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SUMMARY

Most double-stranded (ds) RNA viruses
perform RNA synthesis within a large
icosahedral particle (polymerase complex, or
PX) containing an RNA-dependent RNA
polymerase (Pol) as a minor constituent.
Bacteriophage 6 (the type-virus of the
Cystoviridae family) P2 protein containing
characteristic Pol motifs has been demon-
strated to be capable of catalyzing replication
and transcription reactions without the
assistance of other proteins in vitro. The
isolated new members of the Cystoviridae
family, phages 8, 12, and 13 have no
extensive sequence similarity among them-
selves or with 6. The exceptions are the
amino acid motifs of Pol proteins. The Pols
display 20% to 50% amino acid identity
between these four cystoviruses. In this thesis,
the putative Pol (P2) enzymes have been
expressed, purified, and characterized (I, III),
and the RNA synthesis mechanisms for
transcription (II) and replication initiation
have been investigated (III).

Similarly to 6 Pol, these purified
recombinant P2 proteins are all active in vitro,
carrying out RNA synthesis [ 8 and 13, I,

12 and its temperature sensitive (ts) mutant,
III]. The enzymatic activities differ in many
aspects from each other, such as optimal
divalent metal ion concentration, buffers and
pH values. However, they have a similar
initiation sequence requirement; C is always
the most favored 3’-terminal template
nucleotide (I, III).

During transcription, PX exclusively synthe-
sizes (+) strands over a wide range of
conditions. In the case of 6, isolated Pol
predominantly synthesizes (+) strands of
virus-specific dsRNAs in vitro, suggesting that
Pol template preference determines the
transcriptional polarity. However, the isolated

13Pol can be stimulated by Mn2+ to produce
(-) copies on phage-specific dsRNA templates.

Importantly, Pol subunits become more prone
to (+) strand synthesis when dsRNA templates
(using 13 dsRNA) are activated by dena-
turation before the reaction. Based on these
and earlier observations, a model for
transcriptional polarity in Cystoviridae is
proposed. According to the model, transcrip-
tion is controlled at two independent levels: (i)
Pol affinity to (+) strand initiation sites and (ii)
accessibility of these sites to the Pol in a
single-stranded form (II).

Interestingly, de novo initiation by 12 wild-
type (wt) and its ts Pol variant was more
sensitive to increased temperature than the
elongation step, and the nonpermissive
temperature limit was lower for the ts enzyme.
Experiments with 6 Pol revealed a similar
temperature differential for the initiation and
elongation steps. These observations are
consistent with previous results showing that
de novo initiation by the Pol from dengue
virus is inhibited at elevated temperatures,
whereas the elongation phase is relatively
thermostable. This suggests that de novo
RNA-dependent RNA synthesis in many viral
systems includes a specialized thermostable
initiation complex state (III).

Based on the use of the 6 Pol and chain
terminating nucleotide analogs, a primer-
independent RNA sequence method has been
developed (Makeyev and Bamford, 2001).
Pols of cystoviruses were used in attempts to
sequence dsRNA genome segments of a novel
adult diarrhea rotavirus (NADRV), which is
the only culturable adult rotavirus strain so far
described. Our sequence data obtained with a
single primer method strongly suggest that
NADRV is a new group rotavirus strain,
which does not belong to any known human
rotaviral groups (IV).
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A. INTRODUCTION

    Viruses are obligate parasites that can infect
cellular organisms in nature. They carry a
genome that can be in the form of double-
stranded (ds) DNA, dsRNA, single-stranded
(ss) DNA and ssRNA. All viruses possess
some properties of living systems, such as
having genomes and being capable of
reproduction that is more or less dependent on
host factors. Hence, they can evolve in
response to a changing environment
(Domingo et al., 1996; Domingo and Holland,
1997). When compared with other classes of
RNA viruses, dsRNA viruses are less
dependent on the host cell’s machinery. The
main focus of this review will be the RNA
synthesis of dsRNA viruses and the
characteristics of several dsRNA viruses.

A.1. DOUBLE-STRANDED RNA VIRUS
    There are three classes of viruses
maintaining the nucleic acid metabolism
entirely at the RNA level, without any DNA
intermediate. Of theses viruses, about 50%
contain a positive strand (+) ssRNA, 25% a
negative strand (-) ssRNA, and 25% a dsRNA
genome. DsRNA viruses infect a wide range
of host species including animals, plants,
fungi, and bacteria. Most (+) ssRNA viruses
infect eukaryotic cells, with the exception of
the Leviviridae family of bacterial viruses, and
(+) ssRNA genomes are much more diverse
than the dsRNA ones. All (-) ssRNA viruses
are known to infect only higher eukaryotes.
These limitations of the host species and
genome diversity may suggest that these
viruses evolved in the order: (+) ssRNA,
dsRNA, and finally (-) ssRNA viruses (Gibbs
et al., 2000).
  Viruses with dsRNA genomes are classified
into six families: Birnaviridae, Cysto-viridae,
Hypoviridae, Partitiviridae, Reov-iridae, and
Totiviridae (Mayo and Fauquet, 2000). These

families posses a variable number of genome
segments: single-component (Totiviridae, 4-7
kb), two-component (Birna-, 6 kb; Hypto-, 10-
13 kb; Varicosa-, 14 kb and Partitivirdae, 4-9
kb), three-component (Cystoviridae, 13 kb)
and multi-segment (Reoviridae, 10-12
segments, 20-27 kb). This scheme is likely to
expand; for example, naked dsRNAs from
different plant species (also known as dsRNA
plasmids) have recently been assigned to a
tentative family of Endoviridae (Gibbs et al.,
2000 and references therein).
    Reoviridae in general, and their genera
Orthoreovirus, Orbivirus and Rotavirus in
particular, are perhaps the best-studied dsRNA
viruses (reviewed by Lawton et al., 2000).
Within the Reoviridae family, rotavirus is the
most important human pathogen (Fields et al.,
1996). Studies of the other dsRNA viral
families, Cystoviridae (primarily 6) and
Totiviridae (primarily L-A yeast virus), have
also provided significant insights into the
RNA metabolism of dsRNA viruses (Caston et
al., 1997; Naitow et al., 2002; Reinisch, 2002;
Butcher et al., 2001; Makeyev and Bamford,
2000, 2001).

A.2. LIFE-CYCLE OF dsRNA VIRUS
   dsRNA virus genomes face a particular
challenge in host cells, which have dsRNA-
defense systems, often through dsRNA-
dependent protein kinase (PKR), apoptosis or
post transcriptional gene silencing (PTGS)
(reviewed by Mossman, 2002). Probably for
these reasons, dsRNA viruses always maintain
considerable structural and functional integrity
and keep the dsRNA genome always inside
the viral particles (Grimes et al., 1998).
   Despite their host specificity, most dsRNA
viruses share a common life-cycle (Fields et
al., 1996). The life-cycle of a dsRNA virus
has been best described for bacteriophage 6
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(Fig. 1, Olkkonen et al., 1990; Makeyev and
Bamford, 2000). Upon cell entry, the virion is
converted into  a  transcriptionally  active core
particle containing  a  dsRNA  genome  and  a
virion-associated   Pol  protein  complex   (or

Fig. 1. Schematic presentation of the life-cycle of
bacteriophage 6. The three-segmented dsRNA genome
of 6 (a) is brought into the host cell inside a subviral
particle (b), the particle catalyzes the synthesis of (+)
ssRNA transcripts l+, m+ and s+, which are extruded into
the cytoplasm (c). The cellular protein synthesis
apparatus translates the RNA (d1 and d2) to P1, P2, P4,
P7 and other proteins. The newly produced proteins
assemble the empty PCs (e), which are capable of
packaging (f) one copy of the each of the (+) ssRNA (l+,
m+ and s+) per particle. Once all three ssRNAs are
packaged (g), the PC replicates them to (h) genomic
dsRNA. The PX particle at this stage can enter an
additional round of transcription (arrow c-d) or
alternatively mature into infectious virions (i-j).
Modified from Makeyev and Bamford (2001).

core, PX). The entering viral core particle
initiates transcription of the dsRNA genome to
produce plus-polarity RNA transcripts, which
are extruded to the cell cytoplasm. Because a
dsRNA genome can, in principle, program
both (+) and (-) strand synthesis, all the
dsRNA viral core particles utilize a control
mechanism(s) ensuring selective synthesis of
(+) strands during transcription. Some of the
plus-polarity transcripts can be used as viral
mRNAs translated to viral proteins by the host
protein synthesis system, leading to the
assembly of new procapsid (PC), which
always include the Pol subunit. The assembled
viral PC particles package some of the plus-
polarity transcripts, one copy of each segment,
into the next generation viral polymerase
complex (PX = PC + RNA genome). The
progeny polymerase complexes use the
packaged plus-polarity transcripts to replicate
them into dsRNA segments [(+) ssRNA 
dsRNA] that can either support additional
rounds of the above-mentioned transcription
reaction [dsRNA  (+) ssRNA] or,
alternatively, mature into virions that are
released from the host cells. Thus, both
transcription and replication in dsRNA viruses
depend on the virus-encoded Pol enzyme and
always occur in the interior of the core
particle. The stringent requirements of the
dsRNA metabolism may explain the striking
similarities observed in the core architecture
among a broad spectrum of dsRNA viruses,
from mammalian rotaviruses to Pseudomonas
bacteriophage 6 (Cheng et al., 1994; Butcher
et al., 1997; Grimes et al., 1998; Reinisch et
al., 2000).

A.3. THE POLYMERASE COMPLEX
OF dsRNA VIRUS
   As mentioned above, the viral polymerase
complex is a virally encoded macromolecular
machine that encapsulates the viral genome.
Detailed biochemical and structural studies
propose that the common functions and coat
protein arrangement of the dsRNA viral PX
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particles are not found in other virus classes
(Bamford et al., 2002; Bamford, 2003).

A.3.1. The composition of dsRNA virus
polymerase complexes
   The polymerase complex particle is formed
from multiple copies of a small number of
virally encoded proteins (Grimes et al., 1998;
Olkkonen et al., 1990; Reinisch et al., 2000).
Apart from Pol subunits, the PX particles
contain a capsid protein shell and, depending
on the virus, helicases and mRNA capping
enzymes. Recent atomic models of the core
assemblies of bluetongue virus (BTV),
reovirus, rotavirus, and L-A virus provide
insights into the PX structure (Grimes et al.,
1998; Reinisch et al., 2000; Caston et al.,
1997; Wickner, 1996; Naitow et al., 2002). It
appears that an additional protein shell (T=13)
is common to many dsRNA virus PXs
(Reinisch et al., 2000 and references therein).
However, transcriptionally active PXs of the
Orthoreovirus and Cypovirus genera of
Reoviridae, as well as those of Birnaviridae
and Cystoviridae, contain only one capsid
layer. Importantly, the inner (or only) shell of
many dsRNA viruses contains 120 copies of
the major coat protein, which are placed on an
icosahedral T=1 lattice as dimers (60  2).
This arrangement has only been observed in
dsRNA viruses (Grimes et al., 1998). In
essence, the major structural protein can adopt
two distinct conformations that are both
present in an asymmetric unit in the “T=2”
shell. However, in many dsRNA viruses,
efficient transcription has been shown to occur
only in intact PXs (Lawton et al., 2000).
  Biochemical and structural analyses of
transcribing particles of rotavirus and BTV
have revealed that the nascent transcripts
generated within the particles are translocated
through an elaborate network of channels at
the 5-fold vertices on the PX surface (Lawton
et al., 1997; Diprose et al., 2001). The logistic
issues about the translocation portals for the
substrates and transcripts of a dsRNA viral

polymerase complex were addressed in recent
BTV structural studies (Diprose et al., 2001;
Bamford, 2002). It was observed that divalent
metal ion magnesium (Mg2+) triggers a slight
expansion in the core particle, particularly
around the 5-fold axes. This enlarges the 5-
fold pores enough for the ssRNA to exit.
Between two inner core VP3 proteins (T=2),
there is an additional pore for NTP/NDP
binding. The exterior side of this pore opens
through the outer VP7 protein layer (T=13),
where there are also NTP binding sites. These
obviously enrich the NTP concentration, and
ensure that the viral particles share the host
NTP pool (Diprose et al., 2001).

However, the unavailability of an in vitro
assembly system and the absence of soluble
structural proteins from BTV and other
dsRNA animal viruses preclude further
experimental verification and characterization
of conformational changes during the
assembly. An in vitro assembly model of
dsRNA viruses has been recently established
with bacteriophages 6 (Poranen et al., 2001)
and 8 (Kainov et al., 2003a). The viral core
has been assembled in vitro from four purified
recombinant components of 6, P1 (85 kDa),
P2 (75 kDa), P4 (36 kDa), and P7 (17 kDa)
(Ktistakis and Lang, 1987; Day and Mindich,
1980; Mindich, 1988; Mindich and Bamford,
1988; De Haas et al., 1999). Among the four
protein components, P1 dimers form a unique
icosahedral lattice (Butcher et al., 1997;
Bamford, 2000; Bamford et al., 2002). The P4
hexamers (unspecific nucleotide triphospha-
tase, NTPase) occupy the five-fold vertices of
the procapsid and are necessary for plus-sense
ssRNA packaging into a preformed procapsid,
as stable polymerase complex particles
without P4 were not able to package ssRNA
segments and did not display RNA
polymerase activity (Gottlieb et al., 1992;
Paatero et al., 1995; De Haas et al., 1999;
Pirttimaa et al., 2002). The P2 protein, the Pol
subunit, is a compact monomer that localizes
at the five-fold vertices under the P4 hexamers
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(Makeyev and Bamford, 2000a; Butcher et al.,
2001; Ikonen et al., 2003). P2 has
characteristic Pol motifs and in vitro activities
for replication and transcription without any
assistance from other proteins. P7 stabilizes
packaged ssRNA precursors inside the PX and
seems to be involved in the regulation of
transcription as a fidelity factor (Juuti and
Bamford, 1997).

The in vitro assembled PC particles can
package phage-specific ssRNAs synthesized
by either core-directed transcription or by T7
RNA polymerase transcription of the cDNA
copies of the genome segments. The resultant
packaged particles are replication and
transcription active viral molecular machines.
When the inner viral particles with the dsRNA
are supplemented with the outer shell protein
P8 (T=13) (Bamford et al., 1976; Butcher et
al., 1997), these in vitro self-assembled
nuclocapsids (NC, NC = PX + P8) can
penetrate the host P. syringae spheroplast
plasma membrane and initiate a productive
infection (Olkkonen et al., 1990; Poranen et
al., 2001).

A.3.2. Genomic dsRNA in the polymerase
complexes

As mentioned above, dsRNA genomes are
always located inside the structurally intact
core PX of the virion (Bamford et al., 1993).
A question arises as to how the Pol in the
particle could transcribe the dsRNA template
with extraordinary efficiency. Structural data
suggest that many dsRNA genomes form
highly ordered liquid crystalline structures
(Gouet et al., 1999; Prasad et al., 1996;
Lawton et al., 1997; Reinisch et al., 2000). In
Reoviridae, which have genomes composed of
10-12 segments, each dsRNA segment is
likely to be associated with one of the twelve
5-folds, in close contact with the Pol subunit
and capping enzyme(s). Electron microscopy
(EM) studies of the cypovirus PX suggested
tight association of both ends of individual
dsRNAs with the vertices data have shown

that dsRNA in rotavirus PX forms a
dodecahedral structure with double helixes
being located around the 5-fold positions
(Lawton et al., 1997; Prasad et al., 1996). X-
ray crystallographic data also suggested that
BTV dsRNA strands are packaged as spirals
around the 5-fold axes (Gouet et al., 1999) and
bind to the VP7 trimer (Diprose et al., 2002).

In addition to full length (+) ssRNAs,
transcriptionally active PXs of several
members of Reoviridae (including rota-,
orthoreo- and cypoviruses) can produce
significant amounts of short transcripts, which
correspond to the 5’ end of the mRNA
transcripts, and some of them are properly
capped (Lawton et al., 2000). Such short
transcripts ranging in length from 3 to 20
bases were first observed in the mature virions
of orthoreoviruses and rotaviral triple-layered
particles (TLPs) (Nichols et al., 1972).
However, these are trapped within the TLP
particles and are not elongated further
(Lawton et al., 1999). In addition, such
abortive transcription can be induced in
double-layered particles by binding specific
antibodies to the VP6 (T=13) shell layer.
Thus, these short oligonucleotides were
believed to be the products of reiterative
transcription initiation events occurring in vivo
within maturing particles during assembly of
the outer capsid. This phenomenon suggests
that the process of an efficient (full-length)
transcript translocation through the 5-fold pore
might require a special state of the PXs.

A.3.3. RNA metabolism of the polymerase
complex
  As mentioned above, both replication and
transcription occur in the PX particles.
However, different dsRNA viruses apply two
distinct modes for transcription. Reoviridae
and totiviruses transcribe conservatively,
which means that the nascent RNA strand is
produced in ss form, leaving the template
dsRNA intact. Conversely, the dsRNA viruses
with two (birnaviridae, partitiviruses) and
three genome segments (cystoviruses) apply
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the semi-conservative transcription mecha-
nism, where the nascent strand displaces the
old non-template strand from the dsRNA
segment (Fig. 2, Tao et al., 2002). An
analogous transcription mechanism is also
likely to be used by many (+) ssRNA viruses.
The newly produced ssRNA transcripts are
extruded into the cytoplasm, where they serve
as templates (mRNAs) for protein synthesis.
These transcripts are mostly monocistronic in
eukaryotic viruses and polycistronic in
prokaryotic viruses. In 6 (Cystoviridae),
empty PX particles are first assembled from
the newly produced structural proteins. These
empty particles can package one copy of each
virus-specific ssRNA transcript. On the
contrary, the PX of L-A yeast virus
(Totiviridae) is thought to assemble around
virus-specific (or satellite) ssRNAs (Wickner,
1996). The mechanisms of particle assembly
and RNA packaging in Reoviridae remain to
be elucidated, although empty PXs have been
produced from recombinant expression
systems (Patton and Spencer, 2000). Rotaviral
PX can package in vivo a marker gene bearing
virus-specific 5'- and 3'-terminal sequences
(44 nt and 19 nt, respectively) to replicate and
transcribe. This suggests that the terminal
regions are sufficient for the regulation of
RNA metabolism (Gorziglia and Collins,
1992). RNA packaging in Reoviridae occurs
within cytoplasmic inclusions, and is
facilitated by virus-encoded nonstructural
proteins (Patton and Spencer, 2000;
Taraporewala and Patton, 2001). These
proteins form large multimeric complexes,
bind ssRNA with high affinity (Taraporewala
et al., 2001), and colocalize with the PXs. It
has been observed that a rotaviral mutant
lacking functional protein NSP2 that seems to
carry helix destabilization and NTPase
activities only accumulates empty particles
(Jayaram et al., 2002). Although distinct from
typical helicases, the helix-destabilizing
activity of NSP2 (Table 1) is quite similar to
the single-stranded DNA-binding proteins

(SSBs) involved in dsDNA replication
(Gillian et al., 2000). The presence of SSB-
like nonstructural proteins in two members of
the family Reoviridae suggests a common
mechanism: unwinding viral mRNA prior to
packaging and subsequent minus-strand RNA
synthesis (Aponte et al., 1996; Taraporewala
and Patton, 2001). Apparently, these
complexes could be functional analogs to
cystoviral NTPase P4 protein, also active in
RNA packaging (Pirttimaa et al., 2001 and
references therein).
   Despite progress in studying RNA
packaging in Cystoviridae (Mindich, 1999), it
is still poorly understood how the segmented
dsRNA viruses, especially those with 10 to 12
segments (Reoviridae), can specifically pick
up one copy of each segment to reconstitute a
functional genome (Patton and Spencer,
2000). Recently, it has been found that there is
a cap-binding site on the surface of each Pol
protein molecule of reovirus and it was
proposed that it may be associated with
segment specific binding and packaging (Tao
et al., 2002). This is consistent with an
observation   that   each   dsRNA   segment in
reovirus is attached to a specific transcription
complex containing the polymerase subunit
(Tao et al., 2002 and references therein).
   Several experimental systems have been
developed to shed light on the molecular
mechanism of RNA synthesis in dsRNA
viruses. The first in vitro system was based on
purified viruses or PXs containing dsRNA
genomes (particle-based transcription). Such
systems have been developed for reovirus
(Skehel and Joklik, 1969), bacteriophage 6
(Partirdge et al., 1979; Van Etten et al., 1973),
and many others. Replication has been studied
using either isolated virus intermediates
containing packaged ssRNA or empty
polymerase particles (Ewen and Revel, 1990;
Fujimura et al., 1986). Two other systems, the
empty L-A particles and rotavirus cores were
demonstrated to support replication of
exogenous ssRNA templates (Chen et al.,
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1994; Fujimura and Wickner, 1988). Unlike
rotaviral VP1, which is inactive upon
isolation, the Pol subunits of orthoreovirus,
BTV and infectious bursal disease virus
(IBDV; Birnaviridae) seem to retain some
polymerase activity when overproduced
without other viral proteins (Macreadie and
Azad, 1993; Starnes and Joklik, 1993;
Urakawa et al., 1989). However, reovirus Pol
( 3) can only accept poly(C) template
producing poly(G) in vitro (Starnes and
Joklik, 1993). On the other hand, the BTV and
IBDV Pol subunits failed to demonstrate that
the observed polymerase activity was
associated with the expressed proteins, as the
assays were performed on crude extracts
(Macreadie and Azad, 1993; Urakawa et al.,
1989).
   The Pol subunit of cystovirus 6 has been
demonstrated to be capable of de novo
initiation (primer-independent) of RNA
polymerization producing full-length geno-
mes, in principle as it happens in the PXs
(Makeyev and Bamford, 2001; Rimon and
Haselkorn, 1978). Intriguingly, although de
novo initiation is also expected for other
dsRNA viruses (except Birnaviridae, which
use protein-primed initiation), recent data on
the initiation of replication using rotaviral
cores suggests that Reoviridae might utilize a
different initiation mechanism for de novo
synthesis of minus-strand RNA. This de novo
initiation uses a short primer (pGpG, or
ppGpG, or their “capped” variant GpppGpG),
which is then extended by VP1 (Table 1) to
produce a full-length RNA product in a cell-
free replication system (Chen and Patton,
2000). This is consistent with the strict
conservation of the 5 GG in all rotaviral RNA
segments. Interestingly, in this replication
system, monovalent  metal  Na+  was observed
affecting (-) strand synthesis in the initiation
process, but not elongation. Also, another
important observation was that in the presence
of GTP, (-) strand synthesis initiated at the 3'-
terminal C of the  (+) ssRNA,  whereas  in  the

Fig.  2.  A comparison of RNA synthesis by reovirus
(A) and 6 (B). The thick and thin lines represent plus
(+) and minus ( ) sense RNA, respectively. The strands
combined with a small arrow are newly-produced
copies. The lower panels represent the semi- ( 6) and
conserved (reovirus) transcription models. For details
see the text. Modified from Tao et al. (2002) and
Butcher et al. (2001).

absence of GTP, an aberrant initiation
occurred at the third residue upstream from
the 3' end of the template. Further studies may
be needed to elucidate the molecular details of
this unprecedented mode of initiation.
Specifically, it would be interesting to know
whether the rotaviral putative RNA poly-
merase protein VP1 is active in vitro,
synthesizes primers by itself or with the help
of the VP3 protein (Table 1).

A.4. RNA-DEPENDENT RNA
POLYMERASE SUBUNITS

A.4.1. RNA-Dependent RNA polymerase
family
    The RNA-dependent RNA polymerase
(Pol) activity has been known in plants for
several decades, although its physiological
function has been unclear (Astier-Manifacier
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and Cornuet, 1971). In contrast to the
ubiquitous DNA-dependent RNA polymerase
(DdRP), Pol enzymes exist in eukaryotes and
RNA viruses, but have not been observed so
far in archaea or bacteria. The eukaryotic Pols
have been demonstrated to be involved in the
amplification of regulatory microRNAs during
post-transcriptional gene silencing (PTGS)
(Schiebel et al., 1998; Anantharaman et al.,
2002; Makeyev and Bamford, 2002).
However, it is not yet clear how many of these
related proteins actually function in PTGS
process. Some of them may have distant roles
in antiviral defense such as in Arabidopsis (Yu
et al., 2003). The viral Pols carry out multiple
functions in RNA metabolism from replication
to capping activities (Spies et al., 1987; Gupta
et al., 2002 and references therein).
   The genes encoding Pols are the most
conserved among all viral genes and for this
reason have been used extensively for
phylogenetic analyses (Koonin and Dolja,
1993). Nine statistically significant motifs are
conserved across the entire set of Pols.
Recently, high-resolution structural analysis
has suggested that a conserved right hand
polymerase tertiary structure with finger,
thumb, and palm domains are shared by Pols,
DdRPs and reverse transcriptases (Butcher et
al., 2001 and references therein). Although the
functions of these motifs are not entirely
understood, they are believed to correspond to
the polymerase functions such as RNA
polymerization and the bindings for NTP,
template and product. A Gly-Asp-Asp- (GDD)
sequence in the catalytic palm domain is
conserved in almost all Pols. In a few cases,
such as the Pols of cystoviruses 6 and 13 as
well as two birnaviruses (IBDV and IPNV),
the glycine (G) residue is substituted with
serine (S) and leucine (L), respectively, but
the di-aspartate sequence (DD) is conserved
(Mindich et al., 1988; Shwed et al., 2002). It
has been suggested that all polymerases utilize
a common mechanism for catalysis involving
the DD motif and two divalent metal ions

(Fig. 3, Steitz and Steitz, 1993; Steitz, 1998).
The DD residues, in conjunction with a third
conserved D in the palm domain, are believed
to represent the catalytic site of the
polymerase, which can position the divalent
ions, water, the free 3’-hydroxyl of the nascent
strand, and the incoming NTPs (Shwed et al.,
2002; and references therein). The
enzymatically active recombinant Pols are
primarily obtained from the members of
Flavivirdae (Behrens et al., 1996),
Picornaviviridae (Hansen et al., 1997;
O’Relly and Kao, 1998), Caliciviridae (Ng et
al., 2002), Cystoviridae (Makeyev and
Bamford, 2000), Reoviridae (Tao et al., 2002),
and the cellular QDE-1 isolated from N. crassa
(Makeyev and Bamford, 2002). Several of
them have been further structurally
characterized, such as the Pol subunits of
Hepatitis C virus (HCV) (Ago et al., 1999;
Bressanelli et al., 1999; Lesburg et al., 1999;
O’Farrell et al., 2003), Calicivirus (Ng et al.,
2002), reovirus (Tao et al., 2002) and 6
(Butcher et al., 2001; Salgado et al., 2004).

A.4.2. RNA synthesis of viral Pols
   Viral Pols initiate full-length RNA synthesis
with ssRNA templates by either of two major
mechanisms: de novo synthesis (where the
primer is one nucleotide) or primer-dependent
synthesis (where synthesis is initiated with an
oligonucleotide or a protein covalently linked
to nucleotides) (Kao et al., 2001). The de novo
mechanism demonstrated in vitro is probably
also used in RNA replication in vivo
(Bressanelli et al., 2002; Kao et al., 1999,
2001). De novo initiation appears an attractive
model  for  RNA   replication  because:  1)  no
genetic information is lost, 2) no additional
enzymes are needed to produce a primer,  and
3) no other enzymes are needed to digest
template-primed (or template-priming, copy-
back, back-priming) products. However, de
novo initiation is relatively inefficient in vitro
and requires a very high concentration of the
observed   in  early  studies  (Behrens    et   al.,
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Fig. 3. Two-metal ion catalytic mechanism of
nucleotide transfer for the polymerases. In the
elongation process of the polymerization, the polymer is
produced by sequentially transferring (d)NTP
monomers to the 3' OH group of the growing chain,
template chain specifying one of the four monomers is
added at a time. Only -phosphate (d)NTP is
incorporated into the polymer, whereas  and -
phosphate groups are released as a pyrophosphate. The
polymerase coordinates two catalytically active divalent
metal ions designated as A and B. Ion A lowers the
affinity of the 3' OH for the hydrogen, facilitating the 3'
O- attack on the -phosphate of the incoming (d)NTP.
Ion B assists the leaving of the pyrophosphate, and both
of the metal ions stabilize the expected pentacovalent
intermediate. The role of the DD (ASPA and ASPC)
motif is in chelating active metal ions. Modified from
Steitz (1998).

1996; Ferrari et al., 1999; Lohmann et al,
1997, 1999). These led to a question of how
the same recombinant enzymes could
differentially achieve primer extension and de
novo initiation.

 In addition to the above-mentioned two
major mechanisms to produce full-length

dsRNA, a 6 Pol mutant and cellular QDE-1
Pol can extend an oligo primer complementary
to a middle region of the template similarly to
DNA polymerases (Laurila et al., 2002,
Makeyev and Bamford, 2002). Furthermore,
the cellular QDE-1 enzyme applies novel
initiation and termination strategies in vitro
and most likely also in vivo to produce 9-21 nt
long small RNAs, which are supposed to be
evenly distributed along the template. This
observation may support the genetic evidence
that the cellular Pol subunit is involved in
post-transcriptional gene silencing (Makeyev
and Bamford, 2002). Unlike the polymerase
complex, recombinant Pols are usually not
viral template-specific (Ferrari et al., 1999;
Kao et al., 2000; Makeyev and Bamford,
2000); and the 6 Pol was recently applied for
sequencing RNA templates including the
genomes of BTV (Reoviridae), L-A
(Totiviridae), and others (Makeyev and
Bamford, 2001 and unpublished data).

A.4.3. De novo initiation mechanism of Pols
    The main initiation mechanism, de novo
RNA synthesis, is a relatively simple process
involving the active site of the polymerase.
The NTP for initiation (NTPi, most often is a
GTP) provides the 3’-hydroxyl to be linked to
the second NTP, at the initiation site (i site)
corresponding to the template 3’ terminal first
nucleotide (CT1) as observed in flaviviruses
and reovirus (Kao et al., 2001; Ranjith-Kumar
et al., 2002; Tao et al., 2002). The GTPi binds
to the i site in the polymerase and is base
paired to CT1 (Joyce and Steitz, 1995). The
second NTP binds to the i+1 site and is paired
with the NT2 of the template. After the
formation of the first phosphodiester bond by
the 3’-OH group of NTPi with the -
phosphate of the (i+1) NTP, either the
polymerase or the template translocate and the
i+1 site is used to incorporate subsequent
nucleotides (Ranjith-Kumar et al., 2002). This
mode is applied by numerous RNA viruses,
including those with dsRNA genomes such as
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rotavirus (Chen and Patton, 2000), and
reovirus (Tao et al., 2002), negative-strand
RNA viruses such as vesicular stomatitis
virus, positive-stranded alphavirus-like
viruses, and members of the Flaviviridae
(Ackermann and Padmanabhan, 2001; Luo et
al, 2000; Kao et al., 2001).

The initiation process may not be exactly the
same among different viral Pols, while the
formation of the final initiation complex is
needed for all these de novo syntheses. The
involved common factors include: 1) NTPs for
forming the first phosphodiester bond, 2)
proper 3' end template composition, and 3)
factors related to the polymerase structure and
further affecting enzyme functions such as
metal ions. For example, in 6 the Pol co-
crystallizations with the oligo template
suggest that the terminal CT13’ passes the
expected catalytic site and is locked into a
specificity pocket, which may specifically
recognize the template with CT1 3’ and dictate
that the initiation occurs at CT2, not CT1 3’.
Then, the first GTP from the NTP channel is
base stacked on the tyrosine Y630 that forms a
supposed initiation platform with other
residues preventing the 3’-terminus from
forming a hairpin-like primer. The template
ratchets backward, freeing the CT1 from the
pocket. The catalysis releases a pyrophosphate
molecule and produces the first phospho-
diester bond between CT1 and CT2. The third
NTP then slips into the active site, elongating
the chain. Following the initiation step, the C-
terminal domain containing the initiation
platform is believed to move and allow the
exit of the dsRNA product (Butcher et al,
2001). High-resolution structure of the HCV
enzyme also indicates that the corresponding
structure should exhibit the flexibility to move
to accommodate the elongation of the nascent
dsRNA (Butcher et al., 2001 and references
therein).   
   The functions of residue Y630 in 6 Pol for
forming an initiation complex and a structure
(initiate platform) preventing the template

copy back have been further demonstrated
using enzyme mutants (Laurial et al., 2002).
When the loop (Y630-G631-W632) is
changed to GSG, 6 Pol becomes a primer-
dependent enzyme, either extending a
complementary oligonucleotide or utilizing a
template self-priming initiation mechanism. A
similar loop working as an initiation platform
was also demonstrated in HCV (the -hairpin,
aa 443-454) using a deletion mutant and other
flaviviruses capable of de novo initiation
(Hong et al., 1999, 2001; Labonte et al.,
2002). By contrast, poliovirus, which uses a
protein primer-dependent RNA synthesis
mechanism, does not have the corresponding
structure (Paul et al., 1998; Hansen et al.,
1997). However, the Y630 is likely to be
preserved in the Pols of other cystoviruses 8,

12, and 13, as these proteins have aromatic
residues at the equivalent positions
(Hoogstraten et al., 2000; Qiao et al., 2000,
Gottlieb et al., 2002b).
   In reovirus (Reoviridae), the initiation site
conformation and the position of priming
NTPs are different from those of 6 Pol, but
very similar to other polymerases, such as
HCV (Tao et al., 2002; Kao et al., 2001). The
3’ end (T1) of the ssRNA template enters the
active site directly, and base pairs with the
bound priming NTP. The ribose and the base
of the template nucleotide (position T2) stack
tightly, forcing the downstream template to
bend away from the catalytic site.

 In catalysis of DdDPs, Taq DNA
polymerases use divalent metals Mg2+ to
coordinate the nucleotides and catalyze the
formation of the phosphodiester bond (Joyce
and Steitz, 1995). These metals are
specifically recognized by amino acids in the
catalytic site of the polymerase. In RNA-
dependent RNA synthesis, some evidence
suggests that manganese (Mn2+) plays a more
active role at least in some Pols. Mn2+ can
decrease the synthesis specificity and increase
the template binding and the terminal
nucleotide addition (Ranjith-Kumar et al.,
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2001; Tabor and Richardson, 1989;
Blumenthal et al., 1980; Blumenthal and Hill,
1980).

In 6, the Pol can bind either Mg2+ or Mn2+

at a site approximately 6 Å from the catalytic
aspartate residues, even in the absence of
NTPs (Butcher et al., 2001). This suggests that
Mn2+ might also be present with the protein in
vivo. Mn2+ also has a higher binding affinity
for the HCV polymerase than Mg2+

(Bressanelli et al., 2002). Using a template
capable of both de novo initiation and primer
extension, it was observed that Mn2+ is
strongly preferred for the de novo initiation by
the HCV Pol and increases de novo initiation
by the Pol of bovine viral diarrhea virus
(BVDV). By contrast, the HCV Pol
preferentially performed primer extension in
the presence of Mg2+ (Ranjith-Kumar et al.,
2002). Recent structural data demonstrates
different conformations of calicivirus Pol
depending on the divalent metal ion bound
(Ng et al., 2002). In the presence of
nucleotides and Mn2+ ions, the thumb structure
of the calicivirus Pol exists in two
conformations, the closed active and the open
inactive one. They differ by a rigid body
(formed by fingers and palm domains) eight-
degree rotation and the metal ions bind at
different positions (Ng et al., 2002).
Furthermore, although the HCV Pol prefers an
NTPi lacking one or more phosphate
molecules, regardless of whether Mn2+ is
present or absent, the BVDV Pol efficiently
initiates with GDP and GMP only in the
presence of Mn2+ (Ranjith-Kumar et al.,
2002).

Interestingly, the incubation temperature
was demonstrated to affect the initiation
complex conformation shifting between the
open and closed Pol forms in the dengue virus
(Ackermann and Padmanabhan, 2001). The
ratio of de novo and hairpin initiations was
dependent on the incubation temperature. The
proposed equilibrium of the two
conformations is shifted toward an open form

at higher temperatures in which the enzyme
can bind to a 3' end fold-back template and
carry out elongation to form a dimmer RNA.
At lower temperatures, the binding is less
efficient because the enzyme exists
predominantly in the closed form resulting in
de novo initiation.

There are also special template requirements
for de novo RNA synthesis (Kao et al., 2000).
The HCV Pol could not direct RNA synthesis
unless the template contained a stable
secondary structure and a single-stranded
sequence with at least one 3' cytidylate.
Comparison of the replication initiation sites
of both plus and minus strands of HCV reveals
that there is a common structural feature,
which may play a key function in the RNA
synthesis processes (Schuster et al., 2002).
However, some inefficient templates might be
accepted in the presence of Mn2+ or/and
increased GTP concentration (Blumenthal,
1980). In 6, the 3’ terminal portions of all
three (+) strands are folded into a tRNA-like
structure (Fig. 4), and terminated with a five
single-stranded 3’-proximal nucleotides,
which are sufficient to span the polymerase
template channel but not sufficient for
looping-back (Mindich et al., 1994; Butcher et
al., 2001).
   At least in 6, it has been demonstrated that
the same Pol subunit and the same active site
catalyzes two kinds of RNA synthesis
reaction: replication and transcription
(Makeyev and Bamford, 2000a, b). In spite of
the different sources of the (+) or (-) ssRNA
templates, the polymerization for replication
and transcription  are  likely  to be  similar.
However, compared the PX  with  the  Pol
subunit, the biochemical characteristics show
different requirements for these two reaction
modes. The transcription needs a higher
concentration of NTP, Mn2+ ions (van Dijk et
al., 1995), and  the  polymerization rates of the
transcription and replication are different (30
nt/s vs 120 nt/s for the 6 Pol, Makeyev and
Bamford, 2000a).
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Fig. 4. Predicted secondary structures of the 6 (+)
sense ssRNA 3’ termini (Mindich, 1995).

   Few investigations have been carried out on
the transcription initiation, although there are
dsRNA unwounded models for semi- and
conserved transcriptions (Butcher et al., 2001;
Tao et al., 2002). It will be interesting to
investigate how the transcription mode is
achieved and the role of the viral helicase
(Noble and Nibert, 1997; Pirttimaa et al.,
2002) in this process.

A.5. CYSTOVIRIDAE
    Bacteriophage 6 is the type species of the
Cystoviridae family, and was isolated from the

plant pathogenic bacterium Pseudomonas
syringae pv. phaseolicola HBY10 (Vidaver et
al., 1973). For a long time, 6 was the only
known dsRNA bacteriophage. As an unusual
feature for a bacteriophage, 6 contains a
lipid-protein envelope as a structural element
(Semancik et al., 1973; Van et al., 1974;
Vidaver et al., 1973). Due to extensive
biochemical, genetic, and structural studies,

6 has become one of the best-characterized
dsRNA virus systems (Makeyev, 2001). Very
recently, Cystoviridae family has been
extended with eight newly isolated dsRNA
bacteriophages, 7, 8, 9, 10, 11, 12,

13, and 14 (Mindich et al., 1999). These
new members are similar to 6. They all
contain a tripartite dsRNA genome within a
procapsid covered by a lipid-containing
membrane with additional viral proteins
(Vidaver et al., 1973, Mindich et al., 1999).
Based on the host range and sequence
similarity, the new members were classified
into those closely related and those distantly
related to 6 (Mindich et al., 1999).
   The closely related members include 7, 9,

10, 11, and 14, and they infect the HBY10
host. The RNA segments of these phages are
approximately the same size as those of 6,
and can be subjected to RT-PCR analysis with
the primers derived from 6 sequences. Their
sequences differed from that of 6 by about
15% to 20% at the nucleotide level. However,
within open reading frames (ORFs), the
sequence changes were concentrated in the
last nucleotide of codon triplets, so that the
putative amino acid sequences remain highly
conserved. The 5' ends of the genomic plus
strands contain so-called packaging (pac)
sequences, which are ~90% identical to those
of 6. Furthermore, the sequence changes
were often complementary in the
corresponding regions where presumed stem-
loop structures are present. It was also
demonstrated that the closely related members
are capable of packaging the plus sense of the
M and the S segments of 6 (Mindich et al.,
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1999). Thus, the extensively studied 6 can be
used as the representative of this group and
will be introduced in more detail below.
   The other three bacteriophages, 8, 12 and

13, are more distant relatives of 6. These
phages can infect P. pseudoalcaligenes ERA,
which is an alternative host for 6 (Mindich et
al., 1976), but not HBY10, the normal host of

6. These phages can infect a rough strain of
P. syringae, which is resistant to 6 due to the
loss of the 6 specific type IV pilus. This
suggests that they can attach to host cells
directly by binding to rough lipopoly-
saccharide (LPS) or some element exposed on
the outer membrane, not by attaching to the
pili as 6. The host attachment protein of the
distantly related cystoviruses consists of two
polypeptides rather than only one found in 6
(Hoogstraten et al., 2000; Qiao et al., 2000;
Gottlieb et al., 2001).
   The nucleotide sequences of 8, 12, and

13 showed that the overall genetic
organization is similar to that of 6, although
for the most part there is no similarity either in
the nucleotide or amino acid sequences. They
contain proteins with a size distribution very
different from those of 6 and do not package
its genomic segments (Mindich et al., 1999).
Among them, it appears that 8 and 12 are
more distant from 6. The exceptions are that
the amino acid motifs of viral Pol and NTPase
are recognizable in the two viral motor
molecules, the P2 and P4 proteins,
respectively (Hoogstraten et al, 2000; Gottlieb
et al., 2002b). From amino acid sequence
information, 13 P2 displayed 50% identity to

6 Pol, while; the Pol identities of 8 with
those of 6 and 13 are at the 20% level (Qiao
et al., 2000; Hoogstraten et al., 2000). The

12 P2 displays identities to the polymerases
of bacteriophages 6, 8, and 13, at 21, 25,
and 20% levels, respectively (Gottlieb et al.,
2002b). Obviously, the three distant relatives
of 6, bacteriophages 8, 12 and 13, are
also distantly related to each other.

   In the P4 NTPase proteins, two short amino
acid spans apparently important for NTP
binding and catalysis of cleavage are
conserved among the four distantly related
cystoviruses, 6, 13, 8 and 12 to the
corresponding regions of the hexameric DNA
helicase of bacteriophage T7 (Singleton et al.,
2000; Kainov et al., 2003b). Recently, P4
proteins of 8, and 13 have been
demonstrated to show a common ring-like
hexameric structure similar to that of 6, but
different in shape and in secondary structures.
These proteins also show high affinity for
nucleic acids. It appears that the purified P4
hexamers of 8 and 13 translocate ssRNA in
the direction of 5’ to 3’, whereas the
analogous activity of 6 P4 requires
association with the procapsid. It was
proposed that the translocation is always
coupled with NTP hydrolysis (Kainov et al.,
2003b).

A.5.1. Bacteriophage 6

A.5.1.1. Structure
As mentioned above, bacteriophage 6

structure shows many similarities to the
eukaryotic dsRNA viruses, Reoviridae. The 6
analog of the rotavirus single layer particle is
the inner core (polymerase complex, PX)
filled with a segmented dsRNA genome (three
segments). The core particle coated by the
shell protein P8 (T=13) (Bamford et al., 1976;
Butcher et al., 1997) is called the nuclocapsid
(NC) and is analogous to the DLPs of
rotavirus   and   BTV.  Finally, a  lipid-protein
envelope composed of five phage-encoded
proteins, P3, P6, P9, P10, and P13, and
phospholipids from the plasma membrane of
host cell (reviewed in Mindich, 1988; Mindich
and Bamford, 1988) encloses the 6 NC. This
assembled particle contrasts with the rotaviral
TLP where the outer shell is protein. Cell-
attachment protein P3 is anchored to protein
P6 and forms the outer spike that is analogous
with the spike protein VP4 of rotaviruses
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(Anthony et al., 1991). Based on CryoEM, the
polymerase complex core particle is ~50 nm,
the NC, 58 nm and the entire virion is 86 nm
in diameter (Butcher et al., 1997; Kenney et
al., 1992).

As mentioned above, the inner core of 6 is
sufficient for packaging, replication and
transcription. A model has been suggested that
only one of the twelve vertices operates as a
packaging portal. Consistently, a P4 mutation
S250Q (Paatero et al., 1998), which reduced
the level of P4 in the particles to ~10% of the
wild-type, did not affect RNA packaging
activity (Pirttimaa et al., 2002). Although such
mutant particles displayed minus-strand
synthesis activity, no plus-strand synthesis
was observed. This evidence clearly suggests
that P4 has a trigger role in the plus-strand
synthesis in vivo (Pirttimaa et al., 2002). This
role seems to be related to more than one P4
hexmer localized with one copy of the P2
molecule at the five-fold vertex. This is
consistent with the observation that several P2
molecules are involved in the transcription of
one segment (Usala et al., 1980). The position
of the P7 is less certain; most likely they form
a stabilizing clamp across two-fold axes of the
P1 cage (Poranen et al., 2001; Benevides et al,
2002; Kainov et al., 2003).

A.5.1.2. Genome
 One copy of each dsRNA segment, small

(S), medium (M) and large (L), is enclosed
inside the polymerase complex of 6
(reviewed by Mindich and Bamford, 1988;
Day and Mindich, 1980). The exact lengths of
the segments are 2948 bp, 4063 bp and 6374
bp, respectively (Gottlieb et al., 1988;
McGraw et al., 1986; Mindich et al., 1988).
Clustering of the genes was confirmed by in
vitro translation of individual viral mRNAs
and SDS-PAGE analysis of the resultant
proteins (Cuppels et al., 1980). All genomic
segments contain conserved regulatory
sequences at their 5’ and 3’ termini. 5'-termini
of all (+) sense strands contain a so-called pac

region which tags 6 genomic precursors s+,
m+ and l+ for the specific packaging into
preformed procapsids. The lengths of the s+,
m+ and l+ pac sites are 273, 280, and 209 nt,
respectively (Frilander et al., 1992; Gottlieb et
al., 1994; Qiao et al., 1995b; Qiao et al.,
1997a; Pirttimaa and Bamford, 2000). The pac
regions have been identified and mapped in
experiments with different deletion variants of

6 ssRNAs. The essence of these studies is
that PC particle does not package 6 ssRNA
segments with substantial 5'-terminal
deletions, while accepting the RNAs with
internal or 3'-terminal deletions (Frilander et
al., 1992; Gottlieb et al., 1994; Gottlieb et al.,
1991; Qiao et al., 1995a; Qiao et al., 1997a).
Although the sequences of these pac regions
are not conserved (except for the 5'-terminal
18 nt), Pirttimaa and Bamford (2000) have
shown that the three pac sites contain common
secondary structure stem-loops. These pac
regions were suggested as mediating RNA-PC
interactions for (+)ssRNA packaging
(Pirttimaa and Bamford, 2000). These binding
sites are likely to be located on the P1 shell of
the PC, somewhere close to the P4 vertex
(Mindich, 1999). Once bound to the PC, phage
(+)ssRNA can be translocated through the
packaging portal in the 5' to 3' direction (Qiao
et al., 1995a) and with the speed of 2 103

nt/min (Frilander and Bamford, 1995). Each of
the three (+)ssRNA strands can be packaged
independently (Frilander and Bamford, 1995;
Gottlieb et al., 1992). However, the s+

segment is packaged with the highest
efficiency. The packaging efficiency of m+ is
lower, and that of l+ is the lowest (Frilander
and Bamford, 1995). This is consistent with
the PC-binding efficiencies of these three
segments in the order of s+>m+>l+ (Juuti and
Bamford, 1995). In the cases when two or
three segments are assayed simultaneously,
positive cooperativity is observed: s+

stimulates m+ packaging, and the packaged m+

stimulates l+ packaging (Frilander and
Bamford, 1995; Qiao et al., 1995a).
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Furthermore, in vivo experiments also
revealed a serial packaging mode, s+ before
m+, and m+ before l+ (Ewen and Revel, 1990).
Based on these observations, a mechanism for
packaging a complete set of the three
segments has been proposed (Qiao et al.,
1997a). In this model, empty PC initially
contains only s+ binding sites. Packaging of s+

promotes particle expansion, thus erasing the
s+ binding sites and creating the sites for the
m+ recognition. The same logic is repeated for
the m+/l+ pair. Upon l+ packaging, particle
expands completely, which is the signal for
the onset of (-) strand synthesis (Frilander et
al., 1995). This model explains the packaging
dependence and also the CryoEM data
showing that the PX and the PC structure
differences in size and shape are due to the
extensive structural rearrangements and
expansions (Butcher et al., 1997). It also
rationalizes the fact that segments of reduced
size can be packaged in multiple copies, so
that the overall number of bases of each
segment might be kept constant (Mindich et
al., 1995). Thus, it is possible to construct
phages with variable genome segment
composition (Onodera et al., 1998). It is
possible to apply this technology for cloning
and replicating target dsRNA strands.

However, the relationship between the
complete packaging of the three segments,
particle expansion and initiation of (-) strand
synthesis seem to be more complex than the
expansion of the PC during ssRNA packaging.
This is likely due to the l+ strand activating
PC-directed replication via a sequence-
specific mechanism (Frilander et al., 1995;
Poranen and Bamford, 1999). On the other
hand, the five-fold vertices are also the exit
sites for transcripts to the cytoplasm (Diprose
et al. 2001; Bamford, 2002).

As expected, 3'-ends of the (+) sense
genomic segments are used as (-) strand
synthesis initiation sites (Frilander et al.,
1992; Makeyev and Bamford, 2000a).
Interestingly, 3'-terminal 75 nt are

homologous across all 6 (+) strands, and as
mentioned above, predicted to fold into tRNA-
like structures as in the case of a number of
RNA plant viruses and a few animal viruses
(Fig. 4). It has been demonstrated that the viral
plus strands with the structures resembling
those of tRNA have amino acid accepting
activity (Dreher and Hall, 1998). In 6,
although removal of parts of the RNA
secondary structure leads to limited loss of
minus-strand synthesis, small deletions in the
conserved region might result in high
heterologous and homologous recombination
(Mindich et al., 1994 and references therein).

A.5.1.3. Replication
During replication, the packaged (+) sense

ssRNAs are converted into the dsRNA
segments. Both packaged ssRNA and newly
produced dsRNA segments are resistant to
RNase degradation, suggesting that all stages
of the replication occur inside PC particles
(Ewen and Revel, 1990; Gottlieb et al., 1991).
Nevertheless, the isolated 6 Pol can
efficiently replicate ssRNA templates in vitro.
This strongly suggests that the presence of
other PC components is not critical for
replication (Makeyev and Bamford, 2000a, b).
The mechanisms of replication and transcrip-
tion with Pol subunits in vitro have been
introduced in previous section A4. This
section mainly introduces the characteristics
of 6 RNA replication within the inner core
particle or polymerase complex in vitro.

The optimal minus strand synthesis condi-
tion has been characterized as 3 mM Mg2+ and
0.2 mM NTPs. In this replication condition, no
plus strand products are synthesized.
However, adjustment of the condition with
divalent metal ions (Mn2+ instead of Mg2+), or
increasing the concentration of NTPs (to 1
mM) switches on the plus strand production
(van Dijk et al., 1995). This allows sequential
packaging, replication and transcription by
simply adjusting the NTP concentration. Mn2+

stimulates both replica-tion and transcription
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reactions; however, Ca2+ does not inhibit
replication until at >0.5 mM concentration. By
contrast, transcription is inhibited completely
at >0.2 mM Ca2+ concentration (Ojala and
Bamford, 1995; van Dijk et al., 1995).

In addition to the sequential packaging mode
s+>m+>l+, 6 has evolved other control
mechanisms to ensure its genomic integrity.

6 replication does not occur until all three (+)
strands have been packaged (Frilander et al.,
1992; Gottlieb et al., 1992). This regulation
mechanism operates in the presence of Mg2+

as the only divalent cation. However, the
addition of Mn2+ ions uncouples the (-) strand
synthesis from complete packaging; the
individually packaged ssRNAs are replicated
(Gottlieb et al., 1992). Studies with chimeric
ssRNAs show that the pac site of l+ segment
represents a sufficient and necessary signal for
the onset of replication (Frilander et al., 1995;
Poranen and Bamford, 1999). Furthermore,
the l+ pac site does not only switch on
replication of ssRNAs, but it also triggers the
transcription of the newly produced dsRNA
segments. And again, the requirement for the
l+ pac site can be overridden by manganese. It
has been demonstrated for 6 Pol that a broad
range of RNAs can function as templates for
replication and transcription in vitro in the
presence of Mn2+ (Makeyev and Bamford,
2000a, b). All these observations may suggest
that both replication and transcription switches
utilize a common molecular mechanism.

A.5.1.4. Transcription
   As in many dsRNA viruses, initiation of
transcription in 6 occurs at the (-) strand 3'
termini of dsRNA segments to displace full-
length parental (+) sense ssRNA strands
(Partirdge et al., 1979; Emori et al., 1980;
Usala et al., 1980). No (-) strand synthesis has
been detected during transcription (Pagratis
and Revel, 1990). 6 transcription has been
extensively studied both in vivo and in vitro.
Isolated NC particles were used to produce (+)
ssRNA in vitro in the presence of NTPs and

divalent metal ions (Olkkonen et al., 1991;
Bamford et al., 1995; Ojala and Bamford,
1995).

The studies have indicated that 6
transcription comprises two stages (Coplin et
al., 1975; Emori et al., 1983; Ojala and
Bamford, 1995; Pagratis and Revel, 1990;
Rimon and Haselkorn, 1978; Sinclair and
Mindich, 1976; Usala et al., 1980; Van Etten
et al., 1980). In the early stage of infection, all
three (+) sense segments are produced in
nearly equimolar amounts. At a later stage in
the infection, s+ and m+ transcripts outnumber
l+ 10 to 20 times. This temporal program
allows 6 to synthesize PC components P1,
P2, P4 and P7 encoded by l+ early in infection,
the late 6 translation yielding proteins
necessary for the virion maturation and cell
lyses. Early sequencing studies revealed that
the left-end terminus (transcription initiation
site) of L differs from S and M at the
penultimate position (see Fig. 2 in I), which
determines the lower transcriptional efficiency
of L (Iba et al., 1982; Szekeres et al., 1985;
Van Dijk et al., 1995). Indeed, a single-
nucleotide substitution (A to C) at this
position considerably improves L segment
transcription both in the PC and the Pol
subunit systems (Frilander et al., 1995,
Makeyev and Bamford, 2000b).

Considerable efforts have been devoted to
investigating the effects of reaction conditions
in the NC transcription systems (Emori et al.,
1983), NC-derived cores (Ojala and Bamford,
1995), and filled PCs (Van Dijk et al., 1995).
The optimal transcription synthesis conditions
differ only slightly from those of replication
(Van Dijk et al., 1995). A GTP dependent
activity has been also discovered in the core
transcription synthesis system. However,
addition of 0.8 mM Mn2+ can reduce high
(0.5-1 mM) purine nucleotide requirements of
the transcription system based on filled PCs,
and only 0.2 mM of each GTP and ATP
suffices for the efficient (+) strand synthesis
(Van Dijk et al., 1995). Mn2+ ions added to the
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standard Mg2+ reaction buffer activate
transcription of all dsRNA segments, L
segment being stimulated more efficiently
than S and M (Emori et al., 1983). The
manganese stimulation is reproduced in the
transcription and replication systems with the
Pol subunits (Makeyev and Bamford, 2000a,
b). These phenomena indicate that the primary
target of manganese stimulating effect may be
on the polymerase subunit, although it might
not be the only one. In contrast to Mn2+, Ca2+

inhibits the PX transcription in vitro (Van Dijk
et al., 1995). The PX of 6 can be restricted to
minus-strand synthesis by high concentrations
of Ca2+ or low concentrations of nucleotides
(Van Dijk et al., 1995). The mechanism of the
inhibition phenomenon was recently explained
by examination of the 6 Pol structure in the
presence of Ca2+ ions. A Ca2+ ion is positioned
between the active site and Y630 inhibiting
the formation of an efficient de novo initiation
complex (Salgado et al., 2004).

Interestingly, dGTP and ddGTP have similar
activation efficiency for the plus strand
syntheses in the reaction mixtures containing a
basal GTP concentration (Ojala and Bamford,
1995), although the 6 Pol does not use d- or
ddNTPs for elongation (Makeyev and
Bamford, 2001). Also, GMP can trigger the
onset of transcription; GTP was found binding
to a low-affinity binding site in the
polymerase complex (Ojala and Bamford,
1995).  All these imply that the activation
probably does not take place via binding to the
active site of the polymerase. The activation
might take place during the unique de novo
initiation process described in the previous
chapter (Butcher et al., 2001; Laurila et al.,
2002).

A.5.2. Bacteriophage 8
Bacteriophage 8 was isolated from the

leaves of the snow pea plant (Pisum sativum)
(Mindich et al., 1999). 8 could be propagated
on rough strains of Salmonella enterica sv
Typhimurium and pseudomonads. As

mentioned above, phages 8 and 6 have a
different receptor: 6 attaches to host cells
through type IV pilus; whereas 8 attaches
LPS or some element exposed directly on the
outer membrane as the other two members of
the Cystoviridae, 12 and 13 (Mindich et al.,
1999). However, 8 stands as the least similar
member in the Cystoviridae family.

The sizes of the three 8 genome segments
are 7051, 4742, and 3192 bp for segments L,
M, and S, respectively, and the total is 14,985
bp corresponding 13,385 bp in 6 (Mindich,
1988; Hoogstraten et al., 2000). 8 shares less
than 15% overall sequence homology with 6
and the similarity regions are limited to the
Pol (P2) and NTPase (P4) enzyme motifs
(Hoogstraten et al., 2000).

The comparison of the sequences of 8 and
6 is informative at several levels. Although

the genomic segments of 6 have an 18-base
identity at the 5’ end, the 8 segments have an
identity of only seven bases and they are
different from those of 6 [G(G/U)AAAAA-
AACUUUAUAUA for 6 versus GAAAUUU
for 8]. As mentioned above, in 6 and its
close relatives, the sequence at the 5’-terminus
of the segment L is different from those of
segments S and M with GU instead of GG.
The difference has been proposed to lead to
the differential transcription efficiencies of L
compared to M and S (Van Dijk et al., 1995;
Makeyev and Bamford, 2000b). In the case of

8, the sequence at the termini of the three
segments is GA, and the in vitro transcription
of the three segments is approximately equal
and robust (Onodera et al, 2001; Hoogstraten
et al., 2000). There does not seem to be a
requirement for differentiation in the
transcription activity in 8.

The 300 nucleotide long pac region in each
plus-strand transcript is necessary and
sufficient for packaging in 6 (Gottlieb et al.,
1994; Mindich, 1999). The same regions in 8
can also be folded similarly to 6 although
with completely a different sequence. In 6,
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the pac site terminates about 50 nt before the
first ORF. Because the ORFs in 8 start earlier
in each genomic segment, the pac regions
were suggested to be smaller than those found
in 6. The sequences at the 3’ ends of the plus
strands also show common predicted
secondary structures, but these are also less
extensive compared with those of 6 and show
less identity.

The gene assignments could be made on the
basis of location in the genome segment, size,
and sequence similarity with 6, except for an
extra ORF encoding a protein (gpH) between
genes 14 and 2. This is the position of gene 7
in 6 (Sun et al., 2003; Kainov et al., 2003).
In contrast with the gene order 7:2:4:1 of other
L segments, the 8 is H:2:4:1:7. Interestingly,
gpH (25 kDa) has 25% sequence similarity
with the P7 (19.2 kDa). This highly basic
protein binds to the assembled PC particles in
cells that carry the cDNA of the L genomic
segment, although it was not observed in the
virions (Sun et al, 2003; Kainovo et al., 2003).

Another major difference between 8 and 6
is that a shell protein P8 covers 6 PC
(Mindich et al., 1976). In the case of 8,
Triton X-100 removes a P8-like protein along
with the membrane proteins. The inner core of

8 can infect host cell spheroplasts, whereas
6 cores must be covered by P8 protein to be

infective (Olkkonen et al., 1991; Sun et al.,
2003). P8 in 6 appears to interact with
membranes including the viral membrane to
form the mature virion and the cytoplasm
membrane for passage of the NC particles into
host cell. The P8 role in 6 seems to have
been replaced by the core major structural
protein P1 in 8 (Sun et al., 2003).

Bacteriophages 8 and 6 also differ in
other two important aspects. It appears that the
genomic packaging in 8 is less stringent
compared to 6, and homologous recom-
bination occurs in 8, whereas only
heterologous recombination has been detected
for 6 (Qiao et al., 1997b; Hoogstraten et al.,

2000; Onodera et al., 2001). The in vitro
packaging and minus-strand synthesis of 8
does not show the serial dependence found in

6 and ssRNA lacking the proper pac
sequence can still be packaged and replicated,
although with lower efficiency. A similar
experiment with 6 procapsids would yield
approximately ten times higher number of
plaques than that of 8 transfection with the
inner cores or with the procapsids packaged
with 8 genome (Onodera et al., 2001; Sun et
al., 2003).

The P4 NTPase coding gene has a Walker
motif A (Walker et al., 1982) for ATP
binding, which is GTAGGKT in 8, in
contrast to GATGSGKS in 6 (Hoogstraten et
al., 2000). 8 P4 appears as a ring–shaped
hexamer as observed in 6, also in the absence
of ATP or ADP (Kainov et al., 2003; Sun et
al., 2003), while 6 P4 sediments as a lower
oligomeric form in the absence of NTP (Juuti
et al., 1998). In contrast to 6 unspecific
NTPase (Paatero et al., 1995), 8 P4 hexamer
is an ssRNA-stimulated NTPase and 8 P4
can bind all types of nucleic acids including
DNA (Sun et al., 2003; Kainov et al. 2003b).
However, only single-stranded RNA enhances

8 P4 NTPase activity ~16-fold in contrast to
only a weak stimulation of the P4 NTPase
activity in 13 and 6. Interestingly, apart
from ssRNA, dsRNA was also detected
slightly stimulating the 8 P4 NTPase activity.

A.5.3. Bacteriophage 13
Double-stranded RNA bacteriophage 13

was isolated from the leaves of the radish
plant (Raphanus sativum) (Mindich et al.,
1999). The sizes of its three segments were
determined to be 6458, 4213, and 2981 bp,
which are similar to those of 6. However, the
genomic segments of 13 have an 11-base
identity at the 5’ ends and they are different
from those of 6 (Qiao et al., 2000). The
sequences of the first 300 5’ prime nucleotides
in each plus strand of 13 can fold into a
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complex stem-loop structure similar to the pac
regions of 6, although with a completely
different sequence. The sequences at the 3’
ends of the segments show somewhat similar
predicted secondary structures as in 6, but
they show less identity to each other than
found in 6. In an exchange experiment
between 13 and 6, 13 can acquire plasmid
transcripts of the 6 M segment, although 6
cannot acquire the segment M of 13 except
in the case where the pac sequence of 6
precedes the coding regions of the 13 M.

13 packaging, replication and transcription
operate well in vitro with the entire genome
fused into a single RNA molecule instead of
the normal three segments (Onodera et al.,
1998; Qiao et al., 2000). It has been argued
that the normal arrangement (three segments)
is useful in offering the possibility of easy
genetic exchange (Chao et al., 1997).

An interesting finding is that the 3’ sequence
of segment M is virtually identical to that of

6. It is so similar that it seems likely that it is
the result of an interaction with 6. However,
the 3’ terminal sequences of the other two 13
segments are not conserved. As mentioned in
previous sections, the 3’ region is important
for polymerase recognition in the transcription
initiation process. Apparently, 13 Pol is able
to tolerate the two different kinds of terminal
sequences (l+-CC3’, m+-CU3’, s+-CC3’) to
initiate RNA synthesis. This observation is
consistent with the unspecific template-
dependency of 6 Pol, although viral-specific
RNA is the best template (Makeyev and
Bamford, 2000b).

Apart from the highest similarity (65%) and
identity (50%) in amino acids between the
Pols of 13 and 6, a close relationship with
50% similarity and 30% identity can be
observed between the other PC protein
components (Qiao et al., 2000). 13 P4
hexmer also shows unspecific NTPase activity
as found in 6. However, 13 P4 can bind all
types of nucleoic acids, similarly to 8 P4 and

in contrast to the lack of nucleoic acid binding
found in 6 P4 (Kainov et al., 2003). Gene 4
of 13 has a walker motif A (Walker et al.,
1982), which is GGTGAGKS as contrasted to
GATGSGKS in 6. The other putative
structural proteins also share significant
identity with those of 6, including P6, P8 and
P12. However, in 13, gene 14 is missing
(Qiao et al., 2000).

A.5.4. Bacteriophage 12
The most recently characterized cystovirus,

bacteriophage 12, was isolated from the
leaves of the sweet basil plant (Ocimum
basilicum) (Mindich et al., 1999; Gottlieb et
al., 2002a, b). The sizes of the three-genome
segments were found to be 6751, 4100, and
2322 bp for segments L, M, and S,
respectively, and the total genome size is
13,173 bp (Gottlieb et al., 2002a, b).

 Among the characterized cystoviruses, the
3’ ends of both the minus and plus strands are
used in the initiation for plus and minus strand
synthesis respectively and are pyrimidine rich
(Gottlieb et al., 1988; McGraw et al., 1986;
Mindich et al., 1988; Hoogstraten et al., 2000;
Qiao et al., 2000; Gottlieb et al., 2002a, b). In
the cases of 6, 8, and 13 there is an
invariable C at the 3’- termini of all the minus
stands (Hoogstraten et al., 2000; Mindich et
al., 1999; Qiao et al., 2000). However, the l-

strand of 12 is terminated with the other
pyrimidine U. The in vitro transcription
reactions with isolated 12 nuclocapsid
produce much less L transcript than the two
other segments; the transcriptional regulation
resembles the 6 system rather than that of 8
(Hoogstraten et al., 2000; Gottlieb et al.,
2002b). In addition, the 3’ ends of the plus
sense segments show little sequence identity
to each other, although the 3’ termini of the
three segments exhibit a potential for
predicted secondary structures. The l+ and m+

segments show similarity to each other for
about 50 bp inwards from the 3’ end. This
region of the s+ segment differs markedly from
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the others and is terminated with a purine
nucleotide (G) not a pyrimidine (C or U)
(Gottlieb et al., 2002a).
   As mentioned above, the 12 genomic
organization is also similar with that of 6
(Gottlieb et al., 2002a, b). Although the
sequences of P1 and P7 are unrelated to any of
the known cystoviruses, similarity exists to
those of 6 in the amino acid sequence of the
lysis cassette proteins (P5 and P10). The host
cell attachment proteins (P3a, P6) also share
marked similarity with the 13 attachment
proteins (Gottlieb et al., 2002a). The amino
acid sequence similarity of the NTPase (P4)
was closer to the comparable proteins of 8
and 13, than to 6 (Gottlieb et al., 2002b).
All these suggest that the position of 12 is
between 13 and 8. It was also suggested that
the evolution of 12 might have occurred by
the exchange of large pieces of genetic
information from more than one other virus
followed by genetic drifts (Gottlieb et al.,
2000b).

A.6. REOVIRIDAE
   The family Reoviridae, as it is currently
constituted, contains ten genera and one
unclassified genus. The best-studied members
include bluetongue virus, reovirus and
rotavirus (Diprose et al., 2002; Chiu and
Rixon, 2002; Jayaram et al., 2002; Groft and
Burley, 2002; Tao et al., 2002). Rotavirus is
the most important dsRNA virus infecting
humans. Numerous epidemiological studies
have shown that rotaviruses are the most
common cause of severe and fatal diarrhea in
children worldwide causing approximately
one million deaths annually (Hung et al.,
1990). Therefore, rotavirus is one of the
current targets for vaccine development.

A.6.1. Rotaviruses
   Rotaviruses are complex, nonenveloped,
icosahedral dsRNA viruses. Human rotavirus
was first detected in infant diarrhea stool
samples by EM (Bishop et al., 1973). This

virus was first cultivated in 1980 and the use
of trypsin to activate rotavirus for growth in
cell cultures was achieved in 1981 (Urasawa
et al., 1981). In the U.S. alone, rotavirus
infections are estimated to cost $352 million
in hospitalization and cause up to 50 pediatric
deaths per year. The first licensed vaccine, an
animal-human reassortant rhesus-human
tetravalent vaccine (RRV-TV) for common
human group A serotypes G1 to G4 that are
epidemiologically important throughout the
world, was licensed in 1998 (Kapikian, 2002).
This vaccine was withdrawn from the market
a year later because of adverse affects, the
development of intussusception in some
healthy recipients (Kapikian, 2001).
Rotaviruses cause diarrhea disease primarily
in the young, but infection and disease in older
children and adults are also commonly caused
by group B adult diarrhea rotavirus (ADRV)
isolated from China in 1980s. In common with
other RNA viruses, rotaviruses are
characterized by a high degree of genetic and
antigenic variation, which may present a
major challenge for future candidate vaccines.
Currently, there are at least three rotavirus
groups (A, B, and C), and more than ten
serotypes only from group A rotaviruses cause
human diarrhea illness. The most molecular
and genetic knowledge has been derived from
the extensively studied group A rotaviruses,
which are  the  main cause  of  fatal  childhood
diarrhea. However, the epidemiological and
genetic knowledge obtained from studies of
unusual rotavirus isolates may lead to a better
understanding of the forces that drive the
evolution and diversity of this pathogen and to
improved vaccination strategies.

A.6.1.1. Structure and classification of
Rotaviruses

Rotavirus particles have a distinctive wheel-
like appearance when viewed by negative
contrast electron microscopy, from which the
genus derives its name. The three-dimensional
structure of rotavirus has been determined
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using electron cryomicroscopy and image
analysis techniques (Prasad et al., 1988,
1990). The unique structure of rotavirus
particles (70 - 80 nm in diameter) consists of
three icosahedral capsid layers (Fig. 5). The
inner double-layered icosahedral protein
capsid encloses the viral 11-segmented
dsRNA genome that ranges in molecular
weight   from  2 x 105    to   2.2 x 106  Daltons.
High-resolution  structural  data  are available
for five individual rotavirus proteins: NSP2
(Jayaram et al., 2002), NSP3 (Deo et al.,
2002;   Groft   and   Burley,    2002),    NSP4
(Bowman et al., 2000), VP4 (Dormitzer et al.,
2001; Dormitzer et al., 2002; Pesavento et al.,
2003) and VP6 (Petitpas et al., 1998; Mathieu
et al., 2001).

Fig. 5. Coding assignments and virion locations of
simian rotavirus A / SA11 (SiRV-A/SA11) proteins and
3D structure of the rotavirus particle (Eric et al. 2003,
http://www.iah.bbsrc.ac.uk/dsRNA_virus_proteins/Rotavirus.htm).

   The proteins forming the inner capsid are
VP2 (internal layer, T = 1 with a dimmer in
the icosahedral asymmetric unit), VP6
(intermediate layer, T = 13), VP7 (external
layer, T = 13) and VP4, which forms a spike
inserted into the outermost two layers. VP2,

VP6 and VP7 self-assemble in vitro to form
virus-like particles (VLPs). Cells expressing
the corresponding proteins, which are even
from different rotavirus groups, can also form
VLPs: VLP2/6/7 (Crawford et al., 1994),
VLP2/6 and VLP2, as well as the hybrid
group A/C VP2/6/7 (A-VP2/C-VP6/C-VP7,
A-VP2/C-VP6/A-VP7, and A-VP2/A-VP6/C-
VP7) (Kim et al., 2002). The formation of
VLPs always requires the presence of VP2.
However, VP6 alone can form spherical or
tubular aggregates (Ready and Sabara, 1987).
It has recently been observed that VP6
residues that interface with VP2 are involved
in capsid assembly and transcript exit
(Charpilienne et al., 2002).
   Rotavirus classification is based on antigenic
determinants of the major capsid protein VP6
comprising 50% of the virion mass (780
copies) (Thouless et al., 1982; Pedley et al.,
1983). There is less than 10% amino acid
variation in this protein found among the
rotaviruses within the same group and the
same species. The same group of rotaviruses
from different species may contain >30%
amino acid variation in VP6. Different group
rotaviruses from the same species may contain
>40% amino acid identity in VP6 (Kim et al.,
2002). There are at least seven groups  (A  -
G)     of   rotaviruses    described (Bridger  and
Oldham,  1987).  Among them, only group A,
rotavirus strain can cause diarrheal disease in
humans (Wang et al., 1987; Chen et al., 1997;
Yang et al., 1998; Ji et al., 2002). Group A
and C rotaviruses have been detected mostly
in pediatric diarrhea. Group A rotaviruses
infect mostly 6-24 month old infants (76%).
Group  C  rotaviruses  usually  infect  children
over  2    years  old.  Group  B  rotaviruses  are
predominantly  responsible  for  adult diarrhea
(Hung et al., 1988; Mackow, 1995; Krishnan
et al., 1999). Group E rotaviruses have only
been found in pigs. Group D rotavirus and the
putative groups F and G have only been
isolated from avian species (Devitt and
Reynolds, 1993).    
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    Table 1.  Properties of the proteins of group A rotavirus (most from SA11 strain)
Protein RNA specificity Protein Activities Protein structures

VP1 3'-end of viral RNA-dependent RNA polymerase Located at the vertices of
   mRNA    (Pol)    core the (12 copies per

    virion)

VP2 ssRNA and Stimulates viral RNA replicase Forms T=1 shell of the
  dsRNA    activity   core (120 copies per virion)
  non-specific

VP4 Not relevant P-type neutralization antigen, Out spike capsid
   play an important role in early   (Hemagglutinin)
   rotavirus-cell interactions

VP3 ssRNA, Capping enzyme: Located at the vertices of
    non-specific    guanylytransferase,   the core (12 copies per virion)

   methyltransferase

VP6 Not known Interact with VP2, VP4 and VP7 The intermediate (middle)
  protein layer consists
  260 trimmers

VP7 Not relevant G-type serotype-specific major Out capsid glycoprotein
    capsid protein

NSP1 5'-end of viral Unknown function Suspected zinc finger
(P53)   mRNA   protein

NSP2 ssRNA, NTPase, helix-destabilizing Forms barrel-shaped
(NS35)     non-specific   Activity, possible molecular   octamers, interacts with

  motor for packaging, interaction   with
VP1, and up-regulate NSP5 activity

  VP1 and NSP5

NSP3 3'-end of viral Enhances viral mRNA Forms a dimer and binds to
eIF4G1

(NS34)     mRNA   translation, possible role
  in circularisation of viral mRNA

NSP4 Not relevant Viral enterotoxin, possible Viral enterotoxin, 29 kDa
(NS29)    modulator for the assemble of   glycoprotein form 20 kDa,

   the out capsid

P5 ssRNA and Serine autophosphokine, possible O-glycosylated phosphor-
(NS26)   dsRNA    modulator of NSP2 activity,   protein, form multimers

  non-specific    NSP5-VP2 stabilizes VP6 to
   VP2 assembly

  complexes with NSP2

NSP6 Not known Regulate the dimerization Forms complexes with NSP5
  of NSP5 and the interaction of
  NSP2-NSP5
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   Group A rotaviruses are further divided into
subtypes, serotypes, genotypes and
genogroups determined by epitopes on the
structural proteins VP6 (4 subtypes),
glycoprotein VP7 and surface spike VP4.
Based on VP7 (G-type neutralization antigen,
30% of the virion mass), there are at least ten
G types and by sequence diversity of the
structural protein VP4 (P-type protease
sensitive neutralization antigen, 1.5% of the
virion mass), at least eleven P types have been
found in humans (Palombo and Bishop, 1994;
Kojima et al., 1996; Desselberger et al., 2001;
Estes et al., 2001). In addition to direct
antigen detection by serological means, P and
G types could be defined based on partial
nucleotide sequences of VP4 and VP7
encoding genes respectively (Gentsch et al.,
1992; Green et al., 1988). Genetic clustering is
also evident for nonstructural proteins NSP1
(Dunn et al., 1994), NSP2 (Patton, 1993),
NSP3 (Rao et al., 1995), NSP4 (Cunliffe et
al., 1997; Estes et al., 2001; Horie et al.,
1997), NSP5 and structural protein VP2
(Maunula and Bonsdorff, 2002). However, the
genetic and antigenic diversity among non-A
group rotaviruses have not been clearly
defined due to limited data.
   Among different rotavirus groups, the
corresponding eleven genome segments are
rather uniform in length. A typical dsRNA
profile of group A rotavirus, separated by
polyacrylamide gel electrophoresis (PAGE),
shows four size classes (I, segments 1-4; II,
segments 5 and 6; III, segments 7-9; and IV,
segments 10 and 11) as shown in Figure 6.
Comparing the dsRNA pattern of group A, a
faster migrating segment 9 of group B
rotaviruses is observed, while group C and D
rotaviruses have a slower migrating segment
7. The RNA patterns of group B, C and D
differ most significantly from group A
rotavirus isolates due to the absence of the
tight triplet composed of segments 7-9.
However, only when the place and time scales
are limited does a single RNA pattern seem to

correspond to a certain virus strain (Bishop et
al., 1991; Diwakarla and Palombo, 1999).

A.6.1.2. Evolution of rotaviruses
    Unlike DNA polymerases, RNA poly-
merases including Pol do not have a
proofreading activity, which leads to elevated
frequencies of point or drift mutation during
replication. The overall mutation rate of
segment 11 of a porcine rotavirus has been
estimated to be <5 x 10-5 per replicated base,
which would result in ~1 mutation per
replication round for the entire genome
(Blackhall et al., 1996). Several observations
suggest that genome reassortment (the
exchange of RNA segments between strains)
and rearrangements (duplications and
deletions of sequence within a segment) are
the other two mechanisms of rotavirus
evolution (Hundley et al., 1987; Tian et al.,
1993; Maunula and Von Bonsdorff, 2002). In
contrast to genome rearrangements, gene
reassortment seems to be more important for
the expanding diversity of rotaviruses, and it
has been studied extensively (Ward et al.,
1990, 1991; Ramig et al., 1991; Ramig, 1991;
Esteban et al., 2001; Cunliffe et al., 2002).

A.6.1.2.1. Genome reassortments
During co-infection, the segments may

undergo genetic reassortment leading to
progeny viruses with novel or atypical
phenotypes (Ramig, 1991). This is exempli-
fied in a study from a defined region in
Bangladesh during 1985-1986, in which 335
human rotavirus strains were isolated by
culture adapting and subsequently charac-
terized. Nine of them resulted from natural
reassortants among the rotaviruses belonging
to different subgroups (Ward et al., 1990).
Two pieces of direct evidence for natural
genome reassortment between concurrently
circulating human rotavirus strains were
demonstrated by the sequencing of selected
gene segments (Zao et al., 1999; Watanabe et
al., 2001). Other studies have also suggested
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that atypical rotavirus strains emerged through
natural reassortment between human rotavirus
isolates (Iturriza-Gomara et al., 2001;
Palombo et al., 1996; Watanabe et al., 2001;
Zao et al., 1999; Maunula and Von Bonsdorff,
2002).

The availability of animal reservoirs in
combination with rotavirus gene reassortment
provides the potential for dramatic genetic
shifts (similar to those observed in influenza
viruses) which give rise to altered host ranges
and virulence. In many cases, northern blot
hybridization analysis has clearly demon-
strated the genetic relatedness of gene
segments to viruses isolated from different
species (Enzo, 2002). Several human
rotaviruses have been observed bearing close
relationships to animal strains. These include a
feline-like rotavirus isolated in Japan
(Nakagomi and Nakagomi, 1989), bovine VP4
reassortant genotypes in India (Dunn et al.,
1993), porcine serotypes G5 rotaviruses and
bovine-like serotype G8 rotaviruses isolated in
Brazil (Gouvea et al., 1994; Cunliffe et al.,
2001). Although interspecies transmission has
not yet been confirmed by classic
epidemiological techniques, atypical rotavirus
strains probably emerged through natural
reassortment between animal and human
strains (Nakagomi et al., 1990; Santos et al.,
1999; Griffin et al., 2002).

In summary, the emergence of atypical
rotavirus reassortants may be related to the
size of the involved rotavirus reservoirs.
However, it is difficult to observe a genomic
reassortment between rotaviruses belonging to
different groups, even in vitro (Yolken et al.,
1988; Kim et al., 2002). This phenomenon in
rotaviruses may be similar to the acceptance
of 6 segment M by its close and distant
relatives in the Cystoridae family (Mindich et
al., 1999).

A.6.1.2.2. Genome rearrangements
   The phenomenon of genome rearrangements
in rotavirus was first observed in

immunodeficient children. Rotavirus genome
rearrangements have since also been described
not only in humans (see more in review by
Desselberger, 1996) but also in a variety of
animal species such as calves (Tian et al.,
1993), rabbits (Tanaka et al., 1988), piglets
(Mattion et al., 1988), and lambs (Shen et al.,
1994). It is becoming clear that rotavirus
genome rearrangements occur more frequently
than initially anticipated. The most common
gene rearrangement observed is that of gene
11, which exists in two sizes, the long form
containing a partial duplication that the short
form lacks (Matsui et al., 1990). Usually, the
rearranged genome consists of a partial
original sequence duplication starting beyond
the termination code and extending to the 3’
end (Kazunbu et al., 2000). As the duplication
part does not contain effective initiation
cordon, it remains silent as a whole. In
contrast to the normal 3’ untranslated region
(UTR) (17-185 bp) (Desselberger and
McCrae, 1994), the resulting gene has very a
long 3’ UTR, up to 1800-1900 nt (Hua and
Patton, 1994). The various forms of
rearrangements occur mainly in genes coding
for nonstructural proteins, but were also found
for the VP6 coding gene (Shen et al., 1994;
Kojima et al., 2000). The genome rearrange-
ments alone (or combined with point
mutations) were shown to change the structure
and function of encoded proteins (Shen et al.,
1994). Gene 5 of a bovine rotavirus variant
was rearranged with a duplicated part starting
before the termination codon. The extended
ORF expressed a 728 aa VP6 compared to the
normal protein size with 491 aa (Tian et al.,
1993). So far, no genomic rearrangement
resulting from several different segments, as
in the case of influenza viruses, has been
described within rotaviruses (Fields and
Winter, 1982). However, in bacteriophage 6,
intermolecular recombination between the
different dsRNA segments could be observed,
where a 3’-truncated plus strand was not
capable of serving as a template for replication



                                                                                                                                  A.  Introduction

29

(Frilander et al., 1992; Onodera et al., 1993;
Qiao et al., 1997b). A proposed recombination
model suggests that a nascent minus strand is
released from its template along with the
polymerase and lands on a new template, then
continues extending the nascent chain on the
new template (Onodera et al., 1993). Under
special conditions, it has been documented
that eukaryotic and prokaryotic RNA
polymerases show an activity that truncates
the leading edges of the nascent transcripts
(Surratt et al., 1991; Orlova et al., 1995). In
the case of E. coli RNA polymerase, two
accessory proteins have been identified as the
factors facilitating the truncation process
(Borukhov et al., 1993). However, the
junction sites of recombination were not found
to be localized in particular regions of either
the donor or the recipient strands.

A.6.1.3. Rotaviral mRNA structure and
dsRNA synthesis

The mRNAs of rotaviruses are capped at
their 5’ ends but nonpolyadenylated at the 3’
terminus. Several characteristics of the
mRNAs have been demonstrated to interfere
with the efficiency of rotavirus in vitro
replication. There is a consensus sequence at
the 3’-termini of group A rotaviruses,
UGUGACC-3’, which has been demonstrated
to contain a cis-acting signal that is essential
for minus-strand synthesis in vitro (Patton et
al., 1996). Studies performed with comple-
mentary oligonucleotides indicated that
efficient RNA replication occurs only when
the last four residues of the 3'-consensus
sequence, and most importantly the two
terminal Cs, existed in a single-stranded form
(Chen et al., 2001).

A second terminal conserved sequence is
observed immediately internal to the above
terminal regions in the untranslated regions of
the different segments. This conserved region
is composed of at least 30-40 nts, which are
genome segment-specific. Several studies
using the core replication system with viral

mRNAs containing deletions in the 5’- or the
3’- UTRs revealed that these segment-specific
regions could stimulate RNA replication
(Patton et al., 1996). These regions may be
involved in base pairing between both ends of
rotavirus mRNA.

A panhandle secondary structure of gene 11
of porcine rotavirus, CN86, was predicted via
the partially complementary 5’- and 3’-ends of
the mRNA (Patton et al., 1993; Chen and
Patton, 1998). An important feature of the
panhandle structure is that the 3’-consensus
sequence is only partially base-paired to the
5’-terminus (Patton et al., 1993; Chen and
Patton, 1998). Mutations introduced into the
RNA, which increase the extent of
complementarity between the 3’-consensus
sequences and 5’-terminus, inhibit the dsRNA
synthesis. In particular, when the mRNA 5’
end is changed to be fully complementary to
the 3’-consensus sequence, replication
efficiency is reduced by more than 100-fold.
Similar studies adding oligonucleotides
complementary to the nonconserved sequence
present either at the 5'- or 3'-end of the viral
mRNA also effectively inhibited the
replication (Barro et al., 2001). Hence, it
seems that almost the whole sequences of the
5’- and 3’- UTRs are related to minus-strand
synthesis. These regions were also proved
important for translation as probed with the
luciferase reporter gene (Chizhikov and
Patton, 2000). Furthermore, it has been
demonstrated that the nonpolyadenylated
mRNA 3’-consensus sequence can be
recognized and transferred to the eukaryotic
protein synthesis system by viral nonstructural
protein NSP3 (see more details in below) (Deo
et al., 2002).

Besides the 5’- and 3’-UTRs, replacement of
rotavirus mRNA ORFs with foreign sequences
of equivalent or variable size all decrease the
efficiency of replication of the mRNA
template in vitro (Patton et al., 1999). Thus, it
is clear that sequences contributing for
replication can be located both in the UTRs
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and the ORFs of the viral mRNA and that
RNA folding is a critical element affecting the
ability of the mRNAs to act as a template in
the minus-strand synthesis (Patton, 2001).

A.6.1.4. Rotavirus protein functions
Twelve proteins, including six structural

proteins VP1-4, VP6 and VP7 and six
nonstructural proteins NSP1-6 (Table 1), are
encoded by the genome of group A
rotaviruses. The functions of these proteins
will be introduced under the following
subheadings.

A.6.1.4.1. Viral proteins involved in RNA
synthesis

Seven of the twelve rotaviral proteins have
affinities for ssRNA. Five of these, VP1, VP2,
VP3, NSP2 and NSP5 (See details in reviews
by Patton, 2001; Vende et al., 2002), are
involved in RNA synthesis or packaging. Of
the other two, NSP3 is involved in viral
mRNA translation (Deo et al., 2002; Nibert et
al., 2002), and NSP1 has an unknown function
(Hua et al., 1994). VP2 and NSP5 also have
affinity for dsRNA (Vende et al., 2002). The
affinity of VP2 for ssRNA is significantly
higher than that for dsRNA (Labbe et al.,
1994). NSP5 is unique among group A
rotavirus proteins, as NSP5 has similar affinity
for dsRNA and ssRNA, although it does not
contain the classical dsRNA-binding motif
(DRBM) found in the dsRNA-dependent
protein kinase and many other dsRNA-binding
proteins (Langland et al., 1994; Vende et al.,
2002).

The structural proteins, VP1, VP2, and VP3,
the non-structural proteins, NSP2 and NSP5,
and the viral mRNA assemble to core-like
replication intermediates (RIs) that can
catalyze the synthesis of dsRNA (Gallegos
and Patton, 1989). Several observations
suggest that VP1 is the viral Pol subunit. The
evidence includes: (i) VP1 contains the GDD
motif shared among most Pols, (ii)
electrophoresis gel-shift assays indicate that

VP1 has affinity for the 3’-end of viral
mRNAs (Patton, 1996), and (iii) in vitro
replication assays show that VP1 is a common
component of RIs and recombinant viral
particles with replicase activity (Gallegos and
Patton, 1989). VP2 was proved to be a
necessary component along with VP1 for
replicase activity (Patton et al., 1997). VP3
contains at least two enzymatic activities,
guanylytransferase and methyltransferase,
involved in the capping of rotavirus mRNAs
(Pizzaro et al., 1991; Chen et al., 1999).
Because VP3 has affinity for GTP, it may be
speculated that the protein plays a role in the
formation of the initiation complex for the
minus-strand synthesis (Chen and Patton,
2000).

Nonstructural protein NSP2 can form a
multimer with sedimentation coefficient of

10S and interacts with the viral Pol VP1
protein (Kattoura et al., 1994). Purified
recombinant protein NSP2 self-assembles into
a stable barrel-shaped functional octamer
(Jayaram et al., 2002). The NSP2 octamers
have a strong non-specific affinity for ssRNA,
and exhibit Mg2+-dependent NTPase activity
(Taraporewala et al., 1999) and Mg2+-
independnet helix-destabilizing activity
(Taraporewala and Patton, 2001). As
mentioned above, a rotaviral mutant lacking
functional NSP2 seems only to accumulate
empty particles (Jayaram et al., 2002).
Together, these properties support the idea
that the NSP2 octamer may serve as a
molecular motor, catalyzing the packaging of
the mRNAs into the cores for dsRNA
synthesis.

The recovery of NSP2-NSP5 complexes
from infected cells raises the possibility that
NSP5 may modulate the activity of NSP2.
NSP5 protein has autokinase activity and
exists in several phosphorylated isomers in
infected cells (Afrikanova et al., 1996). When
co-expressed in uninfected cells, NSP2
induces the hyperphosphorylation of NSP5
(Afrikanova et al., 1998). In a recent study,
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NSP5 has been proposed to cooperate with
NSP2 in the destabilization of RNA secondary
structures and in the packaging of RNA and/or
to prevent activation of host cell PKR for
productive infection (Vende et al., 2002).
Using recombinant proteins expressed in
baculovirus or bacterial systems, it was further
demonstrated that NSP5 interacts with the
major core protein VP2. The NSP5-VP2
interaction affects the stability of VP6 bound
to VP2 assemblies (Berois et al., 2003).
Moreover, NSP5 was shown to form
complexes with NSP6, which might have a
regulatory role in the self-association of NSP5
(Torres-Vega et al., 2000).

A.6.1.4.2. Viral proteins involved in gene
expression

A number of studies have provided evidence
that the cap-associated eukaryotic initiation
factor, eIF-4G, and the Poly(A)-binding
protein (PABP) could stimulate translation
through the interaction with the 5’-cap and 3’-
poly(A) tail of eukaruotic mRNAs (Gallie,
1998). Recently, it has been observed that
rotaviruses cooperate with the eukaryotic
translation machinery with the aid of
nonstructural protein NSP3, a rotavirus
functional analog to the cellular PABP (Piron
et al., 1998; Deo et al., 2002; Nibert et al.,
2002). NSP3 binds to the viral mRNA 3'
consensus sequences and circularizes the
mRNA via interactions with eIF-4G. The X-
ray structure of the NSP3 RNA binding
domain bound specifically to a rotavirus
nonpolyadenylated mRNA 3' end (Deo et al,
2002) and the C-terminal domain of NSP3
recognizing a fragment of   eIF-4G have been
determined (Groft and Burley, 2002). It was
also supposed that NSP3 shuts off host cell
protein synthesis by competing with cellular
PABP to combine with eIF-4G. This is
considered to be one of the reasons for the
accumulation of rotaviruses in the intestine
(Padilla-Noriega et al., 2002).

Although the major capsid protein VP6 is
not essential for dsRNA replication process
(Mansell and Patton, 1990), it is required for
the transcriptase activity of the viral particle,
which was reconstituted using the inner core
particle and VP6 (Kohli et al., 1993). The
function of VP6 in these particles is not
known. However, some monoclonal
antibodies (MABs) to VP6 could inhibit the
transcription in vitro (Kohli et al., 1994), and
one of them was shown to recognize a specific
site (aa 56-58) in VP6 (Sandino et al., 1994).
As mentioned above, abortive or short
transcription can be induced in DLPs by
binding specific antibodies to the VP6 shell
layer (Lawton et al., 1999).

A.6.1.4.3. Functions of the other viral
proteins

Structural proteins VP4 and VP7 are the
major antigens, which can be recognized by
neutralizing antibodies and elicit protective
immune responses. VP4 has essential
functions in the virus life cycle, including the
attachment of the virus particles to cell
receptors that mediate penetration of virions
into the cells (Estes, 1996). These functions
have recently been impaired using gene
silencing by small interfering RNAs
corresponding to the VP4 encoding gene
(Dector et al., 2002). Another observation also
indicates that VP4 might not be required for
the virus morphogenesis (Estes, 1996).
   NSP4 (NS28, NCVP5), glycoprotein is the
best-studied nonstructural protein of
rotaviruses. It has multiple functions involved
both in replication and pathogenesis (Ball et
al., 1996; Bergmann et al., 1989; Taylor et al.,
1992). It was observed that NSP4 serves as an
intracellular receptor for immature particles
and interacts with the viral capsid proteins
during viral morphogenesis (Bergmann et al.,
1989; Taylor et al., 1992; Ball et al., 1996).
Despite great differences in the amino acid
sequences, NSP4s derived from both
mammalian and avian PO-13 rotaviruses have
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been shown to be enterotoxins in suckling
mice (Horie et al., 1999; Morris et al., 1999;
Zhang et al., 1998, 2000; Mori et al., 2002).
The NSP4 enterotoxin domain of avian strain
PO-13 resides in amino acid residues 109 to
135, a region similar to that in SA11 NSP4
(Mori et al., 2002). The hypothesis of the
suckling mice diarrhea was that NSP4
potentiates chloride secretion by a calcium-
dependent signaling (Ball et al., 1996). The
ability of rotavirus NSP4 to stimulate a
humoral immune response in naturally
infected humans and neonatal gnotobiotic pigs
inoculated with human rotavirus Wa strain
was further demonstrated with recombinant
NSP4 proteins (Johansen et al., 1999; Iosef et
al., 2002).

A.6.1.5. Manifestations of rotavirus
infection

A.6.1.5.1. Gastroenteritis symptoms
  Gastroenteritis is the most common and
significant clinical symptom of rotavirus
infection. Typical rotavirus gastroenteritis
appears to be cholera-like and lasts for 2-3
days, with severe watery diarrhea (Hung et al.,
1983). Several other common clinical signs
and symptoms occur in varying combinations
and degrees of severity with the diarrhea. The
recorded symptoms that ADRV patients (5942
cases) suffered in the Lanzhou outbreak were
as follows: watery diarrhea (100%), vomiting
(80%), abdominal cramps (63%), nausea
(56%), notable dehydration (49%), leukopenia
(30%), leukocytosis (18%), and low-grade
fever (1%) (Tao, 1988). It is worth noting that
there is almost no fever in ADRV patients.
Human rotaviruses of groups A and C and the
novel adult rotavirus all cause severe fever.
   The principal therapy is to replace fluids and
electrolytes lost due to diarrhea and vomiting.
The illness is self-limiting and patients recover
completely after a fulminating watery
diarrhea. However, rotaviruses of groups A

and C, especially group A, cause high infant
mortality worldwide.

A.6.1.5.2. Symptoms of central nervous and
other systems
   Besides typical diarrhoea symptoms, several
investigations also point to central nervous
system (CNS) symptoms in rotavirus
infections (Salmi et al., 1978; Keidan et al.,
1992; Makino et al., 1996; Rotbart, 1996;
Gregorio et al., 1997; Schumacher and
Forster, 1999). The evidence includes
localization of viral RNA by RT-PCR not only
from the mucosal cells of the small and large
intestine, but also from the heart, the blood
and cerebrospinal fluid (CSF) of the central
nervous system (Nishimura et al. 1993;
Morrison et al., 2001). In one screening, 15
out of 366 children with rotavirus diarrhoea
were found with signs of CNS symptoms
(Schumacher and Forster, 1999). There are
increasing reports of patients who have
recovered after an episode of rotavirus
diarrhoea, having evidence of rotavirus in
their CSF (Lynch et al., 2001). In a recent
study, sequence analysis of the VP7 and VP4
proteins derived from the faecal and CSF
samples were remarkably similar to each other
and to the rotavirus strains commonly
circulating in the community and associated
with gastroenteritis (Iturriza-Gomara et al.,
2002). Although these evidences suggest that
rotavirus causes CNS symptoms, further
studies are required to determine whether
detection of rotavirus in CSF represents a true
pathogenic status (Goldwater et al., 2001).

A.6.2. Group B rotaviruses
Group B rotaviruses include Chinese ADRV

(Hung et al., 1983), suckling rat diarrhea
rotavirus (RDRV) (Yang et al., 1999 and
references therein), Xinjiang ovine KB63
(Shen et al., 1999 and references therein),
Ohio bovine and porcine rotavirus-like viruses
(RVLV) (Theil et al., 1985), British porcine,
bovine, ovine RVLVs (Bridger and Brown,
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1985), Baltimore infectious diarrhea of infant
rats (IDIR) strain (Eiden et al., 1989), and
Japanese porcine (Sanekata et al., 1996) as
well as Indian Calcutta strain (CAL)
(Krishnan et al., 1999). Group B rotaviruses
came to light starting from the report of large-
scale adult diarrhea outbreaks in China in the
1980s (Hung et al., 1984).

The porcine strain from Japan has been the
only group B rotavirus propagated in cell
culture (Sanekata et al., 1996), and a few
others have been propagated in young animals
(Vonderfecht et al., 1984; Wang et al., 1989),
but no animal models have been described for
propagating ADRV. This is an obstacle in
studying the molecular biology of human
group B rotaviruses. Currently, identification
of the genes in group B rotaviruses largely
depends on sequence comparison with group
A rotaviruses and between group B rotaviruses
with RNA–RNA hybridization assays and
proteins translated in vitro.

A.6.2.1. Molecular characteristics of group
B rotaviruses

One significant characteristic of group B
rotavirus RNA pattern 4-2-1-1-1-1-1-1 is the
pertinacious existence of two doublet
segments, 3-4 and 5-6, as shown in Figure 6.
From the available sequence information, the
5’ and 3’ termini of group B rotavirus
segments are composed of 5'GG- ---CCC3'
with several 3' -terminal exceptions. In bovine
rotavirus VP7 encoding genes, one terminated
with CCCC3' and three with AGAA3'. Also,
two of IDIR segments terminate with CC3'
and CCCCC3'. Hence, although no segment-
specific terminally conserved sequence was
found, most group B and A rotaviruses have
similar on (+) strands starting with 5’GG and
ending with CC3’.

The available sequence information of group
B rotaviruses (ADRV, 8/11; IDIR, 11/11;
CAL, 8/11; KB63, 2/11) indicates that they
are radically different from those of groups A
and C rotaviruses. Another characteristic of

group B rotaviruses is that the NSP1 coding
gene contains more than one putative ORF,
whereas the corresponding segments of group
A and C rotaviruses contain only one. The
corresponding NSP1 encoding segment of
IDIR (segment 7), ADRV and CAL (segment
6) contains two and ovine KB63 (segment 6)
contains three ORFs, respectively, although
ORF1 of IDIR (115 aa) has not been shown to
be translatable even in vitro (Eiden and Allen,
1992; Shen et al., 1999). The recombinant
ORF1 product of ADRV (AD6F1, 107 aa)
expressed in the baculovirus system was
immunoprecipitated with hyperimmune anti-
ADRV serum, peptide sera, and human
convalescent sera (Mackow, 1995). The
AD6F1 shares 65% amino acid similarity with
ORF1 of IDIR and no similarity with any
proteins of group A rotaviruses. However,
AD6F1 shares significant amino acid
similarity with the respiratory syncytial virus
(RSV, 23%) and Newcastle disease virus
(NDV, 17%) fusion proteins. This finding is
interesting, since both RSV and NDV viruses
fuse cells and form syncytia via their fusion
proteins (reviewed in Mackow, 1995). The
potential fusion protein AD6F1 might offer an
explanation for the ADRV-induced cell fusion
and syncytia formation, which is a hallmark of
group B rotavirus infections and has not been
demonstrated in other rotavirus groups
(Mackow, 1995).

The ORF2-encoded protein of IDIR shares
the highest amino acid similarity with NSP1
(51% similarity and 18% identity) of group A
SA11 strain. However, the deduced amino
acid sequences encoded by the two IDIR
ORFs appear not to contain a zinc finger
motif(s) postulated for NSP1 of group A and
C rotaviruses. These motifs are assumed to be
essential for the functions of the proteins. This
raises an immediate question about the
properties and functions of the NSP1 proteins
of group B rotaviruses. It will be of interest in
future experiments to evaluate their functions
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following large scale synthesis by alternative
expression systems of these proteins.

A.6.2.2. ADRV (Adult diarrhea rotavirus)
   ADRV is unique among human rotaviruses
for several reasons. In contrast to other known
rotaviruses that cause mainly infantile and
childen diarrhea, ADRV, as the name implies,
mainly causes adult diarrhea. The
cytopathology of ADRV is distinct and is
characterized by the fusion of intestinal
epithelial cells into large syncytia, contrary to
the cell-rounding effect associated with group
A rotaviruses (Mackow, 1995).
   The sequence of the eight ADRV genes
encoding structural proteins VP2, VP4, VP6,
and VP7, and nonstructural proteins NSP1
(AD6RF2), NSP2, NSP3, and NSP5 and the
above-mentioned potential fusion protein
AD6RF1 are available in the GenBank. Each
ADRV protein shares low identity at the
amino acid level (the highest is 28% for VP4)
with corresponding group A rotavirus proteins
and somewhat higher identity with those of
group C rotaviruses. This may suggest an
evolutionary relationship among the three
known human rotavirus groups.

Four structural proteins of ADRV have been
expressed in baculovirus system (Chen et al.,
1990; Mackow et al., 1993a, 1993b, 1994).
Coexpression of the viral proteins produced
ADRV-like particles that are similar to what
has been accomplished with those of 6, BTV,
or group A rotaviruses (Olkkonen, 1990;
French et al., 1990; Sabara et al., 1991). The
recombinant assemblies of ADRV may be
more useful than for other dsRNA viruses,
since they will provide virus-like particle
antigens and immunogens that are difficult to
obtain from other sources.

A.6.2.2.1. Epidemiology of ADRV
Outbreaks of adult nonbacterial diarrhea
clinically similar to ADRV had occurred in
several places in China before 1982, but no
etiological studies were available (Hung,

1988). Since the first recorded big adult
diarrhea outbreak caused by ADRV in
Heilongjiang province in 1982, ADRV has
caused numerous adult diarrhea outbreaks in
China. There are official reports of ADRV
outbreaks from more than 20 provinces
throughout the country and they caused more
than one million cases (Hung, 1988).
Interestingly, adult diarrhea caused by ADRV
was documented only within Mainland China.

Fig. 6. RNA migration profile comparison of group A,
B, C, D, E and NADRV rotaviruses. Combined strains
include NADRV, group B (ADRV, RRV, and IDIR),
group A (DS-1), group C (Bristol) (Mackow, 1995), as
well as group D and E rotaviruses (Ulrich, 1996).

To investigate the prevalence of ADRV
infection, many studies have been carried out
in China and other countries in humans as well
as in domestic animals (Hung et al., 1985,
1987). Human cord sera collected in Buffalo
(United States) were also screened with the
expressed ADRV antigen; only 1 out of 80
was positive. Gamma globulin (GG) from the
biotech companies in Shanghai, Lanzhou,
Chengdu, and other cities in China showed a
high antibody titer against ADRV. The anti-
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ADRV titers of GG collected before 1982
were lower than those collected after the
epidemics (Hung, 1990).

Further seroepidemiological investigations
of ADRV prevalence have demonstrated that
exposure to ADRV infection is widespread
among humans in different parts of the world
(Mackow, 1995). The sera collected from
healthy adults in China, Hong Kong,
Australia, United States, Canada and Britain
where the disease has not yet been reported
showed that 9.5%-20% of the tested were
positive (Hung et al; 1987). Very recently, the
ADRV antibody positive rate was 3.6%
(79/2183) in a survey of some Asian regions,
including Changchun, Nanking, Taiyuan,
Wuhan, and Hong Kong in China, Kathmandu
in Nepal, and Seoul in South Korea (Wang et
al., 2000). In the cities in Mainland China and
Hong Kong, a low level ADRV seropositivity
were observed in the age groups of 10-20, 20-
30. This is consistent with no ADRV
epidemics occurring after the 1980s. There
was no obvious difference in the ADRV
antibody positive rate between the year 2000
and 1986-1991 in Hong Kong. These are also
in agreement with the fact that no ADRV
epidemics occurred in these areas (Wang et
al., 2000).

Among domestic and laboratory animals
from different locations in China, ADRV
antibody and/or antibodies cross-reacting with
ADRV were most frequently detected in house
rats and pigs (Hung et al., 1987). However,
antibodies against ADRV were not detectable
in the sera of cows, sheep or horses (Hung et
al., 1987). Hence, humans are important hosts
for ADRV, and domestic animals may also
contribute to the natural reservoir of
rotaviruses.

The genomic analyses of ADRV isolates
circulating in different regions of China in
1983 and 1984 showed that there was hardly
any difference in the RNA profiles (Hung et
al., 1984). Oligonucleotide mapping analyses
of the corresponding RNA segments of the

ADRV isolates circulating in Lanzhou and
Jinzhou (~550 km apart) in January 1983
showed that the RNA profiles of most of the
isolates were indistinguishable but some
differed considerably. The distinct strains
were suggested to have evolved from a natural
reassortment event (Desselberger et al., 1986).
The only additional ADRV sequence data
available is that for the segment 9 encoding
VP7; the nucleotide acid homology is 98.3%
for the ADRV strains from Tangshang and
Lanzhou (~400 km apart) (Yang et al., 1999
and references therein).

A.6.2.2.2. Experimental infection of ADRV
ADRV particles were first discovered by

EM from the diarrhea outbreak (5942 cases)
that occurred in Lanzhou in 1982 (Hung et al.,
1983). To confirm ADRV as the causative
pathogen, a human ADRV experimental
infection has been investigated (Hung et al.,
1990). Fourteen male adult volunteers were
divided into two groups. The first group (five
persons) was inoculated orally with fecal
filtrates of ADRV. The second group (nine
persons) was not inoculated orally with
ADRV, but lived in the same ward with the
above five persons of the first group. Within
38-66 hours, all the five inoculated subjects
directly fell ill with diarrhea, which lasted 2.5-
6 days. During the period of diarrhea, large
numbers of ADRV particles were observed in
the stool samples with EM. The highest
concentration of viral particles was found in
the stools during the first day of illness. The
shedding of viral particles decreased over
time. During 3 -17 days, seven out of the nine
subjects of the second group were also
infected and fell ill. The remaining two
persons, who were always careful and kept
apart from the others, were not infected. This
experiment showed the natural process of an
outbreak of ADRV.
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A.6.2.3. CAL (Indian Calcutta rotavirus
strain)

Another human group B rotavirus was found
from the stool specimens of five adults with
severe diarrhea during a surveillance program
for diarrhea pathogens in Calcutta, India over
the period of 1997–1999 (Krishnan et al.,
1999). This Calcutta strain was confirmed as
group B rotavirus by RT-PCR amplification of
six segments (4th –9th) (Fig. 6) with ADRV
primers (Krishnan et al., 1999; Sen et al.,
2000, 2001). The amino acid similarities of
the corresponding putative proteins between
ADRV and CAL are: VP2 98%, VP4 95%,
VP6 97%, NSP1 96%, NSP5 93%, and NSP3
86%. This suggests that ADRV and CAL may
belong to a same genotype.

Analysis of CAL segment 8 showed 93%
and 77% identity at the nucleotide level with
the corresponding ADRV and IDIR segments
encoding putative NSP2, respectively.
However, the identities of the deduced amino
acid sequences are only 79% for CAL and
ADRV and 87% for CAL and IDIR. In the
CAL gene 8 a frame shift mutation has been
demonstrated, caused by a single nucleotide
insertion after the nucleotide 782 of ADRV.
Following the mutation point, the cognate
NSP2 from CAL and IDIR share a very high
degree of amino acid identity but are entirely
different from the ADRV protein in this
region (Sen et al., 2001).

A.6.2.4. IDIR (infectious diarrhea of infant
rat rotavirus strain)

In contrast to human strains, animal group B
rotaviruses are primarily pathogens of the
young (Chasey and Davies 1984; Chasey and
Banks, 1984; Theil et al., 1985; Vonderfecht
et al., 1984; Chasey et al., 1986). In 1984 a
group B rotavirus was detected as the cause of
infectious diarrhea in infant rats (IDIR)
(Vonderfecht et al., 1984; Eiden et al., 1986).
The IDIR RNA profile (4-3-1-1-1-1) is closely
related but not identical to that of ADRV (Fig.
6). The two viruses have been shown to be

closely serologically and genetically related
(Eiden et al., 1986).

However, it has been reported that the rat
group B rotavirus can infect humans (Eiden et
al., 1985). Six fecal specimens from three
children and three adults were able to confer
IDIR infections during an analysis of non-
group A rotavirus infections in Baltimore,
Maryland (Eiden et al., 1985). Regardless of
the source of the inoculums, this study
indicates that IDIR has the ability to infect
humans and is a potential source of human
disease. The gene encoding VP1 protein in
IDIR appears equivalent to the group A
cognate protein presents in transcriptionally
active viral core. The VP1 protein is 27%
identical and 50% similar to that of group A
and contains RNA polymerase-specific
domains such as a GDD amino acid sequence
(Eiden and Hirshon, 1993). Generally, amino
acid comparison of the putative proteins
showed that IDIR is the strain closest to group
A and C rotaviruses among known group B
rotaviruses. Apart from the ORF1 of segment
6 (NSP1 coding gene), each of the putative
structural and nonstructural polypeptides of
IDIR match the cognate proteins from group
A rotaviruses.

Interestingly, among different serotypes in
group A rotaviruses, the amino acid
differences are only 8% for the outer capsid
spike neutralization proteins VP4 and 15% for
glycoproteins VP7 (Green et al., 1988;
Gorziglia et al., 1990a, 1990b). However, the
identity of the VP4 proteins of IDIR and
ADRV is only 58% (Lindsay et al., 1993;
Mackow et al., 1993). The expressed VP7
protein of IDIR cannot react with the antisera
of ADRV and is substantially different from
ADRV, with only 52% identity (Chen et al.,
1990; Petric et al., 1991). All these suggest
that ADRV and IDIR are different serotypes
of group B rotaviruses.
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A.6.3. Group C rotaviruses
    Human group C rotaviruses were
discovered almost at the same time as human
group B ones (Rodger et al. 1982; Hung et al.,
1983). Group C rotavirus particles tend to
occur mostly as intact virions and sometime as
single-shelled particles similar to group A and
B rotaviruses. Group C rotavirus infections are
most frequent among children who are 4 to 7
years of age, but the virus has also been
observed in infants and adults (Brown et al.,
1989, Matsumoto et al., 1989). Group C
rotaviruses circulate throughout the world
(Von Bonsdorff and Svensson, 1988), but are
much less common than group A rotaviruses
(Maunula and Von Bonsdorff, 1998, 2002;
Cunliffe et al., 2002). The group C infections
are primarily associated with food-borne
institutional outbreaks of childhood diarrhea.
The most dramatic outbreak caused 675
infections among 3102 (21.8%) school
children because of food contamination in
Japan (Matsumoto et al., 1989). Group C adult
strains have been isolated in England and
Sweden (Oishhi et al., 1993; Nilsson et al.,
2000). In humans, major symptoms of group
C rotavirus infection are mild, severe, or even
fatal gastroenteritis (Caul et al., 1990;
Ishimaru et al., 1990; Matsunoto et al., 1989).

The RNA profile of group C rotaviruses
follows the pattern of 4-3-2-2 (Fig. 6). Group
C rotaviruses contain even less conservation at
their RNA termini than group B rotaviruses.
Most of the known 5’ terminal sequences
terminate with 5’GGCU and always with 5'G.
Thus, it is obvious that the mRNAs of group
A, B and C rotaviruses all start with 5'G or
5'GG. However, the 3' end of group C
rotaviruses terminates with a unique
UGUGGCU-3’ sequence, which lacks the
terminal CC3' or C3' residues of group A and
B rotaviruses, although these might represent
incomplete terminal sequence determinations.
It is interesting that the unique 3' terminal CU-
3’ was also observed in the three segments of

6 and M segment of 13 (Qiao et al., 2000).

The whole genome of human group C
rotavirus, strain Bristol, has been sequenced
recently (Chen et al., 2002). Nucleotide
sequence identity between the group A and C
is less than 50%. Virtually all the functional
parts of the group A rotavirus proteins were
also found in group C rotaviruses. The N-
terminal 331 aa of Bristol NSP3 (402 aa)
contains group A NSP3 (~310 aa) domain,
which includes the sequence-specific ssRNA
binding motif for binding the
nonpolyadenylated 3' end of the rotavirus
mRNAs  (Langland et al., 1994; Piron et al.,
1999; James et al., 1999). However, the NSP3
of Bristol strain also contains a dsRNA-
binding motif (DSBM), which locates at the
carboxyl terminal portion (~60 aa), similarly
to those of the NSP3 proteins discovered in
group C porcine Cowden and bovine Shintoku
strains (Langland et al., 1994; James et al.,
1999). Additionally, a dsRNA-specific
ribonuclease domain was also observed in the
very end of the carboxyl terminus (~20 aa)
inside the DRBM region. It has been
documented that Cowden NSP3 expressed in
COS-1 cells inhibits the activation of the
interferon-induced PKR, and the NSP3
expressed in HeLa cells was capable of
rescuing the replication of an interferon-
sensitive deletion mutant of vaccinia virus
(Langland et al., 1994). Thus, it appears that
the NSP3s of group C rotaviruses promote the
translation of the viral mRNA through two
different mechanisms: i) by competition with
the host poly(A) binding protein, and ii)
inhibiting the host PKR activity, which are
carried out by two distinct nonstructural
proteins NSP3 and NSP5, respectively, in
group A rotaviruses.

The overall structure of the membrane-
spanning NSP4 protein of group C is
conserved with that of group A rotavirus and
also has an enterotoxigenic activity in neonatal
mice, although it lacks one of the three N-
terminal hydrophobic domains of group A
(Horie et al., 1997b; Sasaki et al., 2001). The
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segment 11 of group C rotaviruses only
encodes NSP5, similarly to group B
rotaviruses, whereas segment 11 of group A
rotaviruses encodes proteins NSP5 and NSP6
from an out of phase ORF (Mattion et al.,
1991; Petric et al., 1991; Shen et al., 1999;
Torres-Vega et al., 2000; Sen et al., 2001;
Mohan and Atreya, 2001). Another interesting
point is that the isoelectric points (PI) of all
group C rotavirus proteins are higher than
those representatives of four subgroup A
rotaviruses and group B ADRV strain (Jiang
et al., 1992). The implication of PI, the
difference among distant rotaviral group
proteins, remains to be investigated.

A.6.4. NADRV (A novel adult diarrhea
rotavirus)

A.6.4.1. Emergence of NADRV
In the late 1980s, adult diarrhoea epidemics

caused by ADRV ceased in China. However,
in 1997, another novel rotaviral gastro-
enteritis disease appeared, leading to 1053
hospitalised adult cases in a university in
Shijiazhuang, Hebei Province. The incidence
was 41.89% among female students and 2.32
% (P < 0.01) among males out of the
hospitalised undergraduate students and
teachers. The source of the epidemic was
belived to be the contamination of the
secondary water supply. The first case was
hospitalised on April 10, and eighty cases
were found on April 13. The peak lasted from
April 15 to 16, with 754 new cases (71.4% of
cases were recorded in these two days). After
appropriate water supply control measures, the
epidemic ceased with only 17 cases recorded
on April 19. April 25 was the first day with no
new cases. This outbreak of adult diarrhoea
lasted 15 days (April 10-28). The pattern of
spread suggests that the epidemic began in an
explosive manner, originating from the water
supply and later spreading by close contact
(Chen et al., 1998).

The main clinical manifestations were
diarrhoea, nausea, and vomiting, and a high
fever (80% of the cases; 38oC - 39.5oC), with
several cases reaching 40oC, which is not
typical for ADRV infections. Diarrhoea
occurred on average 2-6 times per day. There
were no deaths and all patients recovered
completely, whether antibiotics were given or
not. The course of disease was usually 1-8
days, 4 days on average.
   This human non-bacterial pathogenic agent
was confirmed as a rotavirus from its
characteristic RNA pattern and the virion
morphology. The same nucleic acid
electrophoresis profile 1-1-1-1-2-1-1-1-1-1
(Fig. 6) was found from 14 out of 30 patient
stool samples. This RNA pattern is obviously
different from ADRV 4-2-1-1-1-1-1, with
widely separated segments 3 and 4 (Hung et
al, 1985). Serotype analysis revealed that the
novel adult rotavirus defined as NADRV
belongs neither to group B, where ADRV
belongs, nor to the known human groups A
and C. The end-primers of ADRV VP6 and
VP7 coding segments failed to amplify the
NADRV genome (Yang et al., 1998).
Differences in the syndromes of the patients,
RNA patterns, and serotyping between ADRV
and NADRV suggest a novel adult rotavirus
infecting humans. In contrast to ADRV, the
NADRV strain has been adapted to and
propagated in primary human embryo kidney
cell lines (Ji et al., 2002). It has been observed
that this strain could also be propagated with
MA104 cells after treatment with a high
concentration of Pancreatin enzyme (100

g/ l) (Sanekata et al., 1996; Ji et al., 2002).

A.6.4.2. Other reports of NADRV-like
rotaviruses
  Recorded infections with NADRV-like
rotaviruses having a similar RNA profile to
NADRV could actually be traced back more
than ten years. During the late period of the
adult diarrhea epidemics caused by ADRV,
several sporadic and an adult diarrhea
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outbreak caused by NADRV-like rotaviruses
were investigated in China (Hung et al., 1987;
Wang et al., 1988; Qian et al., 1994).
  During April to December 1986, epidemi-
ological surveillance was carried out for the
adult hospitalised cases with acute diarrhoea
in several hospitals in Huaihua, Hunan
Province. In addition to a rotavirus with an
ADRV-like RNA pattern detected in 38
patients out of 515 diarrhoea cases, a novel
rotavirus with an NADRV-like RNA pattern
was isolated from six patients (Hu et al.,
1987). Three NADRV-like strains, which
were from three different counties and
collected in May, June, and August,
respectively, were further studied and resulted
in the discovery of a novel NADRV-like
rotavirus, which has a similar appearance to
other rotaviruses observed by EM. It has been
demonstrated that these isolates do not carry
the antigens of groups A and B detected by
rotavirus diagnosis kits. It seems that the novel
strain does not belong to any known group of
human rotaviruses, as the antisera of group C
(also D) rotaviruses cannot recognize the
NADRV-like virus. However, the
convalescent antisera of the diarrhoea patients
could react with the NADRV-like particles
and produce an antibody-bridged aggregation
of viral particles (Wang et al., 1987). The
second isolation of an NADRV-like strain in
China was from a rotavirus epidemiological
survey in Fuzhou. In additional to eight group
A rotavirus isolates from 63 nonbacterial
faecal samples, one sample had the NADRV-
like RNA pattern and was also demonstrated
with EM (Chen et al., 1988).

In November 1994, NADRV-like rotavirus
caused widespread diarrhoea with 400 male
university students hospitalised in Beijing.
The typical rotavirus structure was observed
with EM. Among 62 faecal samples, 28 had
the NADRV-like RNA profile. It was
demonstra-ted with RT-PCR that this strain is
not closely related to either human group A or
C, or to ADRV. The outbreak ended after the

contamination of the secondary water supply
of the male dormitory, in which all patients
lived, was treated. The clinical symptoms
included a high fever, which differs from
ADRV (Qian et al., 1994).

A.6.4.3. Epidemiological features of
NADRV
   Around seven years after the first sporadic
NADRV-like case, this rotavirus caused a
large-scale outbreak in 1994. Another three
years later, in 1997, it also caused a further
outbreak in a university (Qian et al., 1994).
This epidemiological pattern matches that of
ADRV (Hung et al, 1988). The emergence of
a novel adult diarrhoea rotavirus in China
raises the question of the origin of NADRV.
Notably, NADRV became more common at
the time when ADRV became less common.
   So far, NADRV has only been found from
adults. This might be because the outbreaks
have always occurred in places where children
are absent. The sex difference in NADRV
infection observed in the two large outbreaks
is mostly related to the differences in
exposure. The waterborne nature of the
epidemics was supported by the fact that most
patients came from the buildings in which the
water supplies were contaminated, and the
epidemics quickly subsided after water treat-
ment.

A.6.4.4. Diagnosis of NADRV
   The clinical manifestations of NADRV
rotavirus illnesses are not sufficiently
distinctive to permit diagnosis on this basis
alone. The epidemiological pattern may
suggest the diagnosis, but laboratory confir-
mation is required. As other rotaviruses, the
diagnosis requires the detection of the virus or
viral genome, antigen and/or the demonstra-
tion of a serological response. Direct
visualization by EM and IEM is still a good
method for diagnosising rotaviruses because
of their highly specific wheel-like
morphological appearance. RNA gel
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electrophoresis is another reproducible assay.
Dot or northern blot hybridization can detect
the genome in stool samples with specific
probes. The enzyme-linked immunosorbent
assay (ELISA) could be used for detecting the
antibodies in sera or the antigens in stool
samples.
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B. AIMS OF THE STUDY

   The catalytic polymerase subunit of
bacteriophage 6, the type virus of the
Cystoviridae family, has recently been
purified in an active form. This was the first
available highly efficient recombinant Pol
subunit of dsRNA viruses. It has been
demonstrated that this enzyme can utilize both
phage-specific and heterologous RNAs as
templates to produce dsRNA products.
However, ssRNAs containing 3' termini from
the 6 minus strands are the best templates.
The aim of this thesis was to investigate the
biochemical characteristics of 6 Pol and its
distant relatives in order to further explore the
molecular mechanism of RNA synthesis of
these enzymes by:

 expressing and purifying soluble
recombinant Pol proteins of cystoviruses 8,

12, and 13;
 assaying the replication and transcription

activities of the three Pols in vitro;
 comparing the biochemical character-

istics of the cystoviral Pols;
 investigating the initiation mechanisms of

polymerization processes involved in replica-
tion and transcription;

 applying the knowledge obtained from
cystoviral Pols in attempting to directly
sequence and analyze the dsRNA genome of a
novel non-group A, B, C adult rotavirus
isolated from China.
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C. MATERIALS AND METHODS

C.1. BACTERIAL STRAINS AND
PLASMIDS

Escherichia coli DH5  (Gibco-BRL) and
Escherichia coli strain XL1-Blue Supercom-
petent Cells (Stratagene) were used as the
hosts for the plasmid propagation and
molecular cloning of P2 protein genes and
novel adult rotavirus NADRV RT-PCR
products. Expression strains were E. coli
BL21 or BL21(DE3) (Studier and Moffatt,
1986). The plasmids used in this study are
listed in Table 2. To construct plasmid pHY1,
Nde I-Bam HI fragment containing 8 P2
gene was ligated with a similarly cut pMG60
vector. To construct 13 polymerase-
expressing strain BL21(DE3/pHY2), the gene
was inserted into pET32b (+)(Novagen) at
Nde I-Hind III sites. The purified RT-PCR
products of NADRV rotavirus were cloned
into pGEM®-T easy vectors (Promega).

C.2. VIRUS STRAINS
Clinical specimens containing NADRV

rotavirus were obtained from the Infectious
Disease Ward, HeBei General University
Hospital, Shijiazhuang, Hebei province, in
April 1997. Nineteen NADRV-positive stool
samples sharing a similar RNA profile were
stored for further investigation. However, only
one sample showed the characteristic RNA
pattern after storage at –20 ˚C for three
months. Therefore, this sample was divided
into two parts and transferred to –80 ˚C. One
part has been propagated in cell culture (Ji et
al., 2000). The other part was thawed and
RNA extracted for this study. The ADRV
stool sample was obtained from a patient
suffering from gastroenteritis in an ADRV
epidemic that occurred in 1986 in Tangshan,
Hebei Province (Yang et al., 1998 and
references therein).

Table 2.  Plasmids used in this study
Name Comments a) Reference

pLM659 Complete s+; T7
promoter

Gottlieb et al.,
1992

EM15 s + (s+ with deleted
593-2830 region); T7
promoter

Makeyev and
Bamford, 2000b

pEM16 s- with the same
deletion as in pEM15
( s-); T7 promoter

Makeyev and
Bamford, 2000b

pGEM®-T
easy vector

Convenient systems for
the cloning of PCR
products

Promega

pET32b(+) E.coli expression
vector; T7 promoter and
SDb)

Novagen

pET-21d E.coli expression
vector; T7 promoter and
SDb)

Novagen

pMG60 E.coli expression vector
derived from pMG59;
   tac promoter and SDb)

Grahn et al.,
1999

pHY1 8 Pol expression
plasmid in vector
pMG60

I

pHY2 13 Pol expression
plasmid in vector
pET32b(+)

I

pPG14 12 Pol mutant, T425I
expression plasmid in
vector pET-21d

III

pPG24 12 Pol expression
plasmid in pET-21d
vector

III

a) All plasmids contain ampicillin resistance marker
b) SD, Shine-Dalgarno ribosome binding sequence

C.3. EXPRESSION AND
PURIFICATION OF RECOMBINANT
POLS
  To achieve expression of soluble Pols, a
starter LB culture (40 ml) containing 200
ng/ml ampicillin was grown for 4 - 6 h at 37
C with shaking until an OD540 of 0.5 was

reached. This culture was then diluted 50-fold
into 2 L of the same medium and further
grown at 37 C to an OD540 of 1.0-1.4. The
culture was chilled on ice for 10 min and
induced with 1 mM isopropyl- -D-
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thiogalactopyranoside (IPTG) for strains
BL21(pHY1) and BL21(DE3/pHY2) and with
10 µM for 12 P2 protein-expressing strains
BL21(DE3/pPG24, wild-type, wt) and BL21
(DE3/pPG14, temperature sensitive mutant,
ts). The IPTG-induced BL21(DE3/pHY2)
cells were transferred to 20 – 23 C  and the
other strains to 19 C followed by incubation
with aeration for 14 -16 h. All the following
steps were performed at 4 C. Bacteria were
collected by centrifugation and resuspended in
25 ml of buffer A1 [100 mM NaCl, 1 mM
EDTA, 50 mM Tris-HCl, pH 8.0 for
BL21(pHY1) and pH 7.4 for BL21(DE3
/pHY2)]. Diluted buffer A1 (50 mM NaCl, 25
mM Tris-HCl, pH 8.0, 0.5 mM EDTA) was
used for BL21(DE3/pPG14) and BL21(DE3
/pPG24). The suspensions were passed 3 times
through a pre-cooled 35 ml French pressure
cell ( 105 Mpa). Phenylmethylsulphonyl-
fluoride (PMSF) was added to a final
concentration 1 mM after the first passage.
The lysates were centrifuged at 120,000 g for
2.5 h and the supernatant fractions were
loaded onto a 25 ml dye affinity column. The
eluted fractions containing the polymerase
proteins were diluted with ice-cold distilled
water, filtered (0.22 m pore size), and
applied onto a 5 ml HiTrap Heparin HT
column (Pharmacia) or onto a 5 ml HiTrap Q
Sepharose HT column (Pharmacia). Proteins
were eluted with a linear 0.1 to 1 M NaCl
gradient (for details see results and
discussions). Pol purification was monitored
by SDS-PAGE (12.5% acrylamid). The
concentrations of the purified Pols were
determined by absorbance at 280 nm in 6 M
guanidine hydrochloride (Edelhoch, 1967).
The Pols (2 - 3 mg/ml) were stored at 4 C for
several months without detectable loss of
activity or protein integrity. Alternatively,
diluted protein preparations (0.4 - 1 mg/ml)
were successfully stored at –20 C for two
years in 50% glycerol, 50 mM Tris-HCl, pH
8.0, 100 mM NaCl, 0.1 mM EDTA and 0.1%
Triton X-100.

C.4. RNA TEMPLATE PREPATIONs

C.4.1. Single-stranded RNA templates
ssRNA templates were prepared by in vitro

transcription with T7 RNA polymerases as
previously described (Makeyev and Bamford,
2000a). Templates for the transcription were
prepared by either cutting recombinant
plasmid DNA with restriction endonucleases
or PCR amplification with Pfu DNA
polymerase. For PCR, oligonucleotide T7-1
containing the T7 polymerase promoter
sequence was always used as an upstream
primer. The unlabeled RNAs were usually
produced in 50 l transcription mixtures
containing 120 mM HEPES-KOH, pH 7.5,
24 mM MgCl2, 1 mM spermidine, 5 mM
each of the four NTPs, 40 units of
RNAsin and 5 to 10 g of the DNA
template (Gurevich et al., 1991; Makeyev
et al., 1996). Reactions were initiated by
the addition of 80-120 units of T7 RNA
polymerases (Promega). The mixtures were
incubated at 37 °C for 1 h 45 min and the
reactions were stopped by the addition of
5 units of DNase RQ(Promega) for 15 min
at 37 °C incubation. Reaction mixtures
were extracted with chloroform, and RNA
precipitated with 3M LiCl. Suspended
RNA was further reprecipitated with
ethanol and dissolved in sterile water.

C.4.2. Double-stranded RNA templates of
bacteriophages

Double-stranded RNA templates were
obtained by treating viral NCs or cores with
1% SDS for 10 min at room temperature
followed by phenol-chloroform extraction
(Sambrook et al., 1989). RNA was
precipitated with ethanol and dissolved in
sterile water or in 10 mM Tris-HCl, pH 8.0,
0.1 mM EDTA. The RNA concentration
was measured by OD260 nm (Sambrook et
al., 1989). The quality of the RNA was
determined by 1% agarose gel.
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C.4.3. dsRNA templates of rotaviruses
    Considering the yield and purity of dsRNA,
two protocols (phenol-chloroform extraction
and Tripure RNA Isolation kit, Roche) were
tested by PAGE electrophoresis and RT-PCR
amplification. Prior to phenol-chloroform
extraction, a 270 µl volume of stool
suspension was digested with 30 µl of 10%
SDS at 56 ˚C for 30 min. The following
procedures were performed at room
temperature: 150 µl of buffer Tris-HCl 8.0
saturated phenol and 150 µl of chloroform-
isoamyl alcohol (CHIS, 24:1) were added to
the sample and the tubes shaken vigorously
for 2 min. After centrifugation for 10 min
(11000 x g), the upper water phase was
collected and a phenol-CHIS extraction was
carried out followed by an extraction with 300
µl CHIS alone. The final RNA (300 µl)
extracts were precipitated by incubating for
10-20 min at –70 °C with 0.25 volume of
isopropanol and 0.25 volume of 3 M Na-
acetate, pH 5.2, and centrifugating for 20 min
at 4 °C (Sambrook and Russell, 2001). The
precipitate was vacuum-dried and suspended
in 25-60 µl 1 x electrophoresis sample buffer
(21.75% glycerol, 0.2% bromophenol blue in
375 mM Tris-HCl, pH 8.0).
   The RNA extraction with Tripure Isolation
Reagent (Roche) was performed following
manufacture's instructions, with some
modifications. In brief, 100 µl stool
suspension in 1 M NaCl, 5 mM Tris-HCl, pH
7.4 with 1 mM CaCl2 was shaken vigorously
with 1 ml Tripure Isolation Reagent and
incubated at room temperature for 5 min.
Chloroform (200 l) was added and the
shaking was continued for 2 min. The mixture
was incubated for 10 min at room temperature
and centrifuged at 11500xg for 15 min at 4 °C.
480 l water phase was precipitated with
ethanol (700 l) in the presence of 300 mM
Na-acetate, pH 6.5, and glycogen as a carrier.
The precipitate was washed once with 75%
ethanol before use. The precipitate was finally
dried and suspended in 50 µl distilled water.

C.5. POLYMERASE ACTIVITY ASSAY
   Polymerase activity was assayed in 10 l
reaction volume. In the initial experiments, the
conditions were adopted from Makeyev and
Bamford (2000a). The reaction buffer
contained 50 mM Tris-HCl, pH 8.9, 80 mM
ammonium acetate (NH4OAc), 6% (w/v)
PEG4000, 5 mM MgCl2, 1 mM MnCl2, 2 mM
DTT, 0.1 mM EDTA, 1 mM each of ATP and
GTP, 0.2 mM each of CTP and UTP
(Pharmacia), 0.2 mg/ml BSA (nuclease free,
NEB), and 0.8 unit/ l RNAsin. The optimised
reaction condition for 6, 8 and 13 Pols
contained 50 mM HEPES-KOH (pH 7.4 to
7.8, I), 20 mM NH4OAc, 2 mM MnCl2 and for

12 Pol 50 mM Tris-HCl, pH 8.9 (or 8.4 for
incubation at >40 C), 40 mM NH4OAc, 2
mM MnCl2. The final concentration of RNA
substrates was 50-200 g/ml. Reactions were
started by adding one of the polymerases up to
0.02 to 0.04 mg/ml and further incubated for 1
hour at 30 C for the wt Pols of 6, 8, 13
and 12, and 15 C for the ts mutant Pol of

12. Reaction products were separated by
standard agarose gel electrophoresis. Gels
were dried and used to expose Fuji Super RX
film or analysed with a Fuji BAS1500
phosphoimager.

C.6. PROBE PREPARATIONS
   Oligo probes were prepared by labeling the
synthetic oligonucleotides with [ -32P]ATP
using T4 polynucleotide kinase (PNK) as
described elsewhere (Sambrook and Russell,
2001). Briefly, 20 l reaction mixture
contained 10 pmol of the appropriate
oligonucleotide, 10 pmol of [ -32P]ATP
(Amersham Biosciences, AA0068; ~3000
Ci/mMol), and 10 U of T4 PNK (Fermentas)
in the reaction buffer provided by the
manufacturer. Reaction mixtures were
incubated at 37 C for 1 h and then purified
through Sephadex G-50 spin columns
(Amersham Biosciences) equilibrated with
water.
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cDNA probes were prepared with random
primers following the manufacture's instruc-
tions (Ready-To-GoTM DNA labelling Beads,
Amersham Biosciences). Briefly, 25-50 ng of
specific genomic cDNA and 5 l of [ -
32P]dCTP (Amersham Biosciences, AA-0068;
~6000 Ci/mMol) were added to 50 l of the
Ready mixture. The labeling reactions were
incubated at 37 C for 30 min and then
purified through Sephadex G-50 spin columns
equilibrated with water.

C.7. CYSTOVIRUS SINGLE STRAND-
SEPARATING GEL ELETROPHORESIS
& NORTHERN BLOT HYBRIDIZATION

 Strand-separating electrophoresis was
carried out in 1% agarose gels buffered with
TBE (50 mM Tris-borate, 1 mM EDTA, pH
8.3) without ethidium bromide (EtBr) as
previously described (Pagratis and Revel,
1990). To prepare denatured samples, RNA
was dissolved in loading buffer U2 [8M Urea,
10 mM EDTA, 0.2% SDS, 6% (v/v) glycerol,
0.05% bromophenol blue and 0.05% xylene
cyanol FF] boiled for 4 min, cooled on wet ice
for 4 min, and immediately applied to the gel
to prevent reannealing. In the case of viral
particle-based transcription products, the
aqueous phase extracted with phenol and
chloroform was passed through Sephadex G-
50 spin columns, denatured, and subjected to
gel analysis. Electrophoresis was carried out
for ~8 hours at ~5 V/cm at room temperature.
The gels were stained with 0.5 g/ml EtBr and
photographed. For autoradiography, gels were
dried and used to expose Fuji Super RX film
or analysed with a Fuji BAS1500 phospho-
rimager.
  To prepare hybridization membranes, the
strand separated RNAs in gels were partially
hydrolyzed with 25 mM NaOH for 20 min,
neutralized with 200 mM Tris-HCl for 40 min,
and transferred to nylon membranes (NEN,
GeneScreenPlus) as described (Pagratis and
Revel, 1990). After the transfer, the
membranes were reincubated in a hybridi-

zation solution (ExpressHybTM; Clon-tech) for
1 h at 40 C, which was followed by overnight
hybridization under the same conditions with
labeled probes (~105 cpm/ml) prepared as
described above. After hybridization, the
filters were successively washed with 2 SSC
(0.3 M Sodium Chloride 30 mM Sodium),
0.05% SDS and 0.1 SSC, 0.1% SDS, air dried
and exposed Fuji Super RX film or analyzed
with a Fuji BAS1500 phospho-rimager.

C.8. ROTAVIRUS dsRNA PAGE AND
NORTHERN BLOT HYBRIDIZATION

To separate the eleven-segmented dsRNA
genome of rotaviruses, 20 - 60 µl extracted
dsRNA in loading buffer was applied to a
polyacrylamide gel with a 4% polyacrylamide
concentrating gel in 50 mM Tris-HCl pH 6.8
and 10% separating gel in 375 mM Tris-HCl
pH 8.8 (running buffer, was 25 mM Tris-
Glycine, pH 8.5). After washing twice with
distilled water, the gels were silver stained
(Herring et al., 1982). All the staining steps
were performed in a shaker at room
temperature. The gels were fixed with 10%
ethanol, 0.1% acetic acid for 30 min and
stained in 0.18% AgNO3 for 30 min. The
excess stain was removed by washing with
distilled water. The gels were then soaked in
3% NaOH with fresh formaldehyde (8 ml/l)
until the bands appeared. The reaction was
stopped with 5% acetic acid, 0.5% glycerol,
and the gels were photographed.

For RNA transfer, the dsRNA in the PAGE
gel was denatured before silver staining by
soaking for 20 min with 0.1 M NaOH, 0.25 M
NaCl, followed by a transfer to a nylon
membrane (Hybond-N+, Amersham Pharma-
cia Biotech) by electroblotting for 2 h at 0.8
mA/cm2 in TAE running buffer (10 mM Tris-
HCl, 5 mM NaOAc and 0.5 mM EDTA, pH
7.8) (Belinzoni et al., 1989). The RNA blots
were reincubated in the hybridization solution
as described above for 1 h at 68 C, followed
by overnight hybridization under the same
conditions using labeled probes (~105
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cpm/ml), washing, and analyzed as described
above. For reprobing, the probe was removed
by heating the blot in 0.5% SDS stripping
buffer at 90-100 C. After cooling for 10 min,
the blot was air-dried and kept in a plastic bag
at -20 C until reprobing.

C.9. AMPLIFICATION OF NADRV
dsRNA WITH A SINGLE PRIMER

 A sequence-independent RT-PCR strategy
with a single primer (schematically repre-
sented in Fig. 7) developed by Lambden et al.
(1992) was applied to amplify the NADRV
genome. Briefly, a 3'-blocked Rota-1 primer
(5'-CCCGTCGACGAATTCTTT-3'), where
the 3'-terminal T was modified to contain 3'-
deoxyribose in addition of normal 2'-
deoxyribose or a 3'-amino blocked Rota-4
primer (5'-ACCACCACCACCACCACT-3'-
NH2) (OliGold) was ligated to the 3' ends of
the dsRNA segments using T4 RNA ligase
(Amersham Pharmacia Biotech) following the
manufacturer’s instructions. Unligated oligos
were removed using a Sephacryl S-400 spin
column (Promega). Rota-1-or Rota-4- tailed
dsRNA were denatured by heating to 90 C
for 5 min and cooled rapidly on ice in the
presence of DMSO and the Rota-2 primer (5'-
AAAGAATTCGTCGACGGG3’) complemen
-tary to primer Rota-1 or the Rota-5 primer
(5'-AGTGGTGGTGGTGGTGGT-3’) comple-
mentary to primer Rota-4. RT was performed
in a 20 l reaction mixture containing 200 U
SuperScriptTM II RNase H- Reverse
Transcriptase (GibcoBRL) at 42 C for 50 min.
The reaction was stopped by incubation at 70
C for 15 min. The remaining RNA was

digested with 2 U of RNase H for 37 C 20
min, and removed by a Sephacryl S-400
(Promega) spin column. Amplification of
cDNA was performed using the primer Rota-2
(72 C 5 min, 98 C 3 min, 30 cycles for 95
C 30’’, 60 C 30’’, 68 C 4’, 72 C 10 min)

and LA ACC DNA polymerase mixture
(Sigma). For amplification of specific
individual genome segments, ligated dsRNA

segments were separated by electrophoresis on
either 1% agarose gels. Individual segments
were excised and purified using the Gel
Extraction kit. The other processes were the
same as described above.

Fig. 7. Schematic presentation of the strategy for
synthesizing of cDNA from dsRNA segments with a
single primer (primer-1, and its complementary strand,
primer-2). Modified from Lambden et al. (1992).

C.10. SEQUENCE
Amplified cDNA products were separated in

a 1% agarose gel and individual segments
were purified using a gel extraction kit. The
purified PCR products were cloned into
pGEM®-T easy vector. Positive clones were
identified by the digestion profiles of NoT I.
The cDNA inserts were all sequenced with
M13 forward and reverse primers in MWG
Biotech (Germany). The sequence information
obtained for the partial and full-length
segments was analyzed using software
programs BLAST (NCBI) and VetorNTI and
further confirmed by northern blot hybri-
dization.
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D. RESULTS AND DISCUSSIONS

D.1. EXPRESSION & PURIFICATION
OF THE POLYMERASES

 Expression plasmids for the Pols of 8, 13,
12 and the T425I mutant of 12 Pol were

constructed such that they contained the full-
length polymerase gene downstream of an
inducible promoter and a strong Shine-
Dalgarno (SD) sequence. The expression of
the polymerase subunits in a soluble form was
achieved by incubating the corresponding E.
coli strains at 16 to 23 C in the presence of 1
mM IPTG for 8 and 13 Pols. Under these
conditions, both E. coli BL21(DE3/pPG24)
and BL21(DE3/pPG14) strains produced only
a small amount of soluble 12 wt and ts
mutant Pols, respectively. Reduction of IPTG
at 10 µM allowed a reasonable production of

12 Pols.
The 6 Pol purification protocol, employing

a combination of Cibacron Blue 3GA agarose,
Heparin agarose and an anion exchange
column (Makeyev and Bamford, 2000a), gave
satisfactory results for 13 Pol. However, 8
Pol failed to bind to the Blue agarose, but
Reactive Brown 10 agarose bound to the 8
Pol well, without retarding most of the
contaminating proteins (in 50 mM Tris-HCl,
pH 7.4, 100 mM NaCl, 1 mM EDTA). Bound

8 Pol was eluted with 50 mM Tris-HCl, pH
7.4, 500 mM NaCl and 1 mM EDTA and
further purified to near homogeneity using
Superdex 75 gel-filtration column equilibrated
with 50 mM Tris-HCl (pH 7.4), 100 mM NaCl
and 0.1 mM EDTA (I, Fig. 3A). Both the wt
and ts 12 Pols were purified by a
combination of Reactive Brown 10 agarose
and heparin agarose columns. However, the ts
mutants were further concentrated using a
Centrex UF-2 membrane (cut-off 30 kDa).
The typical yields of the purified active Pol
proteins are 6 mg/liter for 6, 18 mg/liter for

8, 3.5 mg/liter for 13 (I, Table 2), and 2 and
4 mg/liter for the bacteriophage 12 wt and ts
Pols. The relative electrophoresis mobility of
the four purified enzymes correlated well with
their calculated molecular masses (I, Fig. 3A;
III, Fig. 2B).

D.2. POL ACTIVITY ASSAY
   The RNA replication activity of the purified
polymerases was assayed as described earlier
for the 6 Pol (Makeyev and Bamford,
2000a). The mixtures containing 50 mM Tris-
HCl, pH 8.9, 80 mM NH4OAc, 5 mM MgCl2,
1 mM MnCl2, 6% PEG4000, 0.1 mM EDTA
and the 6-specific ssRNA template s+13 (s+

segment with the extension CTAGAGGAT
CCCC3 ) were incubated for 1 hour at 30 or
23 C. All the new recombinant P2 proteins
from phages 8, 13, and 12 were
enzymatically active producing full-length
dsRNA, indistingui-shable from the 6 Pol
dsRNA products. 13 Pol was nearly as active
as 6 Pol, whereas the activity of the 8 and

12 Pols were lower under the conditions
employed (I, Fig. 3B; III, Fig. 2B). These
results unequivocally demonstrate that the
putative P2 Pol proteins of the Cystoviridae
family could be expressed, purified, and
catalyze RNA synthesis in vitro without any
assistance of other viral or cellular proteins. It
will be very interesting to investigate the
possibility to isolate the cognate enzyme of
eukaruotic dsRNA viruses in active form, such
as the VP1 protein of rotavirus (Patton et al.,
1996). Furthermore, these experimental results
demonstrate, once more, that proteins with
very different amino acid sequences perform
similar biological functions. In agreement with
this notion, the recently determined 6 Pol
structure resembles HCV and calicivirus
polymerases (Butcher et al., 2001, Makeyev
and Grimes, in preparation), while the
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sequences of the three proteins are entirely
dissimilar. One important question is to what
extent differences in protein sequences can be
incorporated while preserving the 3D structure
and function. On the other hand, only a single
amino acid point mutation in 12 Pol ts
(Thr425Ile) that resides in the ''palm'' domain
caused marked changes in biochemical
characteristics as described below.

D.3. TEMPLATE REQUIRMENTS

D.3.1. Effects of the template 3'-terminus
   From 6 Pol studies, it has been concluded
that the yield of RNA replication depends on
the template's 3  -terminal sequences,
irrespective of whether 6 or heterologous
templates were used (Makeyev and Bamford,
2000a). However, those containing 3 -terminal
nucleotides of 6 m- and s- minus-strands were
favored (Makeyev and Bamford, 2000b). This
provides a molecular explanation for the
observation that plus- but not minus-strands
are transcribed from 6 dsRNA segments in
vivo. To explore the template preferences of
the new isolated Pols, we compared the
replication efficiency using five variants of
s + ssRNA (pEM15, 6 s+ segment with an
extensive internal deletion). One of them,
s +( ), had the normal 6 terminus
CUCUCUCUCU3 ; the other four templates
contained different one-nucleotide additions
A3 , C3 , G3  and U3 . For the four wt and one
ts Pols studied, replication efficiency
increased considerably with all Pols when C3
was used as a terminal template nucleotide (I,
Fig. 7; III, Fig. 4). G3’ was the second best,
while the effects of the other two terminal
bases were either neutral or somewhat
stimulatory or inhibitory, depending on the
polymerase used. Similar results were
obtained for a set of five firefly luciferase
mRNAs, luc( ) containing CCCAAGCUU
A3 , and its one-nucleotide longer derivatives.
However, in this case, U3  enhanced the

efficencies of 8 and 12 Pols considerably (I,
Fig. 7; III, Fig. 4).

We further assayed the luciferase mRNAs
containing longer 3 -terminal extensions with
the 6, 8 and 13 Pols (I, Fig. 8). As
compared to C3 , CC3  doubled the replication
efficiency for all the three polymerases. The
enhancement was even stronger, when CCC3
terminus was used. Nine terminal bases of 13
m-/s- (GUUUUUUCC3 ; also similar in 6 m-

and s- as shown in I, Fig. 2) added to the
luciferase RNA caused approximately the
same effect as its native end with additional
CC3  for 6 and 13 Pols. This nine-
nucleotide sequence, however, stimulated 8
Pol replication more significantly. Similarly,
UC3  was a somewhat weaker enhancer than
CC3  for 6 and 13 Pols, whereas it was
clearly superior to CC3  in the case of 8 Pol.
Thus, 8-specific (-) strand 3 -terminus
GAAAAUUUC3  (I, Fig. 2) was the best
initiation signal for 8 Pol but not for 6 Pol
and 13 Pol. Finally, the luciferase RNA with
UCUCUCUCU3  terminus, found in all three
(+) strands of 6 as well as in m+ of 13 (I,
Fig. 2), was a relatively inefficient template
for all three polymerases. These results
strongly suggest that the replication efficiency
may be controlled at the initiation step, and
the Pols of cystoviruses prefer pyrimidine-rich
3' terminal initiation sites. This is also the case
for other purified Pols, such as those from Q
phage (Blumenthal and Carmichael, 1979),
HCV and BVDV (Kao et al., 1999; Sun et al.,
2000; Zhong et al., 2000). All above
observations support the hypothesis that
transcriptional polarity might be controlled by
the Pol subunit via preferential initiation on
short single-stranded stretches at the 3’ termini
of (-) strands (transcription initiation sites). In
line with this model, structural data indicate
that 6 Pol can only accommodate ss- but not
dsRNA in its template-binding channel
(Butcher et al., 2001).
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D.3.2. Effects of the template secondary
structure

Apart from the effects of the 3’ terminal
sequence on the Pol efficiencies, the
secondary structure of the templates has also
been related to the RNA replication activity.
Attempts to replicate highly structured
ssRNAs, such as tRNA, ribosomal RNAs of E.
coli (16S and 23S), gave only small amounts
of dsRNA products. In addition to the full-
length dsRNAs, incomplete dsRNA synthesis
was also apparent in most of these cases
(Makeyev and Bamford, 2000a).

 A stable 3' proximal secondary structure
inhibits (+) strand template activity. This was
shown with an altered 6 m+ segment that
lacks the 3'-proximal cloverleaf-like secondary
structure element, while retaining the 15 nt
long wild-type 3'-terminal sequence (m+ T;
II, Fig. 8A). The efficiency of this template in
the 6 Pol system was approximately one
order of magnitude higher than that of the
wild-type template (II, Fig. 8B). A similar
enhancement was also observed when the 3'
end of m+ was replaced with the 3' portion of
the s- segment (5' m+

s; II, Fig. 8). These
experimental results for the Pols provide a
reasonable explanation for the Pol/ssRNA
transcription polarity preference. When the
dsRNA templates were denatured by heating,
in contrast to dsRNA templates, 13 Pol
produced only (+) sense copies of the small

13 segment even in the presence of
manganese ions (II, Fig. 6C-E and Fig. 7).
The reaction products of Pol subunits were
very similar to those of the particle-based
systems (see II, Fig. 4), although the 3' end of
the 13 s+ strand terminated with CC3’,
exactly the same terminus as that of the s-.
These results suggest that the transcription
preference is not completely controlled by the
Pol template preference.

It is intriguing to hypothesize that these
template efficiencies might function in the
context of the transcriptionally active, subviral
particles (II, Fig. 9). The template efficiencies

may be due to at least two independent
factors: Pol specificity for the 3' terminus and
the availability of the terminus in a single-
stranded initiation competent form. The latter
can be controlled either through more efficient
fraying of transcription initiation end of
dsRNA segments, or through the presence of a
stable intramolecular secondary structure at
the 3' termini of (+) strands and the absence of
that at the 3' termini of (-) strands.

D.4. EFFECTS OF THE REPLICATION
REACTION CONDITIONS

D.4.1. Buffer and pH effects on the
replication

The described replication assay was utilized
to study the effect of several parameters upon
the activity of the polymerases. In Tris-HCl
buffer, the isolated enzymes synthesized
dsRNA over a wide pH range, with the
optimal pH increasing in the order of 13, 6,
and 8 Pols. Interestingly, the activities of
these enzymes in HEPES-KOH were always
higher than in Tris-HCl of the same pH (I,
Fig. 4A, D, G). The 12 Pol wt enzyme also
synthesizes dsRNA over a wide pH range
while 12 Pol T425I mutant pH optimum
appeared to be relatively sharp, rendering its
activity very sensitive to altered pH
conditions. The pH optima for the two 12
enzymes are Tris-HCl, pH8.9. Interestingly,
both 12 Pol variants show very low activity
in HEPES-KOH buffer (III, Fig. 3A and B).
This HEPES-KOH intolerance clearly
distinguishes 12 Pols from the other
cystovirus polymerases. ssRNA templates are
not stable at high Tris-HCl and temperature.
Finally, pH 8.4, was demonstrated to be the
highest accepted pH value of the tested range
(8.6, 8.5, 8.4, 8.2, and 8.0 result not shown)
and applied for the thermosensitive initiation
RNA synthesis assays of the 12 Pols (III,
Fig. 6). The polymerases catalyze ssRNA
templates to make the same dsRNA products
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as at pH 8.9, although at low efficiency for the
ts enzyme.

D.4.2. Effects of ammonium ion
To determine the ammonium ion require-

ments of the cystovirus Pols, replication
reactions were supplemented with different
concentrations of NH4OAc. Although the four
enzymes of 6, 8, 13 and 12 ts were active
without NH4OAc, a low salt concentration of
20 mM reproducibly stimulated RNA
synthesis. Especially for the 12 Pol ts, the
activity was noticeably increased (III, Fig.
3C). Further increases in NH4OAc
concentration were inhibitory, particularly for

8 Pol (I, Fig. 4B, and H). However, the
optima of NH4OAc concentration are 40 mM
for the 12 Pol ts and 80 mM for the wt of 12
Pol. Again, further increase of the
concentration was inhibitory, particularly for
the ts enzyme (III, Fig. 3 C and D).

D.4.3. Effects of manganese ion
Manganese ion (Mn2+) has been reported to

stimulate the 6 Pol (Makeyev and Bamford,
2000a, b) and 6 PX activities (Iba et al.,
1982; Szekeres et al., 1985; Van Dijk et al.,
1995) derived polymerization reactions. Here,
we studied the effect of this cation on the
other purified RNA polymerases of
cystoviruses in in vitro replication and
transcription reactions. For 6, 8, 13 and

12 ts polymerases in the replication reaction
system, the optimal Mn2+ concentration was 2
mM (I, Fig. 4C, F and I; III, Fig. 3E).
However, there were differences in the
concentration dependencies. Added up to 1-2
mM, Mn2+ increased polymerase activities of

6 and 12 Pol ts by more than 10-fold,
whereas this stimulatory effect was relatively
modest in the cases of 8, 12 and 13
polymerases (I, Fig. 4F and 4I, III, Fig. 3F).
Higher concentrations of manganese (5-6
mM) inhibited 8 and 12 wt Pols, while
being well tolerated by 6 and 13 Pols and,

still being optimal for the 12 Pol ts mutant
(III, Fig. 3E).

D.4.4. Incubation temperature effects
For all the above wild-type polymerases, the

highest dsRNA synthesis was observed at 30
C (I, Fig. 5; III, Fig. 5B), while, ts 12 Pol

was almost completely inactivated at 30 C,
showing the maximal activity at 15 C (III,
Fig. 5A). For 8 and 13 enzymes, an increase
in temperature to 40 C accelerated the initial
RNA synthesis (notice the difference in the
slopes at 30 and 40 C in I, Fig. 5B and C).
However, after one-hour incubation, the net
yield was the same as that at 30 C for the wt

12 Pol (III, Fig. 5B). Furthermore, these
isolated wt Pols retained a substantial fraction
of their activity at 50 and even at 60 C,
whereas 6 Pol was almost completely
inactivated at 50 C.

Our further investigations have demonstra-
ted that the temperature sensitivity of T425I

12 Pol is controlled in the initiation but not in
the elongation phase. T425I was preincubated
at different temperatures with an ssRNA
template and three unlabeled NTPs (ATP,
CTP, GTP) to form the initiation complex.
After this, heparin and [ -32P]UTP were
added and the incubation was continued at the
same or a different temperature (III, Fig. 6A).
When T425I was preincubated at 30 ºC, very
little dsRNA was produced, regardless of the
temperature used for the elongation step.
However, when 15 ºC was used as the
initiation temperature, high yields of the
dsRNA products were obtained after
elongation at 15, 30 or even 50 ºC (III, Fig.
6B). This strongly suggests that the initiation
step is thermosensitive, whereas elongation is
relatively robust.

Also in the cases of wt 12 and 6 Pols, de
novo initiations of RNA synthesis are more
thermosensitive than the elongation step (III,
Fig. 6). These results are in accordance with
the earlier data on the recombinant Pol subunit
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of dengue virus (Ackermann and
Padmanabhan, 2001). The dengue Pol study
suggested that the enzyme might exist in
either "closed" or "open" form and the latter is
favored at higher temperatures. When "open",
the enzyme binds to a fold-back structure
located at the template 3’ end with the
subsequent elongation producing a dimerized
product. Conversely, the "closed" enzyme,
favored at lower temperatures, recognizes the
single stranded 3’ terminus of the template
and initiates de novo synthesis.  On the other
hand, from our temperature dependence
results described above, it is also reasonable to

Fig. 8.  Sequencing of genomic RNA from L-A virus
with 8 Pol. The number indicates the distance of
nucleotide residues from the replication initiation site.

suggest that de novo initiation may require a
specific conformation of the Pol subunit (or
entire initiation complex) that cannot be
attained at increased temperatures. This
explanation is consistent with the previous
data on de novo initiation (Laurila et al.,
2002), and it might be an interesting update to
the dengue polymerase model. Future studies
will show whether the temperature resistance
of Pols from other RNA viruses is also limited
at the initiation stage. This property can be
useful for developing new approaches to treat
and prevent viral infections.

On the other hand, the ts mutant, with only
one point substitution of Thr425Ile, exhibits
very sensitive temperature dependence. There
might, then, be a temperature sensitive related
region around Thr425, which could be
mutated or manipulated to increase the
polymerase thermostability for further
application of the Pol enzymes, such as RNA
amplification via a chain reaction process
("RNA-PCR"). The ability of Pols to initiate
nucleic acid synthesis in the absence of
defined primers would be an advantage for
those RNA samples lacking sequence
information. This, coupled with the direct
RNA sequencing of the amplified product
with cystovirus Pols (Fig. 8; Makeyev and
Bamford, 2001 and unpublished data), would
provide powerful diagnostic tools for clinical

D.5. EFFECTS OF TRANSCRIPTION
CONDITIONS ON POL ACTIVITY

Changes in Mn2+ concentration also affect
the Pol-based dsRNA transcription, but in a
complex manner. The optimal Mn2+

concentration for 13 L segment transcription
was ~1 mM, whereas those for S and M were
~5 mM (II, Fig. 5C). The transcription
efficiency (notice that the products may
contain plus and minus strand products) of the
three segments is similar at 0.5-1 mM Mn2+,
shifting to predominant utilization of the S
segment with increasing manganese
concentration. However, further analysis with
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strand-separation agarose gel electrophoresis
showed that only (+) strands were produced
when Mn2+ was absent from the reaction
mixture (II, Fig. 6E). With an increase in
manganese concentration, the distribution of
the reaction products for the small segment
changed towards (-) strand synthesis. Nearly
equimolar amounts of s+ and s- were
synthesized at 0.5-1 mM Mn2+, and further
increases in Mn2+ concentration led to
preferential s- synthesis.  A similar tendency
was also found in 6 Pol / 13 dsRNA and 8
Pol / 13 dsRNA transcription systems (II,
Fig. 6C and D).

Interestingly, the manganese dependence of
the particle-based transcription was generally
similar to that of the relevant Pol/dsRNA
systems (II, Fig. 5D-F). However, one
substantial difference was that 13 NCs
tolerated elevated Mn2+ concentrations
producing plus polarity strands better than the
corresponding Pol/dsRNA system (II, Fig. 5C
and F). For the 6 and 8 Pol/dsRNA systems,
newly produced (+) strands were more
abundant than the corresponding (-) strands.
This distribution remained virtually
unchanged over a range of Mn2+

concentrations. Notably, the correct distribu-
tion of transcription products was also
observed for reactions containing 6 and 8
dsRNAs and heterologous Pol subunits (II,
Fig. 6A and B). In general, the transcriptional
specificity of all of the Pol/dsRNA transcrip-
tion reactions was clearly less strict than that
of the particle-based systems (II, Fig. 4).

However, thermal activation of dsRNA
templates increases Pol transcription initiation
fidelity, even with 2 mM Mn2+.
Predenaturation of dsRNA templates increased
overall synthesis by approximately one order
of magnitude in all three Pol/dsRNA systems
investigated. This is consistent with the
previous observations obtained with 6 Pol
(Makeyev and Bamford, 2000b). Surprisingly,
(+) strands constituted the overwhelming
majority of the reaction products, even for 13

S segment. This phenomenon is difficult to
explain with a model proposing that
transcriptional polarity is controlled by the Pol
subunit via preferential initiation on short
single-stranded stretches at the 3’ termini of (-
) strands (Makeyev and Bamford, 2000b;
Frilander et al., 1995). Terminal preferences
of 13 Pol (I, Fig. 7) might account for the
preferential synthesis of the (+) sense copy of
the M segment (II, Fig. 6E). However, in the
case of S segment, mechanisms other than Pol
template preference obviously affect the +/-
product ratio.

Several lines of evidence suggest that this
regulation mechanism might be related to the
availability of RNA termini in an initiation-
competent single-stranded form. The G/C
content of the transcription initiation site is
lower than that of the replication initiation site
(II, Fig. 1B). Therefore, transcription termini
are less likely to form stable duplexes
compared to replication termini. However, the
transcript patterns in heterologous Pol/dsRNA
mixtures depend more on the origin of dsRNA
than on the Pol source (II, Fig. 6). This is
particularly true for 8 dsRNA, whose (+)
sense initiation signal is recognized by all
three Pols, despite well-documented
differences in the template specificity profiles
between 8, 6 and 13 Pols (I). Conversely,

8 Pol faithfully transcribes 6 dsRNA (II,
Fig. 6). It is sensible to suggest that
heterologous (and, to some extent, also
homologous) Pols utilize the more accessible
rather than the most efficient initiation sites.
At the molecular level, accessibility can be
realized as more intensive “fraying” of A/U
rich transcription initiation sites, replication
termini being fastened by multiple G-C base
pairs (II, Fig. 1B).

However, the transcription experiment with
denatured dsRNA templates offers an
alternative explanation (II, Fig. 7). Indeed,
according to the “fraying” model, one would
expect transcriptional polarity to disappear
upon dsRNA denaturation for all three 8
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genomic segments and for 13 S and L
segments (see II, Fig. 1). However,
denaturation actually improves initiation
fidelity to a level comparable with the
NC/core-based systems. This indicates that
intra- rather than intermolecular RNA
secondary structures might provide a reason
for the differing accessibility of the 3’ termini.
This is consistent with the presence of
conserved 3’ proximal secondary structure
elements in (+) strands of the three
bacteriophages 6, 8, and 13 (Hoogstraten
et al., 2000; Laurila et al., 2002; Qiao et al.,
2000; and references therein). On the contrary,
no stable secondary structure is predicted for
the 3’ termini of (-) strands. Our experiments
with a modified 6 m+ segment that lacks the
wild-type 3' cloverleaf structure support this
model (II, Fig. 8). However, when short 3’-
terminal extensions are added to the (+)
strand, back-priming products appear (Laurila
et al., 2002). These observations suggest that
the 3’ end structures might be selected for and
prevent the formation of deleterious hairpins
and assure a de novo initiation.

This thesis, as well as a number of other Pol
studies, reports a strong effect of Mn2+ on
RNA synthesis efficiency (I, Fig. 4C, F, and
I). Previous structural studies show that Mn2+

binds to a specific position in the Pol subunit
that is distinct from the nucleotidyl-transferase
site (Butcher et al., 2001). This interaction
may affect Pol the polymerization efficiency,
which would account for at least some of the
observed effects. However, the Pols/dsRNA
assay results (II, Fig. 6 C-E) suggest that
additional levels of regulation might be
involved, such as a possible interaction of
Mn2+ directly with the RNA substrate, thus
affecting the polarity of newly produced
transcripts and the de novo initiation.

D.6. GENETIC CHARACTERIZATION
OF THE NADRV ROTAVIRUS

The unique dsRNA migration profile, 1-1-1-
1-2-1-1-1-1-1, of the new Adult Diarrhoea

Rotaviru, NADRV, collected during the 1997
diarrhea epidemic in China, differed from that
of the typical adult diarrhea rotavirus (ADRV)
(IV, Fig. 1). To further characterize NADRV,
several dsRNA segments were cloned and the
sequences were determined. DNA
oligonucleotides were ligated to the genome
segment termini. Primers complementary to
these extensions were used for RT-PCR
cloning of rotaviral cDNA as shown in Fig. 9.
Initially, a number of partial cDNA clones
were sequenced. The obtained sequence
information was used to identify segment
assignment using BLAST search and
similarity comparison with programme
VectorNTI, in combination with northern
blotting hybridization. Complete sequence
information of ORFs in segments 5, 6 and 7,
encoding proteins NSP1, VP6 and NSP3
respectively, were obtained from several
independent clones. This secured at least five-
fold coverage, and the sequences are deposited
to GenBanK under the codes N1, N2, and N3,
respectively. Additional deduced complete or
partial amino acid sequences of NADRV
proteins NSP2, NSP5, VP1, VP2, and VP4,
could be identified by comparison to also
match with the corresponding regions of group
B rotaviruses.

D.6.1. Segment 6
The complete nucleotide sequence of

NADRV segment 6 encoding VP6 is 1288 nt
in length. It has a single ORF encoding 396
amino acids with a predicted protein
molecular mass of 42,9 kDa. Segment 6 of
ADRV is the closest homologue of segment 6
of NADRV with 52% nucleotide identity. The
terminal 20 bases of the UTRs of the NADRV
segment 6 are clearly distinguished from that
of group A, B and C rotaviruses (IV, Table 1).
These differences explain the failure to
amplify NADRV with diagnostic primers for
the group B ADRV segment 6 (Yang et al.,
1998). The nucleotide sequence 28-
AAGGATGG-35 containing the putative
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initiation ATG codon (underlineed), with A at
-3 and G at +4 (bloded), constitutes a strong
translation initiation signal (Kozak, 1981).
The deduced amino acid sequence was
subjected to analysis along with the
corresponding VP6 proteins from other human
rotaviruses belonging to groups A, B and C
(IV, Fig. 2A). The similarity between
NADRV and its closest counterpart, group B
IDIR, is only 36% (IV, Fig. 2B and Fig. 5).
The VP6 amino acid sequence similarity is
84% at lowest within each of the human
rotavirus groups. The highest intergroup
similarity was 45% (between the groups A and
C).  The similarities between VP6s of
NADRV and group A and C are only about
14% and 10%, respectively. Phylogenetic
analysis established that this NADRV protein
is significantly different from VP6s of the
human group A, B and C rotaviruses. This
correlates with the results that NADRV did
not react serologically with rotavirus group A,
B or C antisera.

The sequence data and clones generated
during this investigation provide the basis to
develop NADRV specific diagnostic reagents,
i.e. primers for RT-PCR and recombinant VP6
as a diagnostic antigen. Multiple sequence
alignment of the NADRV VP6 with those of
group B rotaviruses (IV, Fig. 2B) revealed
several conserved amino acids clusters at the
amino termini (IV, Fig. 2B). Since there was
no serological cross-reaction between
NADRV and antiserum to group B ADRV,
these regions probably do not encode common
epitopes or are not strongly antigenic.

D.6.2. Segment 5
Like other segments of NADRV, segment 5

(1307 nt) shows some similarity with those of
group B rotaviruses and contains two ORFs as
in the case of ADRV (IV, Fig. 3A, Hung et
al., 1984). The short ORF, ORF1, encoding a
protein of 158 amino acids, is located at the 5’
end (nt, 56 to 532) of the segment. The long
ORF, ORF2, encoding a protein of 249 amino

acids, locates at the 3’ end of the segment (nt,
493 to1245). The closet homology of the
ORF1 encoding protein, by Blast searching, is
NSP1s of group B human rotaviruses,
showing 28 -32% amino acid similarities.
Intriguingly, the significant counterparts of the
ORF2 encoding peptide were the carboxyl
terminal part of NSP3 of group C rotaviruses
including human Bristol, porcine Cowden and
bovine Shintoku strains (Langland et al.,
1994; James et al., 1999; Chen et al., 2002).
The most conserved regions of the NADRV
ORF2 encoding peptide with the group C
NSP3s are located at the C’ terminus, which
consist of a DSRM domain and a consensus
amino acid autoproteolytic cleavage motif site
just before the DSRM site. A similar DSRM
domain is also observed in a wide variety of
proteins including the reovirus structural
protein 3 (Denzler and Jacobs, 1994), dsRNA
dependent protein kinase PKR, E. coli RNase
III, vaccinia virus p25 and dsRNA dependent
adenosine deaminases (Johnston et al., 1993).
In vitro studies of the porcine group C
rotavirus NSP3 have revealed that its DSRM
is involved in the suppression of the
interferon-induced antiviral response in
infected cells (Langland et al., 1994).
Theoretically, proteolytic cleavage of ORF2
encoding protein between the G and P amino
acid residues (174- C-I-E-S-N-P-G-P –181,
the bolded nucleotides are conserved) would
result in a peptide of 180 amino acids
(molecular mass of 20,8 kDa) and another
peptide of 69 amino acids (amino acid 182-
245, molecular mass of 8.1 kDa), respectively.
When other regions than the putative DSRM
and the autoproteolytic cleavage motif site
were used, the phylogenetic analysis showed
that the truncated peptide (amino acids 1-180)
encoded by the 3' part of ORF2 is clustered
with the NSP1 sequence of group B ADRV
(IV, Fig. 3B). Both ORFs of NADRV segment
5 (ORF1, 158 aa and ORF2, 180 aa without
the DSRM) are considerably shorter than
ADRV and IDIR ORF1 (320 aa) (Edien,
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1994). Therefore, NADRV segment 5 was
proposed to encode a specific NSP1/3 version,
which is structurally different from NSP1 and
NSP3 of any known rotaviruses and may
posess a similar function to group B NSP1 and
a partial function (a DSRM protein) of group
C NSP3 (Langland et al., 1994).  The specific
genetic structure of segment 5 and the putative
functions of its encoded proteins suggest that
NADRV is a novel rotavirus belonging to a
new rotavirus group that is different from
ADRV and all other known rotavirus groups.

D.6.3. Segment 7
  The determinated 909 bp long sequence of
NADRV segment 7 includes one complete
ORF, the intact ACCCC-3’ terminus and a
partial 5´ UTR containing 21-nucleicotids (as
the conserved 5’-GG terminus is missing).
The ORF encodes a 262 amino acid protein
with a predicted molecular mass of 30.1 kDa
(IV, Fig. 4). Blast search and multiple amino
acid sequence alignment analysis indicated
that the closest homolog is the NSP3 of group
B (IV, Fig. 3B, and data not shown). This
putative protein encoded by NADRV segment
7 shares the highest identity (35%) with NSP3
of group B IDIR (IV, Fig. 4, Eiden, 1993).
The putative NADRV NSP3 is considerably
shorter (262 amino acids) than NSP3 of group
A (313 amino acids), B (324-390 amino acids)
and C (402 amino acids).
    The putative NADRV NSP3 differs from
those of group C in that it does not have the
double-stranded RNA binding motif
(Langland et al., 1994). In comparison with
group B rotavirus NSP3, NADRV NSP3
seems to have a truncated C-terminus (IV.
Fig.4). There is a higher homology between
the amino acids 46 to 138 of NADRV putative
NSP3 and the N-terminus of group B
corresponding proteins than with other

regions. There is a block where 10 out of 14
amino acids are identical. It will be interesting
to investigate whether the putative NSP3
encoded by NADRV segment 7 can recognize
the host translation initiation factor eIF4G and
be capable of shutting off host protein
synthesis, as demonstrated for group A NSP3
(Groft and Burley, 2002).

D.6.4. Other NADRV proteins
   The other deduced full or partial amino acid
sequences of NADRV, nonstructural protein
NSP2 and NSP5, as well as structural protein
VP1, VP2, and VP4, also match with the
corresponding proteins of group B rotaviruses.
Pairwise analysis of protein sequences within
three members of group B rotaviruses
(ADRV, CAL and IDIR) and between the
corresponding NADRV proteins and each of
the three viruses were used for the
comparisons (IV, Fig. 5). The similarities
within the group B viruses varied between 60
and 95%, while the similarities between
NADRV proteins and their group B
counterparts were all between 25-45%. Taken
together, the above analyses of NADRV VP6,
NSP1, and NSP3 and all the sequence data
here strongly suggest that NADRV is a novel
rotavirus that belongs to a new group, but has
a closer relation with group B than with group
A and C rotaviruses.
   The increasing number of NADRV cases
coinciding with a noticeable decline in ADRV
infections in China during the same period
suggests that there exists a wide rotavirus pool
capable of infecting adults, which requires
further investigation. It is not currently known
whether NADRV infects infants and children.
On the other hand, this new culturable
rotavirus should be a good model for further
studies.
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E. CONCLUSIONS

 Like bacteriophage 6 Pol, the purified Pols
(P2) of its distantly related cystovirus strains

8, 12, and 13 were demonstrated to
catalyze replication and transcription,
although with distinct biochemical
characteristics. Based on our observations, a
model of transcription polarity in Cystoviridae
was presented. Accessibility of the initiation
sequences to the Pols in a single-stranded
form (different A/U content and consequently
different melting temperatures) was illustrated
in II (Fig. 9).

Like most Pols, the Pols of Cystovidae apply
a de novo RNA initiation mechanism. The
initiation was notably more sensitive to
increased temperatures than the elongation
step, which is consistent with the previous
results from dengue virus Pol. Overall, these
data suggest that de novo RNA-dependent
RNA synthesis in many viral systems includes
a specialized thermolabile state of the Pol
initiation complex.

A single mutation Thr425Ile in 12 Pol
palm domain produces a Pol ts mutant. This

indicates that thermostability of the cystoviral
Pols might be manipulated to some extent
through protein engineering to create a
thermostable Pol suitable for RNA-PCR. This,
coupled with the direct RNA sequencing of
the amplified product also utilizing cystovirus
Pols, would provide a powerful diagnostic tool
for clinical samples carrying suspected RNA
viral pathogens.

Application of the acquired knowledge from
the dsRNA virus model systems reveals that
the novel NADRV rotavirus differs from
ADRV and other group B rotaviruses, which
is consistent with previous serological data.
All our sequence data on NADRV rotavirus
strongly support the view that this adult
rotavirus strain does not belong to human
groups A, B or C, but forms a new group that
is closest to group B among the known human
rotavirus groups. This new rotavirus NADRV
should provide another model for further
studies on rotaviruses.
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