In the
initial analysis of viral supergroups, they were classified as
distantly related to picornaviruses [2,29]. However, in con-
trast to picornaviruses, which encode a polyprotein cleaved
into several replication proteins, nodaviruses only encode a
single replication protein of ~1000 aas, called protein A
[28]. Protein A (Figure 1B) is organized into an N-terminal
domain (or domains) of unknown function, which is a
candidate for encoding the capping activity [30], and
a C-terminal RNA-dependent RNA polymerase (RARp),
the activity of which has recently been demonstrated [31].

We re-analyzed the sequence properties of the MTase-
GTase of the alphavirus supergroup. We show that it
contains a region conserved in secondary structure,
which we refer to as the “Iceberg region”, downstream of
the Core region. Secondly, by using sensitive homology
detection approaches [32-34], we discovered that the
N-terminal moiety of the nodavirus protein A is homolo-
gous to the alphavirus MTase-GTase.

Results

The Core region of the alphavirus supergroup MTase-GTase
contains 12 conserved predicted secondary elements and 4
conserved residues

We first re-analyzed the MTase-GTase of the alphavirus
supergroup. This supergroup is divided into two groups
on the basis of the sequence similarity of their RdRp and
MTase-GTase [7]: the “alto” group and the “tymo” group
(corresponding to the recently defined order Tymovirales).
The N-terminus of the MTase-GTase (~140-250 aa) is
called the Core region, and is conserved in sequence in
both groups [7]. Figure 2A shows a summary of its pre-
dicted secondary structure and conserved residues. The full
sequence alignments are in Additional file 1: Figures S2
and S3, for the alto and tymo groups, respectively. As
reported previously [11], the Core region is composed of 9
main interspersed, predicted a-helices and -strands, A to
aE and BA to BD, followed by three B-strands, BE to PG
(Figure 2A). Accordingly, the recombinant, purified alpha-
virus MTase-GTase has a mixed a/f secondary structure
[35]. In the Core region of the alphavirus supergroup, four
residues are almost perfectly conserved, indicated by the
four playing card symbols in Figure 2A [7]: a strictly
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Figure 1 Organization of the replicase domains in the viral groups studied. The representation is approximately to scale, and incorporates
the findings made in this study. See graphical legend (top) for abbreviations. Many members of the alphavirus supergroup encode a polyprotein, which
is cleaved into several proteins or expressed as individual proteins, as exemplified by Sindbis virus and brome mosaic virus, respectively. In contrast, the
BaMV replicase is not cleaved. For each virus, only proteins or domains containing a MTase-GTase, a protease, an RdRp, or a triphosphatase are shown.
Membrane association segments (mb) that are predicted herein, rather than experimentally determined, are indicated by “?".

conserved histidine (H#) immediately upstream of oA,
which most probably covalently binds the m’GMP [11,36];
a conserved aspartate (DY) in aC, followed by an arginine
(R#) two aas downstream; and an almost strictly conserved
Y residue (Y#) at the beginning of G, sometimes
substituted by F. The D¥ and R# residues within «C form
the DxxR motif (where x is any residue) [7], thought to be
part of the binding site for the methyl donor substrate,
S-adenosyl-methionine (also called SAM or AdoMet) [11].

In addition, we noticed a charged residue in helix oA
(either R or E, marked by the symbol “A” in Figure 2A) in
position +7 after the initial H4, in most taxa with a few
exceptions (Alphavirus, Rubivirus, Benyvirus, Tetraviridae,
Hepeviridae) (see Additional file 1: Figure S2 and S3). In
beet yellows closterovirus, the epitope 686—692 of the
polyprotein, containing this residue, is exposed to the
surface, suggesting that its conservation stems from
functional, rather than structural, constraints [37]. The
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Figure 2 Organization of the Core region of the MTase-GTase. The representation is approximately to scale. a-helices and (3-strands are
indicated by rectangles and arrows, respectively. The charged residue (RA or EA) in helix aA is located 7aas downstream of the histidine H4, and
the two cysteines (C*) upstream of BC are spaced by 6 aas. Secondary structure elements or positions that are not strictly conserved are indicated
by brackets. Numbering of secondary elements in the noda and chropara groups is as for the alphavirus supergroup. The conserved positions

most striking difference between the alto and tymo
groups is an insertion in the alto group of two predicted
B-strands, BB’ and PB”, each containing a conserved
cysteine (C*), between aC and BC. These cysteines,
generally separated by six residues, are indicated by
asterisks in Figure 2A and Additional file 1: Figure S2.

The Core region of the alphavirus supergroup MTase-GTase
is followed by a long C-terminal extension: the Iceberg
region

Earlier studies reported some conservation in sequence
[23] or secondary structure [38] downstream of the Core
region in a few genera of the alto group. Since secondary
structure is conserved over much greater evolutionary
distances than primary sequence, we re-examined the
predicted secondary structure downstream of the
Core, taking advantage of a recently published software,
PROMALS [39], which displays the secondary structure of
multiply aligned sequences. We discovered that the region

downstream of the Core has a similar secondary structure
in the whole alphavirus supergroup. Figure 3A summa-
rizes its predicted secondary structure in the alto and
tymo groups (the actual alignments for each genus
are in Additional file 1: Figures S2 (alto group) and
S3 (tymo group), after strand BG). In both groups,
this region comprises six to seven predicted p-strands
(BG to BL) followed by four to five a-helices (aF to
af). The most noticeable difference between the two
groups is the insertion, in the alto group, of a helix (aE’)
between PG and PH, and of two strands (BM and
BN) between helices aG and aH (Figure 3A).

The region conserved in secondary structure downstream
of the Core region is longer (~155-260 aa) than the Core
region itself (~140-250 aa). We called it the “Iceberg”
region, akin to the immersed part of an Iceberg,
which is larger than the visible part. We did not call it a
“domain” because it does not appear to form a separate
functional or folding unit (see below).
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Figure 3 The Iceberg region, downstream the MTase-GTase Core in the alphavirus supergroup. A. Consensus secondary structure of the
Iceberg region (which starts after the conserved Y in strand 3G) for the alto and tymo groups. Conventions are the same as in Figure 2. Residues
conserved in each group are indicated. B. Sequence alignment of the region boxed in A, with the ClustalX coloring scheme [96]. The sequences of the
tymo group were aligned to the set alignment of the alto group by using MAFFT with the —add option [94]. Substituted residues Y299 and W222 of
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The Iceberg region of the alto group contains only
three conserved or semi-conserved positions (Figure 3A
and B; see also Additional file 1: Figure S2): H at the end
of strand BG, D/E in the middle of strand BI, and G or
another tiny aa (A or S) in the loop between M and
BN. The Iceberg region of the tymo group contains
five conserved or semi-conserved positions (Figure 3A
and Additional file 1: Figure S3): S/T in strand BI, H
in strand PBJ, Y/F at the end of strand BK, Y/H in
helix aF, and R in helix aG. Of note, the end of the
Iceberg region of Tymoviridae is divergent from that
of other members of the tymo group, with which it has no
sequence or secondary structure similarity after helix aG
(see Additional file 1: Figure S3).

The Iceberg region of the alto and tymo groups have
statistically significant sequence similarity over their first

90 aas (HHalign E-value: 3.3x10°°), confirming that they
are homologous. In particular, a dozen positions are
chemically similar in the Iceberg region of the alto and
tymo groups (indicated by “:” in Figure 3B).

The Iceberg region is essential for capping activity

The Iceberg region is essential for the MTase and GTase
reactions, as can be seen from mutational analyses on
recombinant capping domains (Table 1). In the alto
group, these analyses were made on the protein nsP1 of
the alphaviruses Sindbis virus and Semliki Forest virus
(SFV) [11,22,21], whose Iceberg region extends from aa
250 to approximately aa 406. In the tymo group, analyses
were made on a fragment (aa 1-442) of the replicase of
bamboo mosaic virus (BaMV), comprising the full Iceberg
region (aa 214—406) [20,40].
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Table 1 Published deletions or mutations within the Iceberg region of the MTase-GTase of the alphavirus supergroup

that inhibit its enzymatic activities

Activity compared to wild-type'

Group Genus Species Substitution/Deletion MTase? GTase®
Alto Alphavirus Semliki Forest virus [11,22] K317A 5% 2%
A270-537 <1% <1%
A430-537 <1% <1%
Sindbis virus [21] A287-417 <1% <1%
A442-492 <1% <1%
W222A 5% nd
C234A 28% 15%
W296A 17% nd
Y299A 58% nd
D310A 10% 5%
W312A 37% 18%
Tymo Potexvirus Bamboo mosaic virus [40,20] R316A 51% 19%
Y338A 16% nd
F339A 20% nd
Y340A 23% nd
K344A 14% 14%
W406A 14% 1%
K409A 59% 40%

"In all cases, the mutant proteins were produced in E. coli. Only point substitutions (replacement by alanine) or deletions giving a significant reduction in activity
(<60% of wild type) are shown. MTase: guanine-7-methyltransferase activity; GTase: covalent m’GMP binding activity; nd: not determined.

Internal deletions within the Iceberg region of alpha-
viruses destroyed enzymatic activity (Table 1). In addition,
the most severe substitutions, K317A in SFV nsP1, and
D310A and W406A in BaMV, reduced the MTAse and
GTase activities by >90% (Table 1). These residues are
highlighted in blue in Additional file 1: Figures S2 and S3,
respectively. Several substitutions in the the BaMV Iceberg
region also had drastic effects on the binding of the
AdoMet methyl donor substrate [20]. Another important
piece of evidence comes from a Sindbis virus mutant
resistant to mycophenolic acid and ribavirin. These
compounds lower the intracellular GTP concentration by
inhibiting of the enzyme inosine monophosphate dehydro-
genase, involved in the biosynthesis of GTP. Resistance to
low GTP requires two mutations within Sindbis virus
nsP1, S23N (just before the Core region) and V302M in
the Iceberg region (in blue in Additional file 1: Figure S2)
[41,42]. This strongly suggests that the Iceberg region
(as well as the region upstream of the Core) takes
part in binding the methyl acceptor substrate GTP.

We examined all taxa in the alphavirus supergroup to
determine the boundaries of the minimal MTase-GTase
domain. In alphavirus nsP1, the extension upstream of
the Core region is very short (~37 aa, see Additional file 1:
Figure S2), indicating that the minimal MTase-GTase
domain starts very near the beginning of the Core region.

In tymoviruses, the Iceberg region (aa 233-407) is almost
immediately followed by a long region predicted dis-
ordered and then by a protease domain (not shown).
Therefore, the minimal (smallest possible functional)
MTase-GTase domain must closely correspond to the
combined Core and Iceberg regions. This prediction
is coherent with experimental findings. Catalytic activity is
fully retained by truncated constructs of nsP1 of Sindbis
virus (aa 1-448) [43] and of the BaMV replicase (aa 1-442)
[44], which end only ~30-40 aa downstream of the Iceberg
region. The minimal domain can be decorated with
extensions necessary for catalytic activity. For instance, in
brome mosaic virus, the Iceberg region ends around
aa 424, but the shortest functional domain ends between
aa 480 and 516 [38].

The Iceberg region contains known and predicted
membrane-binding sites

+ssRNA viruses form “viral replication factories”, compart-
ments surrounded by remodeled cellular membranes in
which viral replication takes place [3,45]. In many mem-
bers of the alto group, it is the MTase-GTase domain that
binds membranes and drives their rearrangement to form
such replication factories [46,47]. This has been best
described for the alphavirus SFV and for the bromovirus
brome mosaic virus. SEV nsP1 binds membranes primarily
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through a region centered around oE’ [48,49], which forms
an amphipathic a-helix [50,51], and secondarily through
palmitoylation sites [52,22] located immediately after aH,
in predicted strand p1 (Figure 4). In contrast, in brome
mosaic virus la protein, the main membrane association
segment is an amphipathic a-helix in the middle of aH
(Figure 4) [46,53]. These amphipathic helices are doubly
underlined in Additional file 1: Figure S2.

We searched for other potential membrane-binding,
amphipathic helices in the alto MTase-GTase by using
Amphipaseek [54] and refining its predictions with
Heliquest [55] (see Methods). The amphipathic helices
predicted by Amphipaseek are thickly underlined in
Additional file 1: Figure S2, and their sequence and loca-
tion are in Additional file 1: Table S8A. The experimentally
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proven bromovirus amphipathic helix, located within
aH (underlined in Figure 5) [46,53], is not detected
by Amphipaseek or Heliquest, suggesting that it is of
an unusual type. It is composed of a hydrophobic
segment, followed by a polar segment with a positive
charge. Strikingly, in all members of the alto group, the cor-
responding region also contains a hydrophobic segment
followed by a positively charged segment (indicated below
the alignment in Figure 5, bottom panel). The overall
conservation of these features in the absence of detectable
sequence conservation suggests that physico-chemical
properties, but not the precise sequence, need to be con-
served, owing to a functional or structural constraint.
Therefore, this region of aH merits further study in other
alto taxa, in particular of whether it binds membranes too.
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N X X JO)

N-terminus

¢ C-terminus

Brome mosaic bromovirus
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Proven membrane-binding,
palmitoylation site (alphavirus)

Hydrophobic Polar,

are depicted in helical wheel representation.
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Figure 4 Overview of the membrane-binding regions in the MTase-GTase of the alto group. Known or predicted membrane association
sites are indicated above the C-terminus of the Iceberg region of the alto group, with the same conventions as in Figure 3A. Amphipathic helices

Brome mosaic bromovirus
(aa 416-433)
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amphipathic a-helix (most Altos)
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Grapevine leafroll 3 AMPELO 790 VD|IISPDBMWGLVVAVMAQA - - IKDR- - - -AKS IRSYN - - - F | KASEGS -~ LEFQTVGDCFSNA- - __ -
Tobacco mosaic TOBAMO 441 WDVDKSLLQSLSMEFNMLHTKLAVLK - - - -DDLLUSKE - - -SLESKT T-DEISLAFGNA - “FPSV - KERLLNRKL
Tobacco rattle TOBRA 425 QSVDERBLQLLAQELLVKEQVARPY - - - -MRELREA|L - - -LTETKP I T —_ LIISRKMAKQF ANK | AVGGFVGM - - --VeTLl------
Barley stripe HORDEI 431 VK/IIAPDL/ISKLAVIILYMLREKVYRQR - - - -ENS I IS YF - - - EQEMLHDP “-DELWFVPNTLSSV - - - - - WKNM - - - -RKSLMEWFG - - 504
Soil wheat FURO 427 TKVMDATLIQQIMTTL | VWTELMNQR - - - -QKRVLEKL - - - RMQMKDDV - - AlTF LKMFGKVSY - - -N¥aRrA - - -ERCFANWIS - - 499
Indian peanut clump PECLU 437 LKMDPW I LCKLAMTLLVREEFNREK - -RLSGSEQ! GVFEKEEGSVSL LRTVARWCG - - 509
Potato mop-top POMO 431 EKVDPKLLPMISTTLMY YQE LQKAK - -KSKVKEEL SVVHRVFGRQSL LGVFAKWMQ - - 503
Citrus leprosis C CILE 502 FPIPVRKLQTF VM ATQGLV TMKMLADQYRTR - - - - = = < == o= = oo oo =2 - BSKNG 1 ENVESPD - - - - 561
Negev NEGE 468 DP IEPAELKMLAVCII --CTKSLSTM- - - IADE- - - ESSSEF- - -- - - FRLHIR - 525
Blueberry necrotic BLUNER 453 PNMDPDELLD | CLWRRFFE - - - -QGKTVSSM- - - SSEE - -LNSISSAGVTGF - -WKVFWV - 515
Hibiscus green ringpost ~ HIGRE 507 VRIAPKBMF SECVIECYL IGYEWKYN- - - -ATQCETAV - - - - - - - - -D IDWFRKRSASSG V- RCFSKL - -CDKLASKV--- 570
Gremmeniella XL1 ENDORNA 587 WNMTNAEVRDHCLVAYWS TNRVNES - - - -MRPL 1QQA - - - ERNN - - - DEUTGLWTA - VVKNWGRDFGSHFDPSGSEL 1QTF - - - 658
Nudaurelia beta BETATETRA 874 WTIAEQD | ERLAVS IMERKNVERAY - - - - SEKALMRA - - -QKKCKSA - - - - -~ - --_ ... .. EKQAL PV MRRIANWEQDK 433
Helicoverpa OMEGATETRA 414 WN I SPADLVREVVSLYVLH | |ERRR- - - - AAVAVKTA - - - KDDVFGE P LT ~_KHVLGSCCGLR 471
Sclerotinial. MYCOHEPE 417 WD IPN¥LKRNPVAVAAVRAALVLSAD - - - - IEFCENLA -ND IAPIIR - AALVERLAAT “MPLLPAL - - - 474
Rubella RUBI 376 WKGTCAEEDALCA YVAFRAWQSNAR - - - - LAG IMKGA - - - KRCAADSLSV— --AGWLDEIW- - - - - - DAIKRELGS - - - - - ---VPLAERM- - - 442
Beet necrotic yellow BENY 689 WRLNPQLVPSFAMAVNF YVVNLRGE - - - - LDGMLQKL - - - - - - MKKG | TW- - ADRLKANVS - - - - - - - - - - - AFLRDMVDP I SFL- - - - - WTwWi- - - - “FERRLVDQIFQ 735

aH

Figure 5 Sequences of the C-terminus of the Iceberg region of the alto group, with known and predicted membrane-binding regions.
Sequence alignment of the last two secondary structure elements of the Iceberg region of the alto group. Conventions are the same as in
Figure 3. The penultimate secondary element is aH in all taxa, and the last element is either a B-strand ((31),
other genera (see also Figure 4). The experimentally characterized, amphipathic helix of bromoviruses is doubly underlined. Amphipathic helices
predicted by Heliquest are singly underlined. The sequences of each genus have no significant sequence similarity, and were aligned instead
according to their secondary structure and hydrophobicity, using Promals [39].

al
(actual boundaries vary for each taxon)

in alphaviruses, or an a-helix (al) in

In many taxa of the alto group, Amphipaseek [54]
predicted an amphipathic a-helix in an adjacent region,
within ol. Amphipaseek predictions are underlined in
Additional file 1: Figure S2. They are highly unlikely to be
due to a bias in the software, since al generally has no
detectable sequence similarity even in closely related

taxa (Figure 5). Heliquest also predicted amphipathic
helices in al in many alto taxa, underlined in Figure 5.
In particular, they are confidently predicted (Table 2)
in the genera cucumovirus and idaeovirus (see helical
view in Additional file 1: Figure S9). The cucumovirus
predicted amphipathic helix was reported previously, and

Table 2 Properties of known or selected, predicted membrane-binding, amphipathic a-helices in the MTase-GTase of

the alto group

Genus Species Boundaries’ Predicted Mean Hydrophobic Charge Heliquest Status
(aa) secondary Hydrophobicity moment (2) Discriminating
element(s) (<H>) (<pH>) factor (D)?

Alphavirus Semliki 245-264 of and BH 044 0.28 +2 093 Experimentally proven,
Forest detected by Heliquest

Bromovirus  Brome 392-409 aH 0.54 0.27 +1 0.58 Experimentally proven, but
mosaic not detected by Heliquest

Bromovirus ~ Brome 416-433 al 0.60 0.30 +2 094 Predicted by Heliquest
mosaic

Cucumovirus  Cucumber 446-468 al 0.66 0.54 +3 1.50 Strongly predicted by
mosaic Heliquest

Furovirus Soil-borne 291-312 BG, aF 037 037 +4 167 Strongly predicted by
wheat mosaic and BH Heliquest

Idaeovirus Raspberry 627-646 al 0.7 0.57 +3 1.52 Strongly predicted by
bushy dwarf Heliquest

"Helical wheel representations for these helices are in Additional file 1: Figure S9.

2The Heliquest Discriminating factor D is equal to 0.944 < uH > +0.33z. The helix is predicted as “potential” lipid-binding amphipathic a-helix if 0.68 < D < 1.34, and

as a reliable one if D> 1.34 (see Methods for details).
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mutations designed to disrupt its membrane-binding
or helical character abolished replication [56]. The
bromovirus ol region also contains a predicted membrane-
binding helix (Figures 4 and 5), downstream of the experi-
mentally characterized amphipathic helix within oH. In
summary, there may be at least two regions forming a
membrane-binding, amphipathic helix in the MTase-GTase
of the alto group (see Discussion). Known and predicted
membrane-binding sites are summarized in Figure 1A.

In the tymo group, segment ol of the Iceberg region
may also contain a membrane-binding amphipathic
helix, according to Amphipaseek predictions (underlined
in Additional file 1: Figure S3), most of which are
supported by Heliquest (Additional file 1: Table S8B; see
helical wheel views in Additional file 1: Figure S9). In
particular, in the model species BaMV, a region within
al is strongly predicted by Heliquest (aa 358-379,
Additional file 1: Figure S9). The only known substi-
tution within this helix, W377A, had no effect on the
MTase or GTase activity [20,40]. Note that despite their
similar name and location, there is no evidence that helices
al are structurally analogous in the tymo and alto groups,
in the absence of detectable sequence similarity.

The replicases of recently discovered viruses related to
Nodaviridae cluster in three groups: the noda, chropara,
and santeuil groups

Nodaviridae have capped genomes but replicate in the
cytoplasm, and therefore most probably encode a
capping enzyme (see Background). An earlier study
suggested that the N-terminus of the Nodaviridae replic-
ase, upstream of the RARp domain, was a candidate for
encoding a capping activity, but could detect no significant
similarity to known enzymes [30]. In recent years, new virus
species encoding replicases related to Nodaviridae have
been discovered. Their replicase clustered phylogenetically
into three main groups:

1) a “noda” group, containing Nodaviridae (known to
infect fish and insects), and two unclassified viruses
of oomycetes, Sclerophthora macrospora virus A
[57] and Plasmopara halstedii virus A [58]. In
addition, we included in our analysis a metagenomics
sequence from “betegovirus SF”, identified in waste
water (Additional file 1: Table S1).

a “chropara” group, composed of chronic bee
paralysis virus [59], anopheline-associated C virus
[60], both members of the proposed genus
Chroparavirus (P. Blanchard, personal
communication), and of the unclassified Lake Sinai
virus 1 and 2 [61], which infect insects;

a “santeuil” group composed of the unclassified
Santeuil nodavirus, Orsay virus, and Le Blanc
nodavirus, which infect nematodes [62,63].

2

~

3

=
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The genomes of Sclerophthora macrospora virus A
and of chronic bee paralysis virus are capped [57,59],
like that of Nodaviridae, but the capping status of the
other species is unknown.

The replicase of the noda and chropara groups contains

a putative MTase-GTase homologous to that of the
alphavirus supergroup

We recently reported that the N-terminus of the replicase
of the chropara group, upstream of the RdRp, was
homologous to the Core region of the alphavirus
MTase-GTase [33]. Since the RdRp domain of the
noda and chropara groups are related [59], we exam-
ined the region of protein A upstream of the RdRp
domain (aa 1-460 in Nodamura virus protein A).
HHpred detected as first hit the PFAM family
Vmethyltransf, corresponding to the MTase-GTase of
the alphavirus supergroup, with marginal significance
(E=0.007). To validate this hit, we collected homologs of
the N-terminus of protein A using iterative sequence
searches (see Methods) and compared their alignment
with that of the PFAM family Vmethyltransf. HHalign
reported a significant similarity (E=7x10"%), confirming
that they are homologous. Thus, the replicases of the
noda and chropara groups both contain a putative
MTase-GTase related to that of alphaviruses. In both
groups, we called the region having sequence similarity
with the alphavirus enzyme the “Core” region, by analogy.
In contrast, the santeuil group contained no detectable
homolog of the alphavirus MTAse-GTase.

Sequence features conserved in homologs of the
alphavirus MTase-GTase
The high sensitivity of HHpred is due to the fact that it
scores not only sequence similarity but also secondary
structure similarity, better conserved over large evolu-
tionary distances [64]. Consequently, the most distant
homologs detected by HHpred often have few sequence
motifs conserved. In particular, the sequences of the
alphavirus MTase-GTase and of its Nodavirus homolog
cannot be reliably aligned beyond a few conserved residues,
discussed below. However, for information, we present in
Additional file 1: Figure S6 an alignment of their Core
region, displaying their predicted secondary structure. This
alignment should be taken only as a very rough guide.
Figure 2B shows a summary of the predicted secondary
structure and conserved residues of the Core region of the
noda and chropara groups; positions conserved in both
groups but absent in the alphavirus supergroup are in
italics. The full sequence alignments are in Additional file 1:
Figures S4 and S5 for the noda and chropara groups,
respectively. The consensus secondary structure of the
noda and chropara Core region (Figure 2B) is similar to
that of the alto and tymo groups; the most noticeable
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difference is the absence of predicted helix aE in the noda
and chropara groups (compare Figure 2A and B).

There is only one residue strictly conserved in the
putative MTase-GTase of all groups: the N-terminal
histidine (H#) that is thought to be the covalent binding site
for the m’GMP intermediate in the alphavirus supergroup
(Figures 2 and 6). However, three other residues may be
structurally or functionally equivalent in all groups: i) an
arginine 7 aa downstream of Ha, strictly conserved in the
noda and chropara groups (R114" in Nodamura virus),
may be analogous to the charged residue R" or E* of the
alphavirus supergroup; ii) an aspartate conserved in helix
aC of the noda group (D¥155 in Nodamura virus) may cor-
respond to the D¥ of the alphavirus DxxR muotif involved
in SAM-binding. This aspartate is boxed with a dashed line
in Figure 6. iii) a conserved aromatic position (W/Y/F¢) in
strand PG of the noda and chropara groups (W229 in
Nodamura virus) is consistently aligned, both by Psi-Coffee
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and HHalign, with the conserved Y¢ of the alphavirus
supergroup.

The putative MTase-GTase of the chropara group has
noticeable similarities with its homologs from the noda
and alto groups

As discussed above, there are few sequence motifs
conserved between the putative MTase-GTase of the noda
group and that of the alphavirus supergroup. In contrast,
the chropara group presents noticeable similarities with
both the noda and alto groups.

Figure 6 presents an alignment of the Core region of
the noda and chropara groups (top and bottom panels,
respectively). The most striking difference between them
is a ~15aa insertion between aC and BC in the chropara
group, which contains two conserved cysteines, spaced
by 6 aa, marked by “ * “. In total, 6 residues are strictly
conserved in both groups, boxed in Figure 6. In addition,

Noda group
Nodamura 105 N PARQSP - -AEAASHQHYAA - - - - -ADILVRAATED|- - - - - - --------- 163
Macrobrachium Rosenbergii 106 N P-H TVD-EQLASHRHYAV - - - - -NDILHRASADD - - - - - - - - - - - = - - - 165
Flock House 91 N NPNPNSS - —T.LRKHF --------------- 149
Striped jack nervous necrosis 74 PSPREK - -EYHGSRQFYSL - - - - -ADFRQD¥RRD - - - - - - --------- 132
Bat guano GF4n 93 DRP - - -RSRGQRLYYQP - - - - -RDYCLEARNC - - - - - - - - - - - - - -~ 150
Alphanoda HB2007 82 KRB - - -KYDGCRYNFMQ- - - - -RDYDKEFRDD - - - - - - - - - - - - - - - 139
Pariacoto 96 NHB | - - -ERGNRYFXFA- - - - -BDLT IPYRND - - - - - - --------- 153
Pieris rapae 144 KRDF - - -CDGNRFFYCP - - - - -KDFGMQFRND - - - - - - - - - - - - - - - 201
Tetnovirus 1 175 A---TLGFNLVYNY- - - - -RDIIERLLRGD - - - - - ---------- 232
Tetnovirus 2 63 PNESLLADASTRYHYWA - - - - -RDILMVAESNH - - - - - - - - - - - ---- 123
Sclerophthora macrospora A 69 RSPQRKDMKGSRQWYWT - - - - -KDVNAANRND - - - - - - - - - - - - - - - 129
Betegovirus SF 113 AADQRHSKRGNRTNFWS - - - - -KDVHVKPSNE - - - - - - - -------- 173
Plasmopara Halstedii A 66 NSDL RN.RS AREWYWM - - - - -KDAYVQPKILF - - - - - - - - - o - o o - - 126
* *
Chropara group C C
Chronic bee paralysis 156 ABLKHLENPCIDS RDAKNPEPPFSS RIE P 234
Anopheline-associated C 156 VQLKHVENPVLDSAD: RRAKADECPFDT VGQKCP 234
Lake Sinai 1 191 R R IHRCSP MDIS PEATHH- - -GVL RQPSACR 266
Lake Sinai 2 190 R RLHRCSPVVMDGAFVPEYDQR - - -EFSACRRHPSVCP 265
—
—)
aA BA aB [aC] variable
BC ab’ aD BD BD’ BE BF
Noda group
Nodamura 164 K QD.D T-NNQVTED 231
Macrobrachium Rosenbergii 166 AVKENA S - DNQVD 233
Flock House 150 TPAEDA K-NNLVENK 217
Striped jack nervous necrosis 133 E T-DDHVH 199
Bat guano GF4n 151 D! S -BNRVK 217
Alphanoda HB2007 140 P E-NDH IV 206
Pariacoto 154 P N-DDRVF 220
Pieris rapae 202 P E -NNE IV 268
Tetnovirus 1 233 V. DKHSQVH 300
Tetnovirus 2 124 P E -NGQF L 190
Sclerophthora macrospora A 130 RP: EADGSLR| 199
Betegovirus SF 174 KPNPED| DAD! N 242
Plasmopara Halstedii A 127 S-SSS NSNNEV | 195
h
Chropara group R H h
Chronic bee paralysis 235 S P CHS| TKK -GD! M 302
Anopheline-associated C 235 Q| P CHS TADSK AVE -GPYVKI 304
Lake Sinai 1 267 D PA SHA| LAPDS RVA-N TS P 335
Lake Sinai 2 266 D PA SHV| SSIDT RSA - TA P 334
— —
BC aD gD variable BE [BF] BG

Figure 6 Comparison between the MTase-GTase Core of the noda and chropara groups. Conventions are the same as in Figures 2 and 3.
Numbering of secondary elements is as for the alphavirus supergroup, and by analogy, the Core region ends at the position W/Y/F# in strand 3G.
The sequences of the chropara group were aligned to the set alignment of the noda group by using MAFFT with the —add option [94]. Conserved
cysteines in the chropara group, which may be equivalent to those of the alto group, are indicated by an asterisk. The putative equivalent of the
conserved D¥ of the alphavirus supergroup is boxed with a dashed line.
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the Core region of both groups has three strictly
conserved residues that lack an equivalent in the
alphavirus supergroup (in italics in Figures 2 and 6):
a DxY motif, where x is any residue, between pC and aD’;
and a glycine (G) between BF and PG (respectively D177,
Y179, and G226 in Nodamura virus).

We also noticed striking similarities between the Core
regions of the chropara and alto groups (Figure 7;
see also Figure 2), restricted to their N-terminal half.
They both contain an HxC motif, where x is any aa.
The histidine in this motif is indicated by “#” in Figure 7
(H#81 in Sindbis virus nsP1 and H#201 in the CBPV
replicase). In most members of the alto and chropara
groups, it is followed by a cysteine in position +2,
indicated by “ ° 7 in Figure 7. In both groups, the
Core region also contains the pair of conserved cysteines
mentioned above, indicated by “ * ”. These residues are
functionally important in the alto group. In tomato
mosaic tobamovirus, the cysteine pair (C*179 and
C*186) formed disulfide bridges [65]. (In the closely
related tobacco mosaic virus, cysteine 186 is substituted
by a methionine in a few strains, including that pre-
sented in Figure 7). In the same virus, substitution of
either of the three conserved cysteines by a serine
strongly decreased membrane association, GTase ac-
tivity, and viral replication [65]. In Sindbis virus, the
mutation H#81A rendered the MTase inactive and
was lethal for the virus [21]. Finally, in the bromo-
viruses brome mosaic virus and alfalfa mosaic virus,
substitutions of the paired cysteines by a serine or
alanine strongly decreased or abolished viral replica-
tion [66,67].

The putative MTase-GTAse of Nodaviruses is involved in
replication and self-interaction of the replicase

The capping activity of the nodavirus homolog of the
MTase-GTase has not been demonstrated, but mutational
data show its involvement in replication and self-interaction
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of protein A. Several residues of the Core region of protein
A have been substituted experimentally in Flock House
virus [68], in strands BF and pG. In particular, substitution
of the aromatic position Y/F/W4, the probable equivalent
of the alphavirus Y¢ (We215A, in bold in Figure 6)
abolished viral replication but not self-interaction of
protein A; and substitution of a nearby tryptophan
conserved in the noda group (W220A) abolished both
self-interaction of protein A and viral replication [68].
These residues are highlighted in blue in Additional file 1:
Figure S4.

The putative MTase-GTase of nodaviruses has a
C-terminal extension reminiscent of the Iceberg region of
the alphavirus supergroup

In the noda and chropara groups, the Core region is
followed by a C-terminal extension with a comparable
predicted secondary structure (Figure 8; see also
Additional file 1: Figures S4 and S5). This extension
contains eight predicted -strands (BH to pM), interspersed
by two or three o-helices (aF to aG’). In the chropara
group, it is immediately followed by a region predicted dis-
ordered, suggesting that the minimal capping domain is
formed by the combination of the Core region and of this
C-terminal extension, as in the alphavirus supergroup. The
C-terminal extensions of the noda and chropara groups
have no detectable sequence similarity to each other or to
the Iceberg region. Nevertheless, their similar location and
secondary structure (compare Figure 3A and Figure 8)
suggest that they might be homologous but have diverged
beyond recognition.

Substitutions within the C-terminal extension indi-
cate its functional importance: in Flock House virus,
the substitutions W222A and S231A abolished both
self-interaction of protein A and viral replication,
whereas E227A abolished only viral replication [68].
These residues are highlighted in blue in Additional file 1:
Figure S4.

aA [aC]
Alto group
ALPHA Sindbis 39 HANARAFSHLASKL IELE NLHEK IKDLRTVLDTPDAETPS
HEPE Hepatitis E 65 HPIQRV | HNELEL.CRAV
PISCIHEPE Cuthroat trout 67 ALAK.V TVLEGQLKNAS
MYCOHEPE Sclerotinia L RNA associated 120 P-QAA HALELL.NALVV - IGPSlSS IRNL AMLS - RHK[|L DE - RE -
BROMO Brome mosaic 80 HSLAGALRVAEHYDCLDSFP - HEERMCR - MRKI LQE - SD -
OLEA Olive latent 2 75 ¥ TRWAI AQCG - IFGGNWF L | JAHQTRRE LN - MESYLRTHGP -
ILAR Tobacco streak 97 HS FAAAHRVCE TLN INNRFK T LGGNNVT| A I 1S - LAASVENR -
CLOSTERO  Citrus tristeza 91 ENHLVRKHA- - VGGCP L F|
CRINI Lettuce infectious yellows 92 | | - AGGDVVS[ILR - - - - - - SK - NHNVH |G PRLDLKBAARH | QRATV - IDGL - - - - -
AMPELO Grapevine leafroll 3 487 FNGIFSRRC-G R INEILF - LS TAGEDS Y- -
TOBAMO Tobacco mosaic 81 |HSLAGGLRSLE LENL HEGQKDS - IELMLSRLERG -
TOBRA Tobacco rattle 95 [HGFAAAERKLQAL LLLDRVPA- - E ISRQ| F - LTAIGDQARSGKRQMS - - - - - - - ENELWM- - - - YDQF - -
FURO Soil-bome wheat 91 [HS FAAASRK IE TDLLLSRIIPK AR TVRWAS - IEKNLDEKEE | PPE IGER | KRLQADEDR | YANLKSEK - -
HORDEI Barley stripe mosaic 90 [HSMAACFRIF LE TENL LOMVPM. LE TRMMA - MOKYMRGSKDKPLRLLSRYQN | LREQAART TAFMAGE - -
OMEGATETRA  Helicoverpa armigerastunt 61 |HP | L AGHBRVAEE VLHNF AR - H | TALES - RSVATERPEF - - - - <<=« oo mm e oo m oo e KADAS - -
ENDORNA  Gremmeniella XL1 266 | MHHANRL ML TEMLASRHPR - - HTLWVKK - ATQWAHANLKNKS V - -
BETATETRA  Nudaurelia beta 54 i1 KL AIDLRVAEKDLRRHVK - - - - - - - - - - - NVPTVL| HNK | GYE - AHYDR - - -K |
CILE Gitrus leprosis. 165 |HNNAAALRRVLR FFMRDKVG YRKDDD | B~ DGYHVKNK| - LERLKKY- IYSIVCFTSK—
NEGE Negev 138 Fwi LIERKMLRQAGl TPGS'RPAKGVDAV‘K VGGNFVTILN rrrrrr RG-ECYI MPLLSNNBDKRHS AYKER - ELRRMS THK - - -
i 4 v : . A
Chropara group
CHROPARA  CBPV 158 [flLR1 ARERRFIERACGE VEQQ IBVRE PCIBESBIEDAKNBER - - - - - - - - - - oo oo e e
AAVC 158 HLR QAVFE VFDD- - - - - IKLRFI NPVLI I LRRAKADEC - - Gal
SINAI Lake Sinail 193 HSELNF: LDQLLR- - - YFHGVRF IS ASGRW- PVVMDGSFVPEATHH- - - -- R
Lake Sinai2 192 [HSCLNE: NAIDQLLR- - FRCERSVASSQGRW- PVVMDGAFVPE YDQR- - - R PORE 268
e RS
aA BA [aC] variable (a or B)

Figure 7 Parallel between the MTase-GTase of the alto and chropara groups. Conventions are the same as in Figures 2, 3 and 6. The
sequences of the chropara group were aligned to the set alignment of the alto group by using MAFFT with the —add option [94].
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Figure 8 C-terminal extension (Iceberg) of the Core MTase-GTase in the noda and chropara groups. Conventions are the same as in
Figures 2 and 3. The C-terminal extension starts after the conserved position W/Y/F# in strand BG.
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Membrane association of the putative MTAse-GTase of
the Noda and chropara groups differs from that of the
alphavirus supergroup

The putative capping domain of the noda group associates
with membranes, like that of the alphavirus supergroup
[69-72], but by different mechanisms. In many species,
membrane association is mediated by a segment up-
stream of the Core region, and sometimes by an add-
itional segment in the Iceberg region or immediately
downstream. Additional file 1: Table S8C and S8D
present, respectively, membrane-binding amphipathic
a-helices and transmembrane segments predicted in
the noda and chropara groups. Additional file 1: Figure S9
presents helical wheel views of predicted amphipathic
helices. Figure 1B summarizes membrane-binding seg-
ments in each group.

In the noda group, the mode of membrane association
seems taxon-specific. It can occur through an N-terminal
segment, which forms a transmembrane helix in a few
species (e.g. in Flock House virus, aa 15-36 of protein A
[71]), but an amphipathic helix in others, according to our
predictions. For instance, aa 16-33 of Nodamura virus
protein A [73,74] and aa 16-42 of Wuhan nodavirus
protein A, which are part of the membrane association
region, are predicted to form an amphipathic helix. In
other taxa, different segments contribute instead to
membrane association and mitochondrial targeting, such
as region aD’-BE in Wuhan nodavirus, containing the
DxY motif [72,74], and a genus-specific insertion between
BH and PI in the Iceberg region of betanodaviruses
[69,70]. The authors hypothesized that some of these
regions span the membrane, but they are much more
likely to be monotopically membrane-associated instead,
since the different regions of the MTase-GTase, as well as
the downstream RdRp, need to be placed on the same side
of the membrane.

In contrast, all members of the chropara group have the
same predicted mode of membrane association, which
occurs through two regions: 1) a predicted transmem-
brane segment upstream of the Core region (underlined
in Additional file 1: Figure S5), and 2) a predicted amphi-
pathic, membrane-binding helix in of (thickly underlined
in Additional file 1: Figure S5), immediately downstream
of the Iceberg region, partially overlapping a short,
conserved region specific to the chropara group.

Discussion

The alphavirus supergroup contains over a dozen human
pathogens. The MTase-GTase is an attractive drug target
because it has a different mechanism from that of
cellular enzymes [13,75], yet its membrane association
and the lack of clear domain boundaries make it a
difficult protein to work with. In addition, the lack of
a 3D structure impedes the rational design of antiviral
drugs. After the initial description of the Core region of the
MTase-GTase [7], two studies identified a C-terminal
extension conserved in sequence [23] or in secondary
structure [38] in a few genera. We extend these re-
sults to the whole alphavirus supergroup and present
precise boundaries that should guide the production
of recombinant domains. We also describe previously
overlooked features and conserved residues that will
guide biochemical studies.

Most studies of the MTase-GTase have been carried
out on two alphaviruses, Sindbis virus and SFV.
However, our analysis shows that their MTase-GTase
is divergent in sequence from that of the other members
of the alto group and may thus not be a good representa-
tive. For instance, the MTase-GTase of alphaviruses does
not encode the conserved residues R*, C° or the H in
position +2 of Y# (see Figure 3B and Figure 7); and it
has three predicted p-strands instead of helix al.
Thus, additional model viruses are probably required
for the alto group.

We also show that the Nodaviridae and related taxa
contain a predicted MTase-GTase homologous to that of
the alphavirus supergroup. This discovery will increase
the chances of structure determination, which strongly
depends on the number of homologs tested [76]. It
will also facilitate the study of capping and of viral
replication factories, because Nodaviridae are a simple,
highly valuable model system of RNA virus replication.
Indeed, their replication requires only one viral protein,
protein A, and can take place in many types of eukaryotic
cells, including those of yeast, flies, worms, mammals, and
even plants [25].

The phylogenetic affinities of Nodaviridae, an open
question

The catalytic domain of viral RdRps is traditionally used
to cluster + ssSRNA viruses, since it is the only protein
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that they all share. Three main supergroups have been
defined on the basis of the RdRp phylogeny [77]: the
picornavirus-like, alphavirus-like, and the tombusvirus/
flavivirus -like supergroups. Earlier studies clustered
Nodaviridae with the picornavirus supergroup on the
basis of their RdRp phylogeny [29,77]. However, the
classification was presented as tentative, and nodaviral
genomes have none of the hallmarks of the picornavirus
supergroup [29]. Our findings further question this affinity,
since members of the picornavirus supergroup do not
encode an MTase-GTase [29]. In fact, our homology
searches indicated a close similarity between the RdRp of
the Noda and Chropara groups, while the RdRp of the
Chropara group also had close similarity with that of
Tombusviruses, as reported previously [60]. Thus, given
the discrepant affinities of their putative MTase-GTase and
RdRP, it is conceivable that the noda and chropara groups
form a “nodavirus supergroup”. However, to obtain a reli-
able placement of the nodaviral RdRp, we will prob-
ably have to wait for more powerful sequence-based
phylogeny approaches [78], or for the resolution of
its 3D structure, to which novel structure-based phylo-
genetic approaches could be applied (e.g. [79,80]).

Self-interaction, membrane association and membrane
remodeling by the MTase-GTase domain
The MTase-GTase of the alphavirus supergroup and noda
group has many functions besides capping, including self-
association and membrane remodeling. In both cases, there
is good evidence that it forms homodimers and probably
higher multimers. In particular, the capping domain of
the brome mosaic virus la protein forms multimers
[38,81], although the site(s) of self-interaction have
not been mapped so far. Likewise, the capping domain of
Nodaviridae protein A self-interacts, perhaps through
several independent regions, as suggested by deletion ana-
lyses in Wuhan Nodavirus [74] and Flock house virus
[68]. Since the alphavirus and nodavirus capping domains
must have a similar structure, as indicated by the current
work, they may use similar interfaces to form multimers.
Multimerization of the capping domain appears essen-
tial, but not sufficient for the formation of the mem-
brane structures that surround viral replication factories
[81]. Intriguingly, these replication-induced membrane
structures are closely similar in the alphavirus super-
group and in nodaviruses. They consist of “spher-
ules”, round or bulb-shaped membrane invaginations
(diameter 50—80 nm), connected to the cytoplasm by
a narrow neck structure [82,83]. In an infected cell,
there are thousands of spherules engaged in RNA
synthesis, each containing an RNA template and several
replication proteins. The viral proteins, including the
capping domain, are essential for the formation of the
spherule structures, but the mechanisms of membrane
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remodeling are still poorly understood, and several models
have been proposed [84].

Membrane association of the replicase occurs mainly
through the capping domain in at least two genera of the
alto group. In alphavirus, the known membrane binding
sites are an amphipathic helix in oF’ and a palmitoylation
site downstream of aH. In bromovirus, membrane binding
occurs via an amphipathic helix in aH (Figure 4). These
sites are essential for virus replication and the formation of
spherule structures [46,47]. We predict that many taxa
could also encode a second, overlooked membrane-binding
amphipathic helix in the al region (Figures 4 and 5). In par-
ticular, bromoviruses are predicted to encode this second
amphipathic helix (aa 416-433), in addition to the known
one in aH (Figure 5). This is coherent with earlier observa-
tions that aa 388-422, which partially overlap with the
second amphipathic helix, also contribute to membrane
association of the bromovirus replicase [46]. Mutational
data in a cucumovirus (closely related to bromovirus) also
support the functional importance of the second helix [56].

Limitations of our study
Our predictions of membrane-binding, amphipathic
a-helices should be taken only as models to guide experi-
ments, since predictors still suffer from a low sensitivity.
For instance, they did not detect experimentally determined
amphipathic helices of SFV and brome mosaic virus.
Nevertheless, the potential amphipathic helix wihin ol
in the alto group has strong support, since: 1) it is
predicted by two programs relying on different methods,
one of which, Amphipaseek, has very high specificity
(above 95% [54]); 2) it is predicted in numerous taxa des-
pite the lack of detectable sequence conservation, which
seems to exclude a systematic bias in the software.
Another limitation is that we could not identify a known
triphosphatase in genomes of the noda and chropara
groups. Their genomes are unlikely to harbor a novel,
conserved triphosphatase domain, since we found no
region with conserved secondary structure outside of the
MTase-GTase or RdRp domains. Therefore, these viruses
probably use a different mechanism from that of the
alphavirus supergroup. For instance, they may not require
a triphosphatase, or may have evolved a triphosphatase
activity de novo within the MTase-GTase or RARp domain.
Figure 1 presents a summary of the organization of the
replicase proteins in the groups studied herein (alto, tymo,
noda, chropara, and santeuil), showing the MTase-GTase,
RdRp and helicase domain, when present.

Conclusion

Extending the reach of sequence-based homology
detection

In conclusion, we have benefited from two major advances
in sequence analysis programs, namely the incorporation
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of predicted secondary structure in homology detection
software (HHpred [85]) and in multiple sequence
alignment software (Promals [39]). These advances consid-
erably extend the reach of sequence-based homology detec-
tion because secondary structure is conserved over
considerable evolutionary distances, just as tertiary struc-
ture, and can be reasonably well predicted from sequence.
For instance, the homology between the alphavirus and
nodavirus MTase-GTase is detectable despite the fact that
they have only 1 strictly conserved residue out of 300!
Thus, sequence-based methods can play a renewed role in
“unifying the viral universe” [86], along with methods based
on comparing experimentally determined 3D structures.
Such efforts would greatly benefit from software that could
allow the simultaneous visualization on multiple align-
ments of additional predicted sequence features such
as disordered regions, tm segments [87], coiled-coils,
and low-complexity segments.

Methods

Homology searches

The accession numbers of the sequences used in this
study, and the abbreviations of species names, are in
Additional file 1: Table S1. To identify protein homologs,
we used the following programs, based on sequence
profile comparison, with an E-value cutoff of 1072
HHpred [64], FFAS [88], HHblits [89] and Csi-blast
[90,91] (5 iterations against the non-redundant NCBI
database nr70). To determine whether two sets of
homologous proteins were themselves homologous, we
compared their Multiple Sequence Alignments (MSAs)
using HHalign [92], with a cutoff E-value of 107°.

Multiple sequence alignment (MSA)

When presenting large sequence alignments, we tried to
balance clarity of representation with comprehensiveness.
Therefore, in the main figures, we present only alignments
of selected representatives. In Additional file 1: Figures S2
to S6, we provide more comprehensive alignments, which
include one representative of each genus and display their
predicted secondary structure. Additional file 1: File S7
contains the corresponding alignments in text format.

We used Psi-Coffee [93] to align multiple sequences.
To align a group of sequences to a reference alignment,
we used the “—add” option of MAFFT [94]. All alignments
are presented using Jalview [95] with the ClustalX colouring
scheme [96]. We used PROMALS [39] to visualize
secondary structure in the context of multiple alignments.
We used two criteria to estimate the reliability of MSAs:
1) the core index, part of the standard output of Psi-coffee
[93]; and 2) for the noda/chropara groups, the coherence
between the alignments of each group separately and the
alignment of both groups. We carried out phylogenetic
analyses using phylogeny.fr [97] with default options.
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Prediction of protein structural features

We predicted disordered regions using MetaPrDOS
[98], according to the principles described in [99]. We
detected protein regions of low sequence complexity using
SEG [100] with parameters 45/3.75/3.4 through the web
server ANNIE [101].

We predicted transmembrane regions using two comple-
mentary methods, as described in [33]. For each virus, we
compared the predictions of multiple programs on a single
sequence (“vertical approach”), using ANNIE [101]. We
also compared the prediction of a single program on several
homologs (“horizontal” approach), using TM-coffee [87].

We predicted membrane-binding amphipathic a-helices
using Amphipaseek [54] (parameters: high specificity/low
sensitivity) and refining its predictions with Heliquest [55]
as follows. For each helix predicted by Amphipaseek, we
analyzed the region surrounding it by using the
“analysis” function of Heliquest. Heliquest uses a
Discriminating factor (D) to predict lipid-binding
helices: D =0.944 < uH > +0.33z, where<pH >is the
hydrophobic moment [102] and z the net charge of the
region considered. The helix is predicted as “potential”
lipid-binding amphipathic a-helix if 0.68 < D < 1.34, and as
a reliable one if D >1.34 [55]. On all reliably predicted
amphipathic helices, we used the “screening” function of
Heliquest [55] to identify similar amphipathic «-helices in
other taxa. We also used Heliquest to plot helical wheel
representations.

Reviewers' comments

Reviewer 1, first report (Valerian Dolja, Faculty of Center
for Genome Research and Biocomputing, Oregon State
University)

This manuscript presents two potentially interesting
observations: i) identification of a conserved secondary
structure region downstream from core capping enzyme
of the viruses in aphavirus-like superfamily; ii) finding of a
candidate capping enzyme region in viruses from family
Nodaviridae that shows remote sequence and predicted
structure similarity to that of a subset of viruses in
alphavirus-like superfamily. These observations are likely
to stimulate experimental work addressing functional
significance of each of these protein regions.

Author’s response:
appreciation.

We thank the reviewer for his

I am much less enthusiastic about the searches for tenta-
tive amphipathic regions in the replicational proteins; these
searches are unconvincing and should be deleted to
sharpen major conclusions.

Author’s response: We have greatly shortened and
sharpened this section. In particular, we have eliminated
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the aE’ prediction, which we agree was only weakly
supported. We did acknowledge the limits of the predictions
in the Discussion section “Limitations of our study’.
However, we have chosen to keep the new prediction
of the amphipathic helix ol for several reasons:

- Our predictions are supported by two strong lines of
evidence. First, they are made independently by two
programs based on different principles; second, and more
strikingly, the helices are predicted in the same region of al
in the absence of any detectable sequence similarity
(see Figure 5). This seems to exclude a systematic bias of

the software.

- We acknowledge that in principle, the predicted
al helix could be truly amphipathic and yet not bind
membranes, as happens in protein structures. However,
from a biological perspective, the presence of a proven
amphipathic membrane-binding helix nearby in the
protein (in aH) increases the probability that the second
amphipathic helix is also a bona fide membrane-binding
helix.

- These predictions are meant to guide experimentalists
in a field of research that is experimentally difficult. We
do agree that they cannot be rigorously proven by sequence
analyses since they do not come with E-values, but in that
sense they arguably have more value for bench biologists to
guide experiments, because they do require more expert
insight and knowledge.

In general, the manuscript would greatly benefit from
removal of excessive speculations and technical details.
Perhaps, this work will be best presented in a much
shorter form such as ‘Hypothesis’ or ‘Discovery Note’
formats of Biology Direct.

Author’s response: All three reviewers have made this
point. We agree and have greatly shortened the article
(by over 20%).

I also propose to amend significantly the way in which
taxonomic and evolutionary terms are used. I do not see
any need in calling viruses in order Tymovirales ‘tymo
group’, and I never heard the term ‘alto group’, and do
not consider this term proper or useful. Same applies to
family Nodaviridae, not the ‘noda group’, not to mention
‘chropara’ or ‘santeuil’ group, the latter composed of a
single poorly characterized virus.

Author’s response: We did not mean to use these
terms as taxonomic entities. We have clarified this
point by stating more precisely: “Their replicase clustered
phylogenetically into three main groups”.
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The terms “alto” and “tymo” groups were coined in the
first article describing the alphavirus MTase-GTase. We
acknowledge that the term “alto” is not used often, and
that “tymo” corresponds roughly to Tymovirales, but
for instance oyster mushroom spherical virus is not yet
taxonomically classified in it to our knowledge, though
it is clearly related to Tymovirales. We used these
groups for clarity since we found the first draft of our
manuscript difficult to follow otherwise. The Santeuil
group is in fact composed, for the moment, of three viruses
(Santeuil virus, Orsay virus, and Le Blanc virus).

I strongly disagree with the proposal to form a
‘Nodavirus supergroup’ based on yet unconfirmed
hypothesis of the capping enzyme that is tentatively
similar to that of the viruses in alphavirus-like
superfamily. Even if confirmed, this similarity does
not refute well-established affinity between RdRps of
nodaviruses and viruses in picornavirus-like superfamily.
There are many striking examples of horizontal gene
transfer among viruses, which however, does not justify
formation of new superfamilies for each such example. For
instance, Potyviridae and Hypoviridae share superfamily 2
helicase with flaviviruses of the eponimous superfamily,
but are confidently placed in the picornavirus-like super-
family on a strength of RdRp conservation along with
presence of VPg and 3C-like protease.

Author’s response: We do not agree that the affinity of
the RARPs of nodaviruses and the Picornavirus-like
superfamily is well established. The affinity between
Nodaviruses and sobemoviruses, within the Picornavirus
superfamily, is in fact explicitly presented as tentative
in the original article (Koonin EV: The phylogeny of
RNA-dependent RNA polymerases of positive-strand
RNA viruses. ] Gen Virol 1991, 72(9):2197-2206) and
in the most recent article: “[The] sobemovirus and
nodavirus clade (clade 2) [...] is only moderately supported.”
(p 931 of Koonin EV, Wolf YI, Nagasaki K, Dolja VV: The
Big Bang of picorna-like virus evolution antedates the
radiation of eukaryotic supergroups. Nat Rev Microbiol
2008, 6:925-939). In addition, there are none of the
hallmarks of the picornavirus supergroup (eg VPg and
3C-like protease) in Nodaviruses.

In fact, standard phylogenetic approaches are not
designed for such evolutionary distances, and sequence
motifs and PSSM scores by themselves, though suggestive,
cannot provide a rigorously proven phylogenetic affinity.
We are only aware of one recent method that attempts to
rigorously evaluate distant phylogenies, PHYRN, and we
hope that such methods will increasingly be developed and
validated (we have unsuccessfully approached the authors
to try and use PHYRN). We have added its reference when
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discussing this point: Bhardwaj G et al. PLoS One. 2012;7
(4):e34261. PHYRN: a robust method for phylogenetic
analysis of highly divergent sequences.

We applied these arguments to our own work and
agree with your statement that it is premature to form a
Nodavirus supergroup. We removed it from the title and
article, and only mention it once in the Discussion, as a
hypothesis.

A rather minor correction has to do with the name of
one of the viruses mentioned in the manuscript. It is
Sclerophthora macrospora virus A or SmVA (not the
other way around). This virus, together with later
discovered Plasmopara virus, are actually hosted by
oomycetes, not by fungi that belong to a different
supergroup of eukaryotic organisms (Chromalveolates
and Uniconts, respectively).

Author’s response: We have corrected the mistakes.
Thanks for pointing them out.

Reviewer 1, second report (Valerian Dolja, Faculty of
Center for Genome Research and Biocomputing, Oregon
State University)

I am mostly satisfied with the responses to my comments,
and I agree that the moderate affinity of nodaviral
RdRp with those in picornavirus-like superfamily in
itself does not justify keeping nodaviruses as a part of
this superfamily. Rather, nodaviruses could be considered
as a deep-branching lineage within the alphavirus-like
supergroup.

Reviewer 2, first report (Eugene V. Koonin, Evolutionary
Genomics Research Group, NCBI)

The authors of this manuscript report a finding that
has substantial implications for the evolution of positive-
strand RNA viruses, namely the presence of the capping
enzyme that encompasses the methyltransferase and the
guanylyl transferase domains in nodaviruses and a group
they denote Chroparaviruses. To me, this is by far the
most important result reported here.

Author’s response: Thank you.

The extension of the capping enzyme domain in
alpha-like viruses is a useful but minor observation,
in comparison. Accordingly, I think that it would be
quite useful to change accents and to emphasize the
above discovery in the title, abstract etc. The article is
quite lengthy and detailed (in my opinion, excessively),
and the principal message easily could be lost on the
reader.

Page 16 of 21

Author’s response: We have greatly shortened the art-
icle, which we hope will give more emphasis to the
main points. We did keep the order of presentation,
though, since the article flowed more naturally this
way. The discovery of the Iceberg extension, though
less important evolutionary, should actually be of
practical importance for many researchers, given the
vast size of the alphavirus supergroup and the num-
ber of human pathogens and model viruses that it
contains.

I do have certain criticisms of the way the results are
presented and discussed. The identification of the capping
domains in nodaviruses and chroparaviruses is valid.
However, to come to this conclusion, I have to reproduce
the searches because the way these findings are described
in the current manuscript is not really compelling. I
strongly suggest that the authors present straightfor-
ward HHPred Prob values/E-values and even more
important, show a multiple sequence alignment with
the key motifs highlighted. This will be much more
convincing than the current presentation that focuses
mostly on secondary structure elements and is not
easy to follow.

Author’s response: We agree that the presentation with
HHpred Evalues will be clearer and have rewritten
accordingly.

Concerning the second point, there are in fact *no* key
motifs conserved in the MTase-Glase of all groups.
The only residue strictly conserved in all homologs is
the initial Histidine that binds m7GMP. In fact, an
alignment of all homologs of the MTase-GTase (Additional
file 1: Figure S6) clearly shows a kind of “patchwork”
evolution. The MTase-GTase of the chropara group has se-
quence motifs similar both to that of the noda group and
to that of the alto group (in its N-terminal half), but
the MTase-GTase of the noda group has no motif
similar to that of the alto group. This is the reason
why we did not present a sequence alignment between
the noda group and alphavirus supergroup and had to
focus on the secondary structure.

HHpred and HHalign combine secondary structure
information (conserved over much larger evolutionary
distances) with sequence information. Accordingly, we
have observed that alignments of homologs they detect are
often much more divergent than alignments of traditional
homologs detected by psi-blast or other profile-profile
comparison homology detection tools that do not rely
on secondary structure. Therefore, we do not expect
the sequence alignment to be “convincing” by itself; rather,
we have very carefully examined the matching of secondary
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structures and the correspondence of residues with known
activity, such as the catalytic Histidine. We therefore
present for the reader only the alignments of taxa in which
some sequence motifs are conserved, i.e. noda/chropara and
Chropara/alto. Nevertheless, for the interested reader, we
do also present the alignment of *all* groups in two forms:
annotated in Additional file 1: File S7, and in text format
in Additional file 1: Table S8. We now explain these
points more explicitly in the section “Sequences features
conserved in homologs of the alphavirus MTase-GTase”.

Furthermore, as far as I can see, the differences
between nodaviruses and chroparaviruses are some-
how glossed over in the text. These viruses have dis-
tinct genome organizations (in chroparaviruses, the
capping enzyme and the RdRp are parts of different
polypeptides), and the similarity of the capping enzyme
sequences is not that high. The statement that they cluster
in phylogenetic tress does not immediately convince me,
with data not shown; I think showing such a tree with
the proper bootstrap support (if such indeed exists) is
more important than some of the illustrations in the
current manuscript.

Author’s response: See reply to reviewer 1 — we have
removed these statements that were based, not on
phylogenetic trees with bootstrap support (rare at these
evolutionary distances), but on scores from homology
searches and on conserved motifs.

The absence of helicases in nodaviruses and chropara-
viruses is not really surprising as it has been noticed 25 years
ago that RNA viruses with genomes shorter than approxi-
mately 6 kb lack helicases that are apparently non-essential
for the replication of such small genomes [1,2]. It is another
matter that these viruses are the first that encompass
the capping enzyme but not the helicase, and this is
certainly of interest.

1. Gorbalenya AE, Koonin EV: Viral proteins containing
the purine NTPbinding sequence pattern. Nucleic Acids
Res 1989, 17(21):8413-8440.

2. Koonin EV, Dolja VV: Evolution and taxonomy of
positive-strand RNA viruses: implications of comparative
analysis of amino acid sequences. Grit Rev Biochem Mol
Biol 1993, 28(5):375-430.

Author’s response: Thank you for pointing out this fact.

Reviewer 2, second report (Eugene V. Koonin,
Evolutionary Genomics Research Group, NCBI)

I am satisfied with the modifications made by the authors
and have no further critical comments.
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Reviewer 3, first report (Sebastian Maurer-Stroh,
Bioinformatics Institute, A*STAR Singapore)

This MS is an interesting piece of sequence analytic
detective work where the authors systematically present
a chain of evidence for an extended architecture of
Alphavirus-like MTase-GTases that includes an extended
“iceberg” region and varying membrane attachment
factors such as palmitoyl anchors, transmembrane
and amphipathic helices. They also propose existence
of homologues in Nodaviruses. While several individual
arguments may seem weak by themselves and only
suggestive of homology at best, the overall architectural
similarity based on the combined features does not seem
too unconvincing.

Author’s response: We thank the reviewer for his positive
reception; this is indeed sequence detective work! In
addition to bioinformatics lines of evidence, we also
stressed the biological plausibility of our findings, i.e. the
likely presence of a capping enzyme in Nodaviridae, and
the habitual position of the enzyme, upstream of the
RdRp domain.

One of the major discussion points is the existence of an
Alphavirus-like MTase-GTase homologue in Nodaviruses
but the support for this in terms of significant sequence
similarity is only referred to as previous work. Looking this
reference up, it seems that the obtained hits came from
HHpred against Pfam-A with E-values rather borderline
close to generally accepted significance thresholds
depending on the provided query and length. In the
current MS they use additional methods such as HHalign
to determine homology between families.

Suggestion 1: It would be interesting to try to
strengthen and describe the Alphavirus to Nodavirus
link using the same or additional approaches. Besides
HHpred and HHalign, HHsenser may be useful here as
it allows intermediate HMM-HMM hits in the same
framework to cover greater distances in sequence space
(e.g. if starting alignment created by HHpred for a query
has too few sequences after removing redundancy).

Author’s response: See reply to reviewers 1 and 2. We tried
HHsenser but found that manual, iterative (cascade)
searches detected more (i.e. all) homologs in each group.
We now obtain robust and significant E-values. Thanks for
the suggestion.

The alignment in Figure 7 does not look very convincing.
Except for a few key anchor points (H-x(6)-R and D-x-Y),
the conservation of hydrophobic patterns which would be
suggestive of a similar fold is rather bleak although
such weak conservation would not be surprising for
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only remotely related fast evolving RNA viruses. It is
important to strongly adhere to only aligning sequences
with significant similarity not including low complexity
regions as multiple alignment tools will gladly make
alignments with marginal residue identities for any input
sequences of similar length and composition. The text
mentions that HHalign (profile to profile alignment) for
the two families was significant but the Figure was created
differently, with MAFFT using sequence to profile align-
ment. Suggestion 2: Possibly better to try MAFFT also in
profile to profile mode (—-seed option) or, preferable,
show the alignment provided by the same method that
estimated the significant hit and show that the hit region
is not dominated by low complexity.

Author’s response: We agree that the sequence similarity
per se is weak, but the significant scores reported by
HHpred also include secondary structure similarity. See
reply to reviewers 1 and 2; briefly, alignments of homologs
detected by HHpred are often much more divergent than
traditional alignments of homologs detected, for instance,
by psi-blast, which does not rely on secondary structure.
Therefore, we do not expect the sequence alignment to be
visually “convincing” by itself. We have also checked that
there is no “low complexity region” as defined by SEG.
We did compare our alignment with that returned by
profile-profile aligners such as Psi-coffee and HHalign, but
Sfound essentially no difference in the residues conserved
in the alignment. Therefore, we have kept the alignment
figures as is.

A whole paragraph is dedicated to discuss the
“conserved” residues in key anchor motifs of the
MTase-Gtase core (e.g. H-x(6)-R and D-x-Y). It should be
said here and critically discussed that, statistically, such
short and simple motifs can easily occur by chance. For
example, using ScanProsite (easy to find and use online)
to search for motif H-x(6)-R only in Viruses in SwissProt
(small database) already finds ~8500 hits in ~5200 viral
proteins which should mostly not be methyltransferases.
The ScanProsite online tool also has the nice feature of
allowing searches against randomized databases (reversed,
shuffled) which helps to gauge the expected number of
random matches with a query motif. Despite the clear
warning for potential false positives when arguing based
on short simple residue patterns (e.g. only 2—-3 amino
acids and their distance constrained), a trained eye
may find a few hidden gems using such searches for
future work.

Author’s response: We agree that the motifs are short and
not meaningful per se. We only describe them to extract all
information available to guide experiments, rather than as
evidence, which is provided by the HHalign scores.
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Suggestion 3 (optional): Extend and further constrain
the search motif (e.g. combine the motifs to reduce hits)
and sift through results (filtered by, for example,
biologically meaningful virus taxa with mRNA capping) to
get ideas for further potential study targets to be verified
with additional methods.

Author’s response: We could not detect hidden gems
using ScanProsite tool, but will keep the suggestion for
future work. We suspect, though, that HHpred has become
more powerful than pattern searches. It has the drawback
to detect only homologs classified in PEAM families or whose
structure is solved (since HHpred can use a database of
profiles derived from the PDB), but the recent tool HHDlits,
based on the same principles, can detect in principle any
homolog, and is very powerful too. We did examine other
capping enzymes such as the Mononegavirales one, and
found that it has a different predicted secondary structure
pattern, precluding homology.

Generally, also the additional discussed evidence
with secondary structure similarity and the predicted
amphipathic helix pattern would ideally be considered
critically in comparison to expected random occurrence of
the respective proposed patterns. If the complete architec-
ture (e.g. core sequence, Y/iceberg regions, TM and amphi-
pathic helices) could be combined in a probabilistic fashion
with contributions of the individual features weighted by
their statistical power, a better more integrative search for
likely further remote homologues could be attempted. It is
understood that this is not readily provided by the existing
methods but would be a good idea to be implemented in
one way or the other in future (obviously not the scope of
this MS).

Author’s response: We would love to have such an inte-
grated method, as it would allow us to go even one step
further in remote homology searches. Generally speaking, a
method that could score contextual information, such as
gene order, taxonomy, domain order... would be extremely
powerful. We can only hope that readers of this exchange
will develop it!

Reviewer 3, second report (Sebastian Maurer-Stroh,
Bioinformatics Institute, A*STAR Singapore)

Opverall, I am satisfied with the answers to the reviewer
queries and revisions. Regarding reply to suggestion 1:
“We tried HHsenser but found that manual, iterative
(cascade) searches detected more (i.e. all) homologs in
each group”. It is ok if the authors prefer full manual
control over the iterative searches but just to add some
more details for the benefit of interested readers on the
efficacy of automated iterative searches as suggested.
Submitting the same query as listed by the authors
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(http://www.ncbi.nlm.nih.gov/protein/13249661?report=
fasta&to=460) to HHpred online (http://toolkit.tuebingen.
mpg.de/hhpred) with PSI-BLAST option to collect query
profile for later HMM-HMM comparison against data-
base “PfamA_14Janl5” gives the top hit pfam01660
(Vmethyltransf Viral) with E-value 0.015. If the same
search is preceded by HHsenser to automatically in-
clude more remote sequences into the query profile
(which can be then forwarded to HHpred on same web-
server), the E-value improves to 0.0017. Interestingly,
running HHpred with the HHblits option (instead of
PSI-BLAST) for query profile creation finds less hits
for the profile (14 instead of 21) but nevertheless pro-
duces a good E-value of 0.0019. It should be noted
that the latter method pairing is now the default option
for HHpred at the webserver. One should never forget
that E-values of search results for the same tool do depend
on the database searched as well as additional parame-
ters (especially different method steps).

Author’s response: thank you for this detailed exposition of
how E-values are sensitive to the methods and databases
used. In particular, thanks for pointing out that using
HHsenser upstream of HHpred is more sensitive than
HHpred alone. We hope that interested readers, especially
non- specialists, will take notice and use this combination
of automated procedures. HHsenser is described in
Nucleic Acids Res. 2006, 34:W374-8. HHsenser: exhaustive
transitive profile search using HMM-HMM comparison.
Soding J1, Remmert M, Biegert A, Lupas AN.

Regarding reply to suggestion 3: “We suspect, though,
that HHpred has become more powerful than pattern
searches. ... We did examine other capping enzymes such
as the Mononegavirales one, and found that it has a
different predicted secondary structure pattern, precluding
homology”. Of course, HHpred is more powerful than
pattern searches to establish homology/ancestry. I was
indeed surprised to find many Mononegavirales sequences
matching the motif but agree that common ancestry could
be too far fetched here. Resolving the 3D structures of the
respective domains in the different viral families should be
of interest.

Additional file

Additional file 1: Compilation of all supplementary figures and
tables, in .zip format.
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