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ABSTRACT

A systematic bioinformatic approach to identifying
the evolutionarily conserved regions of proteins has
veri®ed the universality of a newly described con-
served motif in RNA-dependent RNA polymerases
(motif F). In combination with structural compari-
sons, this approach has de®ned two regions that
may be involved in unwinding double-stranded RNA
(dsRNA) for transcription. One of these is the
N-terminal portion of motif F and the second is a
large insertion in motif F present in the RNA-
dependent RNA polymerases of some dsRNA
viruses.

INTRODUCTION

The RNA-dependent RNA polymerase (RdRp) probably
evolved very early, given that it is the one essential protein
encoded by all RNA viruses. Numerous comparisons of the
RdRps have been made in attempts to construct a phylogeny of
RNA viruses and understand the enzymology of DNA and
RNA polymerases (1±11). There are now several structures of
RdRps available: the RdRp of Phi6, a double-stranded RNA
(dsRNA) bacteriophage (11); the RdRp of hepatitis C virus
(HCV), a ¯avivirus (12±14); the RdRp of poliovirus (polio), a
picornavirus (10,15); and the RdRp of rabbit hemorrhagic
disease virus (RHDV), a calcivirus (16). Co-crystallization
with nucleoside triphosphates or with oligonucleotides has
mapped substrate-binding sites, and the binding of Mg2+ or
Mn2+ has mapped the active site of the enzyme.

While all the RNA and DNA polymerases share a basic
structure, the RdRps are much more similar to each other than
they are to other polymerases. A number of investigators have
noted that beyond several conserved motifs, there is no
primary sequence conservation among the RdRps of the RNA
viruses at large, or among those of the dsRNA viruses (5,11).
However, within some families of RNA viruses, there is both
enough sequence conservation to permit statistically signi®-
cant alignments and enough sequence diversity to permit
ef®cient identi®cation of conserved motifs (5). This work
has now been extended and supplemented with structural

comparisons, con®rming the identi®cation of a new conserved
motif apparently present in all RdRps which was previously
identi®ed in the Totiviridae (5,17).

MATERIALS AND METHODS

Programs from the GCG package (18,19) were used for
pairwise alignment (GAP), for multiple sequence alignment
(PILEUP), for determination of sequence similarity as a
function of position in multiple alignments (PLOT-
SIMILARITY), and for creation of datasets for assigning
statistical weights to similarities (GCGTOBLAST). Searches
for similar sequences used BLAST (20) or PSIBLAST (21).
Modeling from X-ray crystal data used MOLSCRIPT (22).

RESULTS

A systematic way of ®nding conserved motifs in protein
families is multiple sequence alignment. This technique works
best when the sequences being compared are limited to those
with between 25 and 50% sequence identity to each other.
Sequences more closely related than this provide no informa-
tion on essential regions but simply skew the results towards a
subgroup of sequences. Sequences less related than this are
usually not successfully aligned by programs such as
PILEUP(23). A selection of a dozen RdRps with between 25
and 50% identity (BLAST E values of between ~10±4 and
10±35) to the poliovirus type 3 RdRp (24) was chosen from a
BLAST search (20) and aligned by PILEUP (23). The result
was analyzed by PLOTSIMILARITYand is labeled
Picornaviridae in Figure 1. The highest peaks of similarity
include the standard conserved motifs A to E (labeled in the
®gure) as described previously (3,9,10,25,26). Similar analy-
ses of RdRp sequences of the Totiviridae (BLAST E values
between 0.3 and 10±35) and of sequences related to the
Togaviridae (BLAST E values between 0.1 and 10±10) are also
shown in Figure 1. A small selection of negative strand RdRps
is shown in the last panel of Figure 1. These RdRps also have
the same six conserved motifs, although their sequences are
somewhat different than the consensus sequences of the
positive strand and dsRNA virus RdRps (Table 1). Clearly,
this analysis identi®es the same conserved regions in every
RdRp, with the exception of some extra peaks of similarity in
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some groups. For instance, there is a prominent peak of
similarity between F and A in the Picornaviridae-related
sequences. These extra peaks show no obvious sequence
similarity from group to group.

The six conserved regions that are so easily visible in this
analysis have been identi®ed previously by multiple sequence
analysis (3,9,25,26) or by structural comparisons (10,12). The
total span of regions F (see below) to E is about the same in
each group of positive strand and dsRNA viruses (250±280
amino acids) and slightly more in the negative strand RNA
viruses.

This method of de®ning important regions in proteins is
validated by structural comparison. The structures of the Phi6,
HCV and RHDV RdRps in the region including conserved
motifs A to D are shown in Figure 2. The poliovirus RdRp
structure is not shown because it is less complete than that of
RHDV, which has essentially the same structure (16) and is
27% identical in sequence with the poliovirus RdRp. The
conserved motifs A to D are shown in dark blue in each RdRp.
Clearly, the three polymerases are very similar in this region.
The positions of the conserved motifs of the Phi6, HCV and
RHDV RdRps, identi®ed by primary sequence alignment
(Table 1, Figs 1 and 3), correspond exactly to the structurally

homologous positions identi®ed by comparison of the
three-dimensional structures of the polymerases (Fig. 2).

The identi®cation of conserved motifs in the HCV RdRp is
not as straightforward as for the Picornaviridae-related RdRps,
since it belongs to a class in which only a few sequences
satisfying the criterion of 25±50% identity are available for
comparison. This makes the identi®cation of motifs D and E,
independent of structural information, more dif®cult in this
case. With HCV, comparison with bovine viral diarrhea virus
(BVDV, 23% identity) (27,28) successfully maps all six
conserved motifs. Similarly, alignment of HCV (29), HGV
(30), HGBV (31) and BVDV (27,28) successfully maps all but
motif D (Fig. 3; Flaviviridae). Motif D is EAGK in BVDV.
Mutation of the terminal lysine of motif D to an alanine in the
BVDV RdRp greatly reduces polymerase activity (28).
However, this residue may also be glutamine, asparagine or
glutamic acid in the Picornaviridae-related viruses (not
shown), implying that any polar amino acid may suf®ce in

Figure 1. Similarity peaks in four groups of RdRps. These are
PLOTSIMILARITY outputs of four PILEUP (23) alignments of the RdRps
of Picornaviridae-related RdRps, Totiviridae RdRps, Togaviridae-related
RdRps and Bunyaviridae-related RdRps. Picornaviridae and Togaviridae are
positive strand RNA viruses; Bunyaviridae are negative strand RNA
viruses; and Totiviridae are dsRNA viruses. The Picornaviridae-related
RdRps include broad bean wilt virus (Comoviridae, AF144234) (U.Lee,
unpublished); porcine enterovirus (Picornaviridae, AJ011380) (55); cowpea
mosaic virus, (ComoviridaeX00206) (56); echovirus 23 (Picornaviridae,
AJ005695) (57); grapevine fanleaf virus (Comoviridae, D00915) (58);
hepatitis A virus, (Picornaviridae, M59809) (59); maize chlorotic dwarf
virus (Sequiviridae, U67839) (60); poliovirus type 3, (Picornaviridae,
A03900) (24); rice tungro spherical virus, (Sequiviridae, X98396) (61);
sacbrood virus, (Picornaviridae, AF092924) (62); Satsuma dwarf virus,
(Comoviridae, D45026) (63); and tomato ringspot virus, (Comoviridae,
AF135410) (A.Wang, unpublished). The Togaviridae-related RdRps are of
tobacco mosaic virus (Tobamovirus, Z29370) (64), sindbis virus
(Togaviridae, M69205) (65), Sagiyama virus (Togaviridae, AB032553) (66),
rape mosaic virus (Tobamovirus, U309204) (67), grapevine leafroll virus 2
(Closterovirus, AF039204) (68), grapevine leafroll virus 1 (Closterovirus,
Y14131) (N.Abou-Ghanem, unpublished), Citrus tristeza virus
(Closterovirus, AF260651) (69), beet yellows closterovirus (Closterovirus,
AF056585) (70), and alfalfa mosaic virus (Alfalfa mosaic virus group,
K2702) (71). The Totiviridae RdRps are those of ScVL1, ScVLa, TvV1,
TvV2, TvV5, LrV1-1, LrV2-1, GaVl1, SsV1, SsV2, Hv190sv, EbV1,
UmVP1H1, GlV and Abv1L1. This set was chosen to exclude any RdRps
with more than ~50% identity with any other Totiviridae RdRp. The CcV
sequence is excluded because it is only a partial sequence. The accession
numbers and literature references for all of these sequences are in Table 2.
The Bunyaviridae-related RdRps were from rice stripe virus (Tenuivirus,
D31879) (72), Uukuniemi virus (Bunyaviridae, D10759) (73), Bunyamwera
virus (Bunyaviridae, X14383) (74), Tomato spotted wilt virus
(Bunyaviridae, D10066) (75), Hantaan virus (Bunyaviridae, X55901) (76)
and La Crosse virus (Bunyaviridae, U12396) (77). PLOTSIMILARITY was
run with a window of 10 amino acids. PILEUP was run with a similarity
matrix of Blosum30 for the Totiviridae and the Bunyaviridae and Blosum62
for both the Picornaviridae- and Togaviridae-related RdRps. Gap weight
was set at 5 and gap length weight at 1 for the Bunyaviridae, gap weight at
8 and gap length weight at 1 for the Totiviridae, and at the default values
otherwise (gap weight at 8 and gap length weight at 2 for Blosum62 and at
15 and 5 for Blosum30). The horizontal dashed lines indicate levels of
similarity that could arise by chance.
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this position. Mutation of the terminal arginine in motif D of
HCV to a lysine increases polymerase activity (32), which is
not surprising, since many of the polymerases have a lysine in
this position (Table 1). Motif E in HCV was approximately
mapped by sequence comparison to BVDV, and a structural
comparison between the poliovirus RdRp and HCV (not
shown) unambiguously locates motif E ending one amino acid
N-terminal to the region identi®ed as region cc of Lai et al.
(28). Motif E plays a role in binding the priming nucleotide
(not the incoming nucleotide) in HCV (33).

In Phi6, all six conserved regions were mapped by
alignment of the Phi6, 8 and 13 sequences (34±36) (Fig 3;
Cystoviridae). Because the Cystoviridae and HCV-related
RdRp alignments (Fig. 3) include only a few sequences, the
six conserved motifs, although still prominent, are not the only
visible peaks of similarity. The position of motif D in the
Cystoviridae, at the C-terminal end of an alpha-helical section,
in the same relative position as in poliovirus and HCV
polymerases, was con®rmed by structural comparison (Fig. 2).
Motif E is a prominent peak in the PLOTSIMILARITY
diagram generated from a PILEUP alignment of the
Cystoviridae RdRps (Fig. 3), and its position is con®rmed
by structural comparison with poliovirus and HCV RdRps (not
shown).

Some of the conserved motifs tend to fall in regions
between conserved beta sheets or alpha helices, whose
positions and extent are conserved even though the primary
amino acid sequences within them are not. The position and
sequences of the conserved motifs of Phi6, HCV and
poliovirus are shown in Table 1.

In addition to the well-documented motifs A to E, there is
another prominent peak of similarity (F) in all the RdRps of
Figure 1. Motif F was originally mapped in the HCV RdRp
solely by sequence comparison with the BVDV RdRp [motif
nc of Lai et al. (28)], by alignment of the ChV1 RdRp with
several positive strand RNA plant virus RdRps [motifs I and II
of Koonin et al. (8)] and in the Totiviridae by multiple
sequence alignment [motif 3 of Bruenn (5)]. Subsequently, the
generality of motif F and its de®nition as an NTP-binding site
was established by structural analysis (11,12). In the negative
strand RNA viruses, motif F is within the `premotif A' noted

Table 1. Conserved motifs in the viral RdRps and HIV-1 reverse
transcriptase (for comparison)

The ®rst amino acid of each motif and/or region is indicated to the
left of the sequence. Sequences and numbers are according to the
PDB ®les when GenBank and PDB ®les differ. Distances between
motifs are similar in all the RdRps, as shown in Figure 1 (with the
exception of distances within motif F, see text). Similar or identical
residues are in pink.

Figure 2. Structures of the Phi6, HCV and RHDV RdRps in the region
including conserved motifs A to D. These are MOLSCRIPT(22) ®gures
derived from the PDB ®les for the structures of the Phi6 (1HHS) (11), HCV
(1QUV) (13) and RHDV (1KHV) (16) RdRps in the designated region. The
conserved motifs are all shown in dark blue and labeled.
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as a sixth region of sequence conservation (26). This site is
apparently universal (see following) and has been mapped
(Table 1) by structural and/or sequence comparison in all four
RdRps with known three-dimensional structures (10±13,16).
A structural comparison of the three RdRps with a completely
known structure in the N-terminal region is shown as Figure 4.
Again, it is obvious that all three polymerases share secondary
and tertiary structure throughout this region. There are three
conserved motifs within region F: F1, F2 and F3, which are
essentially contiguous in the Picornaviridae (Table 1). F2 and
F3 are contiguous in the Totiviridae, Picornaviridae and
Bunyaviridae but not in the Togaviridae. F1 and F2 are
separated by only four amino acids in the Picornaviridae but
usually by many more in the other groups. F2 and F3 are
separated by a region of 40 amino acids in Phi6 (Table 1). This
region may serve a function in strand separation (see below).

Several basic residues of motif F have been shown by co-
crystallization with nucleoside triphosphates to participate in
nucleotide binding in both the Phi6 and the HCV RdRps
(11±13). F2 appears on one side of a long loop extending out
around the mouth of the tunnel into which the template RNA
enters. One side of this tunnel is partially formed by motif B,
and the active site of the enzyme includes a magnesium ion
bound to the conserved aspartate residues of motifs A and C
(for instance, residues D324 and D453 of the Phi6 RdRp). The
three sites for nucleotide binding, the I (interrogation), P
(priming) and C (catalytic) sites share overlapping basic
residues in this region. The I site includes K151, K155 and
R158 of the HCV RdRp regions F2 and F3 (33) and K223,

R225, R268 and R270 of the Phi6 RdRp regions F2 and F3
(11). This is remarkable because F2 and F3 are contiguous in
the HCV RdRp (as well as in polio and RHDV RdRps and in
HIV-1 RT) but separated by 40 amino acids in Phi6 (Table 1).
Examination of the two structures shows that F2 and F3 in Phi6
are contiguous in space when viewed along the `NTP tunnel',
as in ®gure 2 of Bressanelli et al. (33) and as shown in Figure 4.
F2 and F3 were located in HIV-1 RT by a comparison of the
unliganded structure (37) with that of HCV, RHDV and Phi6.
A similar comparison mapped regions A to D of HIV-1 RT
(10). The sequences of the conserved motifs of HIV-1 RT are
shown in Table 1. As predicted by the sequence similarity,
residues K65 and R72 take part in nucleotide binding (38).
HIV-1 RT has an abbreviated loop between the two beta
strands and appears to be missing region F1 (not shown).

Figure 3. Similarity peaks in the Cystoviridae and Flaviviridae RdRps. The
Cystoviridae sequences were of Phi6 (M17461) (34), Phi8 (AF226851) (35)
and Phi13 (AF261668) (36); the Flaviviridae sequences were of HCV
(D84264) (78), hepatitis G virus (AB021287) (30), hepatitis GB virus
(U94421) (31), and bovine viral diarrhea virus (M31182) (79).
PLOTSIMILARITY was run with a window of 10 amino acids. PILEUP
was run with a similarity matrix of Blosum30 for both groups of viruses.
Gap weight was set at 5 and gap length weight at 1 for the Flaviviridae and
at the default values for the Cystoviridae.

Figure 4. Structures of the Phi6, HCV and RHDV RdRps in the N-terminal
region, including conserved motif F. As in Figure 2, but regions F1, F2 and
F3 are shown in red and labeled. The residues in the Phi6 RdRp that may
function as a helicase are shown (K247, D248 and R251). For comparison
with Figure 2, the regions shown include conserved motif A but end just
prior to conserved motif B.
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Motif F is identi®ed for all the dsRNA viral RdRps in
Table 2. Region F was mapped by choosing the appropriate
peak of similarity N-terminal to region A in plots like those of
Figures 1 and 3. GAp or PILEUP did alignments of the Phi6,
Phi8 and Phi13 sequences; the IBDV and IPNV sequences; the
ChV1, ChV2 and ChV3 sequences; the FpV1, RsV AhV, FsV,
PpV, CpV and ZbV sequences; and the Totiviridae sequences.
The assignment of motif F in the birnaviruses by alignment of
IBDV and IPNV agrees with a multiple sequence alignment
using two new, additional, viral RdRps (39). There were no
pairs or groups adequate for such instructive alignments of
REO, BTV and rotavirus RdRps, which were aligned by hand.
The ChV1, 2 and 3 sequence alignment agrees (in this region)
with previous alignments (40). These groups of aligned
sequences were then compared with the Totiviridae alignment
for the completion of Table 2. Regions F1 and F2 of the
Cystoviridae RdRp were mapped as peaks in the PLOT-
SIMILARITY output and subsequently veri®ed by structural
analysis (Fig. 4).

Among the dsRNA viruses, the Totiviridae are an interest-
ing group, in which a single viral dsRNA encodes all viral
functions. A previous comparison of the RdRps from this
group of viruses de®ned eight conserved motifs (5). This
comparison also identi®ed motifs A (4), B (5), C (6), D (7) and

E (8). Of the remaining three conserved motifs, one was motif
F (3). The ®nal conserved motifs, motifs 1 and 2, which are
N-terminal to motif F, may be unique to the Totiviridae. The
identi®cation of motifs A to F of the Totiviridae is shown in
Figure 1. Substitution mutagenesis experiments have shown
that region F in the ScVL1 polymerase is essential to RdRp
activity (17,41).

The structural similarity of the RdRps extends some 100
amino acids N-terminal to motif F (Fig. 4). This region is
missing in the poliovirus RdRp structure, but a comparison of
the HCV, RHDV and Phi6 structures shows that F1, F2 and F3
are all close to each other in space, although F1 and F2 are
separated by a minimum of four amino acids (RHDV) and F2
and F3 by a maximum of 40 amino acids (Phi6). F1 and F2 are
primarily in coil structures, although a portion of F1 is the tail
end of a beta strand in Phi6. A portion of F2 is in alpha helix in
RHDV, but this region is coil in HCV, and only one of the
RHDV monomers shows this structure in the crystals
analyzed; the second monomer has no de®ned structure
precisely where this helix exists in the other monomer (16).
This region also has no de®ned structure in the crystals of
poliovirus RdRp analyzed (10). F2 is therefore in a region that
probably adopts more than one conformation. F3, which
contains the conserved arginine residue participating in
nucleotide binding (e.g. R270 in Phi6), is in beta strand in
each of the three structures complete in this region (and in
HIV-1 RT as well).

DISCUSSION

Mapping peaks of similarity in groups of proteins provides a
bioinformatic method of examining protein structure as useful
as mapping RNA secondary structure by looking for conser-
vation of base-paired regions (42). In combination with direct
structural comparison, it can make signi®cant contributions to
understanding function.

Consider the combination of structural and sequence
comparison of the HCV, RHDV and Phi6 polymerases that
maps a 40 amino acid insertion within region F of the Phi6
RdRp. This insertion in the Phi6 polymerase is situated outside
the mouth of the tunnel leading to the active site of the
enzyme. This region has been described as a `plough-like
protuberance' that may function to separate the strands of the
dsRNA, so that one strand can enter the template tunnel (11).
There are three prominent charged residues at the tip of the 40
amino acid insert in the Phi6 polymerase (K247, D248 and
R251) that may play a role in this helicase activity. Generally,
the dsRNA viruses have a very AU-rich region at the 5¢ end of
the plus strand (43), which is where this separation takes place,
as the template strand enters the polymerase.

If this region in the Phi6 RdRp is a helicase necessary for
strand separation, it should be present in all the dsRNA viral
RdRps (model 1). However, of the dsRNA viral RdRps, only
the Cystoviridae RdRps have insertions between F2 and F3
(Table 2). Since no other dsRNA viral RdRp structure is
known, this data is hard to interpret. Interpretation is also
complicated by the fact that there are two possible modes of
transcription in dsRNA viruses. It is possible that the semi-
conservative (strand displacement) mechanism of transcrip-
tion in Phi6 (44) puts different requirements on its polymerase
in this region. Of the dsRNA viruses whose RdRp sequences

Table 2. Conserved region F (motif 3) in the dsRNA virus RdRp

Similar or identical residues are colored pink. Included are sequences of
Totiviridae, Partitiviridae, Hypoviridae, Birnaviridae, Reoviridae and
Cystoviridae RdRps. The cryptic dsRNA viral elements of plants
(108±110) are not included because they are more similar to the alfalfa
mosaic virus-like group of positive strand RNA viruses (111).
Similarly, the T and W dsRNAs of Saccharomyces cerevisiae (and
related elements) are excluded because they are really replicative
intermediates of positive strand RNA viruses (112).
*Only a partial sequence of the CcV RdRp is available. This is the
sequence of the `Cucurbit yellows-associated virus mRNA', which
appears to code for a portion of the RdRp of a contaminating dsRNA
fungal virus.
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are known, only IPNV(45) and Phi6 (44) are known to have a
semi-conservative mechanism. The Reoviridae (46) and at
least some of the Totiviridae (47±50) have conservative
synthesis. Clearly, the conservative mode of synthesis is not a
function of how many viral dsRNA segments are present. The
Birnaviridae (IPNV and IBDV) RdRps do not have an
insertion between F2 and F3 [Table 2; (39)]. However, since
they do have a circular permutation of motifs A, B and C, it is
possible that they have a region like the F2±F3 insertion of the
Cystoviridae elsewhere.

In the Totiviridae, F1, F2 and F3 are part of a region in the
ScV RdRp that can serve as an RNA-binding domain upon
deletion of region A and the sequence between A and B (41).
This is consistent with some portion of region F serving a
strand separation function. One candidate for such a function
is F1, a region conserved in all the RdRps examined (Tables 1
and 2). Since F1 is in the same place in all the structures
determined (Fig. 4), just at the mouth of the template tunnel, it
is possible that it serves a role in strand separation, ensuring
that the template strand enters the tunnel. In the RdRps that
function conservatively, there would be no requirement for a
second strand separation region, pushing the plus strand out of
the polymerase (and out of the viral particle). The original plus
strand would re-anneal with the template strand after passing
through the active site of the polymerase (11) and the new plus
strand would exit the polymerase (and the viral particle).
Consistent with this model (model 2), at least some of the
RdRps of single-strand RNA viruses (i.e. poliovirus RdRp)
also have an intrinsic helicase activity coupled to elongation
(51). Since the substrate used in this experiment was only
partially double-stranded, it is not clear that poliovirus RdRp
can unwind an entirely duplex template; nor is it clear that
displacement synthesis would be the result, as it was for this
substrate. HIV-1 RT, which is apparently missing region F1,
uses a primer±template complex, and would not have to (and
does not) separate strands prior to synthesis (38). At least some
reverse transcriptases do not unwind dsRNA (51).

In summary, the combination of structural comparisons and
systematic primary sequence alignments has de®ned two
regions of the viral RdRp that may be involved in unwinding
dsRNA for transcription. One of these is the N-terminal
portion of motif F and the second is a large insertion in motif F
present in the RdRps of the cystoviridae. De®ning the
functional homologies of the RdRps in this region will require
determination of the structures of several more polymerases
from additional groups of both ssRNA and dsRNA viruses.
However, testing the proposed helicase activity in the Phi6
polymerase should be possible simply by deleting the 40
amino acid insertion; the resultant polymerase should be able
to synthesize dsRNA from ssRNA templates but should fail to
synthesize viral plus strands from genomic dsRNAs (model 1)
or should synthesize viral plus strands conservatively from
dsRNA templates (model 2). Both replicase and transcriptase
activities can be assayed in vitro using the puri®ed
recombinant enzyme (52±54).

A similar bioinformatic approach to ®nding conserved motifs
has shown that motif C in the birnaviruses (IBDV and IPNV) is
in a circularly permuted arrangement with motifs A and B; that
is, in the order CAB, rather than ABC (39). This discovery was
made possible by the sequencing of two new viral genomes, the
predicted RdRp of one of which, TaV, showed signi®cant

similarity to IPNV. This further validates the approach outlined
here: mapping conserved motifs in groups of proteins all of
which are signi®cantly, but distantly, related.
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