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Amino acid sequence stretches similar to the four most conserved segments of positive strand RNA viral RNA-dependent
RNA polymerases have been identified in proteins of four dSRNA viruses belonging to three families, i.e. P2 protein
of bacteriophage @6 (Cystoviridae), RNA 2 product of infectious bursa disease virus (Birnaviridae), A3 protein of reovi-
rus, and VP1 of bluetongue virus (Reoviridae). High statistical significance of the observed similarity was demonstrated,
allowing identification of these proteins as likely candidates for RNA-dependent RNA polymerases. Based on these ob-
servations, and on the previously reported sequence similarity between the RNA polymerases of a yeast dsSRNA virus
and those of positive strand RNA viruses, a possible evolutionary relationship between the two virus classes is discussed.
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1. INTRODUCTION

The relationships between different classes of
RNA viruses are far from clear. In particular, the
origin of dsRNA-containing viruses is obscure.
Such a crucial aspect of genomic replication and
expression strategy as the presence of a virion
transcription/replication apparatus associated
with the non-infectivity of RNA genomes might
relate them to negative strand RNA viruses [1,2].
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Extensive sequencing of viral genomes has led to
the possibility of addressing this problem directly.
Very recently, sequence similarity has been reveal-
ed between certain regions of (putative) RNA-
dependent RNA polymerases of yeast dsSRNA virus
and IBDV, and highly conserved segments of
positive strand RNA viral polymerases [3,4]. Here,
based on comparison with the same enzyme class,
we tentatively identify the RNA-dependent RNA
polymerase of three other dsRNA viruses, #6
bacteriophage, reovirus, and bluetongue virus, ex-
tend our observations on the (putative) IBDV
polymerase, and briefly discuss the relationships
between the polymerases of different virus classes,
and between viruses themselves.

2. METHODS

2.1. Amino acid sequences and alignments

The amino acid sequences of bacteriophage #6 proteins were
from [5-7], and those of IBDV proteins from [8,9]. The se-
quence of reovirus (type 3) A3 protein was from [10] where
source references for other reovirus proteins can be found, and
the sequence of VP1 of BTV was from [11]. The alignment of
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conserved segments of 41 (putative) positive strand RNA viral
RNA-dependent RNA polymerases was an updated version (in
preparation) of that published [12]. The alignments of RNA-
dependent RNA polymerases of negative strand RNA viruses
were from [13-15].

2.2. Amino acid sequence comparisons

Amino acid sequences of proteins of dsRNA viruses were
searched for patterns conserved in RNA-dependent RNA
polymerases of positive and negative strand RNA viruses using
the pattern-searching program SRCH and by visual inspection.
Sequence stretches containing these patterns were manually fit-
ted into the respective alignments. The statistical significance of
the alignments was assessed by the program SCORE. The
average alignment score per residue was calculated for a com-
parison of a query sequence with an alignment using the
MDM78 matrix [16]. This calculation was simulated with 300
randomly scrambled versions of the query sequence, and two
values of adjusted alignment score were calculated in standard
deviation (SD) units: AS1 = §* — §7/0, and AS2 = §°* - §™/¢
where S* denotes the score actually observed, S* and S™ repre-
sent the mean and maximal random scores, respectively, and o
is the SD. The aligned sequences were also compared using the
program COMP generating a distance matrix for an alignment
using the formula [17]):

Dy = —In(S — §/8™ — 59

where D;; is the distance between sequences / and j, S represents
the comparison score for these sequences, S° is the expected
score for two random sequences of the same composition, and
S™ is the average of the scores obtained upon comparison of
each sequence with itself. Scores were calculated using the
MDM78 matrix. Initial pairwise sequence comparison was by
the program DOTHELIX generating a full map of local
similarity (A.E.G. et al., in preparation), and alignment was by
the program OPTAL [18,19].

3. RESULTS AND DISCUSSION

3.1. Identification of putative RNA-dependent
RNA polymerases of dsRNA viruses and of
their functionally important sites

Inspection of amino acid sequences of proteins
of four dsRNA viruses, ¢6 bacteriophage, IBDV,
reovirus, and bluetongue virus revealed stretches
similar to all four highly conserved segments of
positive strand RNA viral RNA-dependent RNA
polymerases ([12] and unpublished) in protein P2,

RNA 2 product, A3 protein, and VP1, respectively

(fig.1). In the reovirus protein, segment II was ap-

parently duplicated, leading to two versions of the

alignment in this region (fig.1). No comparable
similarity to the conserved segments of RNA
polymerases of negative strand RNA viruses was
detectable in dsSRNA viral proteins. All the amino
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acid residues invariant in positive strand RNA viral
polymerases could be identified in dsRNA viral
proteins as well as a number of partially conserved
residues. Also, the lengths of the spacers
separating the conserved segments were almost ful-
ly within the range determined by the positive
strand RNA viral polymerases (with the exception
of the distance between segments I and II in the
BTV protein). This suggested that the respective
proteins might be the RNA polymerases involved
in dsRNA replication, the regions similar to the
conserved segments of positive strand RNA viral
polymerases being important for polymerase func-
tions. As reovirus and BTV both belong to the
Reoviridae family and have virtually identical
genome organizations and expression strategies
[20], it was reasonable to compare the sequences of
their putative polymerases in more detail. Com-
parison by the program DOTHELIX indeed
revealed a moderate but convincing similarity
which was most prominent in the central parts of
both proteins encompassing the segments shared
with positive strand viral polymerases (not shown).
Alignment of these regions by the program OP-
TAL (fig.2) showed significance at the approx. 7
SD level. There was, however, a complication in
that the BTV sequence corresponding to region II
of positive strand polymerases was aligned with a
reovirus sequence different from (though overlap-
ping with) those initially suggested (fig.1). Despite
deviating significantly from the positive strand
RNA viral consensus, this sequence could still be
another candidate for this region in reovirus. To
address this problem more adequately, sequences
from other members of the Reoviridae are
necessary. Roy and co-workers [11] claimed that
the sequence of VP1 protein of BTV was related to
those of the eukaryotic and vaccinia virus DNA-
dependent RNA polymerase largest subunits.
However, neither the sequences shared by BTV
and reovirus (see above), nor those typical of
DNA-dependent RNA polymerases [21,22] were
conserved in their alignment. In contrast, we
revealed here the conservation in BTV of exactly
the most conserved segments of positive strand
RNA virus polymerases. Moreover, of the four
(putative) dsRNA viral polymerases shown in
fig.1, that of BTV most closely conformed to the
positive strand virus consensus. In this respect, our
identification seemed more convincing than that
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Fig.1. Alignment of fragments of putative RNA-dependent RNA polymerases of dsRNA viruses with the four conserved segments
(I-1V) of selected polymerases of positive strand RNA viruses. Capitals highlight amino acid residues identical or similar (i.e.
belonging to one of the following groups: V,L,I,M; F,Y,W; G,A; S,T; D,E,N,Q; R,K) in proteins of the two virus classes. Colons
indicate the positions where identical or similar residues occurred in half or more of the presented sequences of each class. Asterisks
designate the consensus residues of positive strand RNA virus polymerases [12]. Numbers of amino acid residues between protein
termini and conserved segments, and between the latter are indicated. In BNYVYV, precise boundaries of the polymerase are not known,
and distances to the polyprotein termini are indicated. In IBV, polymerase boundaries have been tentatively identified by comparison
of putative cleavage sites [23]. For reovirus, three possible versions of the alignment of segment II are shown (see text).

suggested by Roy et al., and the latter might be of
doubtful significance.

A quantitative evaluation of the alignment in
fig.1 showed that, for the putative polymerases of
the four dsRNA viruses, the average scores obtain-
ed upon comparison with the aligned conserved
segments of positive strand RNA viral polymerases
fell within the range typical of the latter (with the
exception of the last version of the reovirus align-
ment). Moreover, these scores exceeded not only
the mean but also the maximal values obtained
with randomly scrambled sequences at a statistical-
ly significant level (table 1). Interestingly, the most
convincing values were obtained with BTV where
our identification was in conflict with that in the
original paper [11].
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Inspection of the distance matrix generated for
the alignment of the conserved segments of
positive strand RNA viral and dsRNA viral
(putative) polymerases showed that, for the latter,
affinities existed with certain groups of positive
strand RNA viral polymerases that were even
closer than those between most of the groups
within the positive class (table 2). The present iden-
tification of dsRNA viral polymerases agreed with
the available experimental evidence in that, for all
the viruses, the products of the respective genomic
segments have been implicated in RNA synthesis
[23—-26]. Moreover, for reovirus, it had been
shown that L1 genomic segment determined the
pH optimum of RNA synthesis, indicating that A3
protein might be the polymerase proper [25].
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Fig.2. Alignment of the central portions of the putative polymerases of reovirus and BTV. Colons highlight identical residues, dots

designating similar residues defined as in fig.1. The distances to the protein termini are indicated.

Table 1

Alignment scores for comparison of the putative polymerases
of dsRNA viruses with positive strand RNA viral polymerases

s AS1 AS2

: (SD) (SD)
Positive strand RNA

viruses 9.83-10.92 NC NC

@6 10.07 7.69 4.34

IBDV 10.01 7.33 4.46

REO 9.94 6.74 3.62

9.97 7.10 4.21

9.62 5.72 2.92

BTV 10.13 8.74 5.55

Scores were calculated as described in section 2 for the 4
segments shown in fig.1 (85 residues total). For positive strand
RNA viruses, each sequence was extracted from the alignment
of 41 sequences of (putative) polymerases and compared to the
remaining 40 sequences. This procedure is subject to a bias
toward higher values because of the presence of several groups
of closely related sequences (e.g. those of picornaviruses) within
the reference set. The dsRNA viral sequences were compared to
the whole reference set of 41 sequences. For reovirus, the
calculations were performed separately for the three versions of
the alignment shown in fig.2. NC, not calculated

3.2. Implications for the origin of dsRNA viruses

We have tentatively identified, by sequence com-
parison, RNA polymerases of dsRNA viruses of
three very different families and showed that they
are related to the polymerases of positive strand
RNA viruses, and not to those of negative strand
RNA viruses. Recently, similar observations have
been reported for the polymerase of yeast dsSRNA
virus ([3], and fig.1). These observations are
somewhat unexpected in view of the similarities in
genomic strategies between dsRNA viruses and
negative strand RNA viruses (see section 1). The
question as to whether all dsRNA viruses, some of
which differ strikingly in structure and properties,
share a common ancestry is intriguing. The
putative polymerases of the three groups analyzed
in this work are less similar to each other than to
some of the positive strand RNA viral polymerases
(cf. table 2). This raises the possibility that dif-
ferent groups of dsRNA viruses could originate
from different groups of positive strand RNA
viruses. On the complete sequences of other viral

45



Volume 252, number 1,2

Table 2
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Distances between the sequences of conserved segments of putative polymerases
of dsRNA viruses and selected polymerases of positive strand RNA viruses

WNV SNBV TRV CV TEV IBV ¢6 IBDV REO BTV
GA 1.02 097 1.09 1.11 148 1.17 159 125 1.15 1.18
WNV 0.89 0.82 099 1.02 113 134 094 119 1.11
SNBV 0.69 1.08 1.04 0.8 122 1.38 1.13 0.94
TRV 1.12 0.89 1.04 133 1.04 1.06 1.00
Ccv 089 095 091 136 109 1.21
TEV 1.01 1.01 135 1.18 1.24
IBV .21 L1111 111
#6 1.58 1.73 1.82
IBDV 1.39  1.52
REO 0.78

Dj; values calculated as indicated in the text are shown. For reovirus, the calcula-
tions were for the first (shown in the upper line in fig.1) version of the alignment

genomes becoming available, it will be possible to
scrutinize this hypothesis further.
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