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Introduct ion:  the R N A  g e n o m e s  

All cellular organisms contain DNA as the genome, which is transcribed into 
RNA for gene expression, whereas the RNA genome remains only in the world 
of viruses. The enzyme, RNA-dependent RNA polymerase, is absolutely 
required for replication of the RNA genome and it is henceforth called "RNA 
replicase'. However, it also functions as "RNA transcriptase" to produce mRNA 
for gene expression. Biochemical characterization of the RNA-dependent RNA 
polymerase was initiated more than 30 years ago soon after the discovery of 
RNA phages. In spite of numerous efforts, the purification of RNA polymerase 
has been successful only for a limited number of bacterial, animal and plant 
viruses. Difficulty in molecular analysis arose from the low level of viral RNA 
polymerase production, their low extractability, the instability of enzyme 
activity, and the complexity of enzyme structure and functions. 

Since experimental techniques for gene cloning and nucleic acid sequencing 
were developed, a new trend in virus research has come of age, relying on 
interpretation of the nucleotide sequences of the RNA genome. The availability 
of many RNA polymerase sequences led to recognition of several conserved 
motifs among the RNA polymerases from different groups of RNA viruses. For 
instance, a unique three-amino-acid sequence, GDD, is now recognized as a 
hallmark of viral RNA polymerases. Further, viral RNA polymerases can now 
be over-produced from cDNA clones, for in vitro analysis of their structure and 
functions. In addition, the establishment of transfection systems of cDNA and 
cDNA-directed transcripts provided a new tool for testing in vivo functions. The 
role of each conserved motif in RNA polymerase molecules can now be examined 
by a combination of localized mutagenesis of cDNA, in vitro assays using 
over-produced proteins, and in vivo transfection assays. 
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This article aims at reviewing of our up-to-date knowledge of the structure- 
function relationships in RNA-dependent RNA polymerases from bacterial, 
animal and plant RNA viruses. Since the replication strategies of the RNA 
viruses are reflected in the structure and function of the RNA-dependent RNA 
polymerase, our effort is focussed on the comparison of the RNA polymerases 
between viruses sharing the same genetic systems, but including bacterial, 
animal and plant viruses. The viruses largely discussed in this paper are listed 
in Table 1. Historical background related to these topics has been described in 
a previous review [37], which gives the original references not cited in this 
review. 

RNA polymerases of plus-strand RNA viruses 

The genomic RNA of plus-strand RNA viruses can be directly translated into 
viral proteins including viral RNA polymerase, which then participates in both 
of the two-step reactions: viral RNA (vRNA)-directed synthesis of comple- 
mentary RNA (cRNA) of negative polarity; and cRNA-directed vRNA synthesis. 
The molecular anatomy of the RNA polymerase from this group viruses has 
been investigated in three different ways: i) biochemical isolation and character- 
ization of the RNA polymerase from virus-infected cell extracts; ii) cloning and 
sequence comparison of the RNA polymerase genes; and iii) in vitro mutagenesis 
of cDNA for the polymerase genes and in vivo transfection assays of cDNA 
transcripts. 

RNA polymerases of single-strand RNA phages 

The majority of RNA phages have about 3.5 kb (kilobase)-long plus-strand RNA 
as the genome. The catalytic subunit, [3, of the enzyme for RNA replication is 
encoded by the phage genome, but it associates with three bacterial proteins, 
ribosomal protein S1 (subunit ~), and translation elongation factors Tu (7) and 
Ts (~) to form the RNA polymerase holoenzyme [8]. Ribosomal protein S1 
(~ subunit) carries RNA helicase activity [16], which may be involved in strand- 
separation of RNA duplexes formed during RNA replication. In addition a host 
factor (HF-I) of 11 kDa (kilodalton) is required, but only for the first step of 
RNA replication, i.e., vRNA-directed cRNA synthesis. The hfq gene coding for 
HF-I was recently cloned from the E. coli chromosome [41]. The function of 
this protein in E. coli is not yet known. 

There are four groups of RNA phages infecting E. coIi, each serologically 
distinct from the others (Table 1). Among the amino acid sequences of the 
RNA polymerase from MS2 (group I), GA (group II), Q~ (group III) and SP 
(group IV), there is a great deal of conservation throughout the central region, 
which suggests the terminal regions are more tolerant to small changes in amino 
acid sequences than are the internal regions. The consensus YGDD sequence, 
common to all these RNA phages, also exists in most other viral RNA-dependent 
RNA polymerases [42]. The pioneering study by Inokuchi and Hirashima [35] 
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Table 1. Viruses described in this review 
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Genome type 
Host 

Virus family Virus species 

Plus-strand RNA 
Bacteria 

Plants 

Animals 

Double-strand RNA 
Bacteria 
Animals 

Plants 

Minus-strand RNA 
Animals 

Plants 
Ambisense RNA 

Animals 

Group-I 
Group-II 
Group-III 
Group-IV 
Ilarvirus 
Bromovirus 

Cucumovirus 
Tymovirus 
Tobamovirus 
Picornaviridae 
Flaviviridae 
Atphaviridae 

Coronaviridae 

Toroviridae 

Reoviridae 
Reoviridae 

Phytoreovirus 
Cryptovirus 

Rhabdoviridae 
Paramyxoviridae 
M yxoviridae 
Rhabdoviridae 

Arenaviridae 
Bunyaviridae 

Plants Tenuivirus 
Bunaryvirus 

Phage MS2 (MS2) 
Phage GA (GA) 
Phage Q~ (Q~) 
Phage SP (SP) 
Alfalfa mosaic virus (A1MV) 
Bromo mosaic virus (BMV) 
Cowpea chlorotic mosaic virus (CCMV) 
Cucumber mosaic virus (CMV) 
Turnip yellow mosaic virus (TYMV) 
Tobacco mosaic virus (TMV) 
Polio virus (POL) 
Yellow fever virus (YFV) 
Sindbis virus (SND) 
Semliki Forest virus (SFV) 
Infectious bronchitis virus (IBV) 
Murine coronavirus (MCV) 
Berne virus (BEY) 

Phage 00 6 (d~ 6) 
Human reovirus (HRV) 
Bovine rotavirus (BRV) 
Infectious bursal disease virus (IBDV) 
Rice ragged stunt virus (RRSV) 
White clover crypic virus (WCCV) 

Vesicular stomatitis virus (VSV) 
Sendai virus (HVJ) 
Influenza virus A (INF) 
Wheat rosette stunt virus (WRSV) 

Pichinde virus (PIV) 
Punta Toro virus (PTV) 
La Crosse virus (LCV) 
Rice stripe virus (RSV) 
Tomato spotted wilt virus (TSWV) 

showed that  amino acid substi tut ions within this sequence specifically impaired 
the functions of Q~ polymerase. They also proposed that  this mot i f  is involved 
in the binding o fZn  2 +, an essential cofactor of all the enzymes involved in nucleic 
acid synthesis. 

Recombinat ion  of phage RNA takes place by a copy choice mechanism 
during RNA replication [61]. It is a source of self-replicative variant RNA 
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species and of new vRNA-associated sequences such as parts of tRNA [7, 57]. 
Such variant or unrelated RNA sequences may arise as a result of template 
switching by the viral RNA polymerase or by the RNA polymerase jumping 
between templates [37]. 

R N A  polymerases  o f  plus-strand animal  R N A  viruses 

Picornavirus RNA polymerase family 

Poliovirus, the prototype of the family Picornaviridae,  is a plus-strand RNA virus 
with a genome of about 7.5 kb, which is translated in virus-infected cells into a 
single large polyprotein precursor. The RNA polymerase core enzyme (the 3D 
gene product), primer protein VPg, and polyprotein processing protease (3C) 
are all located in the C-terminal proximal region (region 3) of this precursor 
polyprotein (Fig. 1). Processing of the precursor polyprotein also takes place in 
the membrane fraction, concomitantly with the formation of complexes with 
transcription and replication activities. The structure of the transcription/repli- 
cation apparatus is not yet known, except that the 3D protein forms its core. 

By treatment of the transcription/replication complex with high con- 
centrations of salt, the 3D polymerase can be solubilized, and exhibits activities 
of primer- and template-dependent RNA synthesis, such as oligo(U)-dependent 
poly(A)-directed poly(U) synthesis and oligo(U)-dependent poliovirus RNA- 
directed minus-strand RNA synthesis (reviewed in [37]). A viral RNA polymerase 
with similar functional specicities has also been isolated from the cytoplasm of 
polio virus-infected cells. Product RNAs in these reactions are covalently linked 
to the primers added. The primer requirement can be replaced by a host factor 
with RNA uridylation activity (or terminal uridyltransferase; TUTase). In this 
case, newly synthesized oligo(U) is covalently linked to the vRNA-poly(A) tail 

Fig. 1. The genomes of RNA viruses. The relative sizes of the genome RNAs from the 
prototype viruses of each virus family or group are shown from 5' to 3'. The numbers shown 
at the 3' termini represent the total length (in nucteotides). The gene loci encoding the 
RNA-dependent RNA polymerase are indicated above (in the case of plus-strand RNA) or 
below (in the case of minus-strand RNA) genome RNAs. MS2 Phage MS2; Q~ phage Q~; 
POL poliovirus; FMD foot-and-mouth disease virus; Y F V  yellow fever virus; JEV  Japanese 
encephalitis virus; SND Sindbis virus; SFV Semliki forest virus; IBD infectious bursal 
disease virus; MCVmouse  corona virus; T M V  tobacco mosaic virus; P X V  potato virus X; 
P M  Vpotato virus M; P Y V  potato virus Y; T N V  tobacco necrosis virus; CaM V carnation 
mottle virus; CN V cucumber necrosis virus; B YD V barley yellow dwarf virus; T Y M  V turnip 
yellow mosaic virus; CoM V cowpea mosaic virus; T R V tobacco rattle virus; TBR V tomato 
black ring virus; B M V  brome mosaic virus; CuMV cucumber mosaic virus; A M V  alfalfa 
mosaic virus; BN Y V V  beat necrotic yellow vein virus; VS V vesicular stomatitis virus; RAB 
rabies virus; HVJ hemagglutinin virus of Japan (Sendai virus); MVmeasles virus; I N F A  
influenza virus A; INFC influenza virus C; H A N  Hantaan virus; B U N  Bunyamwaera virus; 
UUK Uukuniemi virus; T S W V t o m a t o  spotted wilt virus; LCM lymphatic choriomeningitis 

virus; TAC Tacaribe virus; PIC Pichinde virus; HR V human rotavirus 
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and hybridizes with the poly(A) sequence through a snap-back mechanism, 
allowing the oligo(U) to serve as a primer for elongation of cRNA chains. As a 
result the RNA products are twice the size of the template vRNA. 

The cap structures commonly found in eukaryotic mRNA are absent from 
the 5' terminus of poliovirus RNA, but instead a small virus-coded protein, VPg, 
22 amino acid residues in length, is covalently attached to the vRNA 5' terminus. 
After infection, VPg is removed from vRNA prior to translation. VPg is attached 
not only to the vRNA but also to the cRNA. Thus, the VPg may have a signalling 
function for initiation of RNA synthesis. 

The 3D protein expressed in E. coli was found to be active in primer- and 
template-dependent elongation of RNA chains [55, 63, 73]. This new experi- 
mental system became available for detailed systematic analysis of the effect of 
amino acid substitution in the RNA polymerase (for example see [14]). System- 
atic mutagenesis affecting the conserved YGDD sequence of poliovirus RNA 
polymerase indicated that substitutions of the Tyr and Gly residues gave 
profound effects on the in vitro enzymatic activity [-38, 39]. Most alteration of 
these conserved amino acids result in non-functional RNA polymerases. The 
capability of the mutant 3D polymerases to function in poliovirus replication 
in vivo was also examined by cDNA transfection assay. Both in vivo and in vitro 
activities are retained only in a few cases (only Phe can replace Tyr; and only 
Ala or Ser can replace Gly). 

The genomes of flaviviruses resemble those of picornaviruses in the gene 
organization: the genes encoding seven non-structural proteins are located in 
the 3' terminal-proximal region (Fig. 1). Viral non-structural protein NS5 carries 
the structural motifs for viral RNA polymerase (Fig. 2). Although the RNA 
polymerase has not yet been purified, NS5 is always associated with membrane 
fractions with the RNA polymerase activity. In spite of the similarity in gene 
organization between picornaviruses and flaviviruses, the RNA polymerase 
sequences of ftaviviruses are more closely related to those of alphaviruses than 
to those of picornaviruses. However, the flavivirus RNA polymerase is more 
closely related to that of plant luteoviruses [13, 45]. 

Alphavirus RNA polymerase family 

Most of our current knowledge on the transcription and replication of 
alphaviruses came from studies of two closely related viruses, Semliki Forest 
virus (SFV) and Sindbis virus (SND). SND, the prototype virus of the genus 
alphavirus, contains an l t .7kb plus-strand RNA genome (Fig. 1), which is 
capped and polyadenylated. In sharp contrast to the gene organization found 
in picornaviruses and flaviviruses, the genes for non-structural proteins are 
located at the Y-terminal proximal region. Four non-structural proteins (NS1, 
NS2, NS3 and NS4) are generated after proteolytic processing of two 
polyprotein precursors, NS123 or NS1234, formed by translation of full-size 
vRNA. The conserved motifs for viral RNA polymerase are located in NS4 
(Fig. 2), while NS1 carries the sequences involved in RNA capping [17]. Pro- 
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cessing of the polyprotein precursors is catalyzed autolytically by the NS2 
protease. 

The NS4 RNA polymerase is integrated into transcription/replication 
complexes associated with the infected cell membranes. This form of NS4 
polymerase is metabolically stable, but unassembled RNA polymerase is rapidly 
degraded by the ubiquitin-dependent pathway, as it carries the N-end rule-based 
degradation signal or N-degron [19]. Some incomplete SND RNA species 
contain, at their 5' termini, sequences identical to a cellular tRNA A~p [37], 
whereas their 3'-terminal sequences are identical to that of the parental infectious 
viral RNA. This tRNA species might serve as a primer for vRNA synthesis, but 
be normally removed at the end of polymerization. 

Coronavirus RNA polymerase family 

Coronaviruses contain a single molecule of large RNA (more than 20kb in 
length) of positive-polarity as the genome (Fig. 1). The expression of the viral 
genes takes place through transcription of cRNA into gene-specific subgenomic 
mRNAs. All mRNA species carry a common sequence at the 5' terminus. This 
5' coterminal structure is a transcript of the cRNA 3' terminal region. The RNA 
polymerase genes of two coronaviruses sequenced so far, avian coronavirus IBV 
(infectious bronchitis virus) and murine coronavirus (MCV) MH-A59, consists 
of two ORFs of about 12 (ORFla) and 8 (ORFlb) kb in length, encoded in 
the 5'-proximal region of vRNA [10, 11]. The complete RNA polymerase 
is formed by a translation frameshift from the 3' end of ORFla  to the 5' end of 
ORFlb  (Fig. 2). This process involves specific RNA sequence elements at the 
ORFla/ORFlb boundary, including an RNA pseudoknot, and efficient ribosome 
frameshifting takes place even in an in vitro translation'system [12]. This 
unusual expression strategy of the coronavirus RNA polymerase gene may be 
related to the generation of a mosaic molecule, with a picornavirus-like 
N-terminal region and alphavirus-like C-terminal region [45]. The complete 
translation product of 250 kDa is, however, subsequently cleaved again to yield 
28- and 220-kDa functional proteins [5]. 

Berne virus (BEV), the prototype of the Toroviridae, is similar to coro- 
naviruses in genome organization and expression mode [77]. Sequence analysis 
revealed at least five open reading frames on the BEV genome. The amino acid 
sequence identity between BE¥ and IBV/MHV is the highest in the RNA 
polymerase gene. The RNA polymerase gene is again split into two ORFs 
(ORFla and ORFlb) which overlap by 12 nucleotides, indicating that the RNA 
polymerase protein is translated by ribosomal frameshifting. In contrast to 
coronaviruses, however, the BEV mRNAs are 3' coterminal but no common 
leader sequence has been detected at their 5' end. 

RNA polymerases of plus-strand plant viruses 

The vast majority of plant viruses (about 70~o) are plus-strand RNA viruses, 
which can be broadly divided on the basis of RNA polymerase structure into 
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picornavirus-like and alphavirus-like groups [21]. The hypothesis that an 
RNA-dependent RNA polymerase present in uninfected plant cells is activated 
by virus infection and is used for virus replication, was disproved by the finding 
of RNA polymerase genes in the viral genomes (for reviews see [18, 663). 
Isolation and characterization of viral RNA polymerases from infected cells, 
however, have been hindered by two factors: first, the presence of an inducible 
host RNA-dependent RNA polymerase activity; second, the low extractability of 
active RNA polymerases from cellular membranes and their tight association 
with endogenous RNA templates. 

Tripartite virus RNA polymerase family 

The viral RNA synthesis observed in cell extracts of virus-infected plants 
involves mainly elongation of preexisting nascent RNA chains. RNA-free RNA 
polymerases have so far been solubilized and partially purified from plants 
infected with several tripartite viruses including cowpea chlorotic mottle virus 
(CCMV) [53], turnip yellow mosaic tymovirus (TYMV) [56], brome mosaic 
virus (BMV) [67] and alfalfa mosaic virus (AMV) [69]. These enzymes are, 
however, able to catalyze only vRNA-directed cRNA synthesis (the first-step 
reaction of RNA replication), although the initiation of RNA synthesis depends 
upon the addition of exogenous vRNA templates. Complete replication in vitro, 
i.e., the synthesis not only of minus-strand cRNA but also of plus-strand vRNA, 
has been successfully achieved only in the case of RNA polymerase prepared 
from cucumber mosaic virus (CMV)-infected tobacco leaves [303. None of these 
enzymes were, however, pure enough to relate the observed functional difference 
between different enzyme preparations to any structural difference. 

RNA polymerases of tripartite viruses contain two viral proteins, which are 
encoded in two large vRNA segments. The RNA polymerase prepared from 
BMV-infected cells, however, contained up to 12 polypeptides, among which two 
polypeptides corresponded to virus-encoded non-structural proteins, la (the 
RNA I gene product) and 2a (the RNA 2 gene product) [67]. RNA polymerases 
encoded by two other tripartite viruses, CCMV and AMV, also contain two 
gene products: proteins la and 2a (CCMV); and P1 and P2 (AMV), respectively. 
Sequence comparisons indicate that the RNA 1 product corresponds to the 
NS1 and NS2 proteins of alphaviruses, while the RNA 2 protein corresponds to 
NS4 [31 (Fig. 2). The conserved structural domains for NTP-binding/helicase 
activities are located in the former, while the GDD motif is present in the latter 
[23, confirming the requirement of both components for the RNA polymerase 
functions. The RNA 1 protein also carries a sequence similar to atphavirus NS 1 
with the motifs for RNA capping functions. A novel approach has been 
developed recently for the identification of viral proteins involved in transcription 
and replication: complementation of a defective virus could be achieved by 
heterologous expression of viral RNA polymerase proteins in transgenic plants 
for BMV [54] and AMV [84]. 

Besides the two viral coded subunits, several host proteins seem to be asso- 
ciated with transcription/replication complexes. A cellular protein of 50 kDa 
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copurifies along the CMV RNA polymerase [30] and loss of this 50 kDa host 
factor always correlates with loss of the CMV RNA polymerase activity. The 3' 
regions of some plant virus RNAs can be folded to form tRNA-like structures 
which can be aminoacylated by cellular enzymes, and thus any host protein 
interacting with aminoacyl-tRNA may also bind to aminoacylable viral RNAs. 
In fact, an affinity-purified 41 kDa protein on BMV 2a protein-column, with 
stimulation activity of the BMV RNA polymerase, was recently identified as 
translation elongation factor eIF3 [68]. The successful propagation of a 
BMV-derived replicon, established in the yeast S. cerevisiae by expressing the 
BMV RNA polymerase proteins [40], indicates that any host factor necessary 
for viral RNA replication must be conserved in evolution. On the other hand, 
the similarity of the cis-acting sequence at the 5' termini of BMV RNAs with 
the internal control region of tRNAs raises the possibility that a host RNA 
polymerase III transcription factor could be the trans-acting factor binding this 
BMV sequence [49]. 

Mono- and bipartite virus RNA polymerase family 

In the mono- and bipartite virus genomes, the.gene for RNA polymerase is 
encoded in a single RNA molecule. For instance, monopartite tobamoviruses 
contain a single large RNA molecule as their genome, from which two 
translation products with the RNA polymerase motifs are formed. In the case 
of tobacco mosaic virus (TMV), a 126 kDa polypeptide is translated from the 
vRNA 5'-terminus, while a 183 kDa polypeptide is produced by read-through 
of the translation termination codon of the 126 kDa protein. The NTP-binding 
site is located in the 126 kDa protein, but the GDD motif is present only in the 
C-terminal region of 183 kDa read-through protein (Fig. 2). In agreement with 
the sequence analysis, photoaffinity labeling experiments indicated that nucleoside 
triphosphates can be cross-linked to p126 [24]. A methyltransferase activity was 
also detected in this polypeptide [23]. Membrane-associated transcription/ 
replication complexes contain both p126 and p183 [90]. The putative RNA 
polymerase gene of the monopartite tymovirus TYMV is first translated into a 
206 kDa polyprotein, which is then processed into three fragments, an N- 
terminal 120 kDa protein with the methyltransferase domain, a 30 kDa protein 
with the helicase motif, and a C-terminal 78 kDa protein with the GDD motif. 

Several lines of evidence support the involvement of host factors in the 
functions of this group RNA polymerases. For example, molecular interaction 
between TMV RNA polymerase and a host protein encoded by the tomato 
resistance gene Tml has been suggested, because resistance-breaking mutations 
maps to p126 [52]. 

In the case of dipartite cowpea mosaic virus (CPMV), vRNA segment 1 is 
translated to yield a polyprotein of 200 kDa, which is then processed into a 
58 kDa putative helicase, a 4 kDa VPg and a C-terminal 110 kDa protein with 
the GDD motif [22] (Fig. 2). The 110 kDa protein produced using a baculovirus 
expression system is, however, inactive in RNA synthesis [83]. In virus-infected 
cells, the 110 kDa RNA polymerase is further processed into the 87 kDa form. 
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Fig. 2. Viral RNA-dependent RNA polymerases. Viral proteins involved in RNA replication 
are aligned from N to C terminal direction as to match the GDD core motif (marked by 
star). The numbers shown at the C termini represent the total length (in amino acid residues). 
In the case of plus-strand virus RNA polymerases, the GDD motif is located in the 
C-terminal region, while that is located in the middle of RNA polymerase from minus-strand 
viruses. MS2 Phage MS2; Q~ phage Q~; POL polio virus; F M D  foot-and-mouth disease 
virus; Y F V  yellow fever virus; JEVJapanese  encephalitis virus; SND Sindbis virus; S F V  
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At present, it is not known which is the functional form for transcription and 
replication. As in the case of animal picornaviruses, the replication complexes 
are tightly associated with the infected cell membranes and the synthesis of 
VPg-linked RNA is coupled with the polyprotein processing [85]. According to 
the picornavirus model, a host factor such as uridyltransferase would also be 
necessary for formation of primers for RNA synthesis. 

RNA polymerases of double-strand RNA viruses 

A small number of bacterial, animal and plant viruses carry double-stranded 
RNA as their genome. A feature in common to all double-strand RNA viruses 
is a virion-associated RNA polymerase activity, indicating that viral proteins 
can not be expressed directly from double-strand vRNAs. The RNA polymerase 
sequences of double-strand RNA viruses are, however, close to those of 
plus-strand viruses. 

RNA polymerases of double-strand RNA phages 

Phage +6 is an enveloped phage carrying three double-strand RNA segments 
as its genome. It infects a number of phytopathogenic Pseudomonas strains. 
During phage maturation, the genome RNA segments are packaged into pre- 
formed empty particles (or procapsids) consisting of four early viral proteins, 
P1, P2, P4 and P7. The RNA-filled procapsids, which have RNA polymerase 
activity, are then coated with a shell of the viral protein PS, to form the 
nucleocapsids, and concomitantly the RNA polymerase activity is shut off. 
Uncoating of the nucleocapsids is an essential step in the initial stage of phage 
infection for the expression of the virion-associated polymerase activity [59]. 
Transcription of ~6 dsRNA resembles DNA replication, as being semiconser- 
vative and in sharp contrast to the conservative transcription mode of reo- and 
rotaviral double-strand RNA (see below). 

Protein P2 has some sequence similarity to other viral RNA polymerases. It 
is present in about 10 to 20 molecules per virion, thus 3 to 7 molecules for each 
RNA segment. This protein is necessary not only for RNA synthesis but also for 
packaging of the genome RNA. One possible explanation is that P2 forms 
complexes with newly synthesized plus-strand copies as an assembly core, to 
which other capsid proteins associate to form nucleocapsid cores [27]. The 
synthesis of minus-strand copies may then take place, forming dsRNA, prior to 
association of the P8 shell. In any case, the P2 protein has dual functions as the 
catalytic unit for RNA polymerization and the nucleation core for virus 
assembly. 

RNA polymerases of double-strand animal RNA viruses 

Three genera of the Reoviridae infect animals, and three genera infect insects and 
plants. Reoviruses lack an envelope, but instead have an outer capsid composed 
of hexagonal and pentagonal arrangements of protein subunits. The double- 
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strand RNA genomes of all these genera are divided into ten or more segments. 
Transcription of the double-strand RNAs is catalyzed by a virion-associated 
RNA polymerase, expressing its intrinsic enzyme activity only after infection 
[37]. At early stages of infection, transcription is asymmetric, i.e., only plus- 
strand RNA is synthesized, and conservative, i.e., the newly synthesized RNA is 
released without strand separation of the template duplex. The synthesis of 
progeny double-strand RNA occurs through transcription of the newly synthes- 
ized plus-strand RNA as template. This conservative mechanism of double- 
strand RNA replication is completely different from the semiconservative repli- 
cation mode of phage qb6 RNA. 

Either heat shock treatment or partial protease digestion allows the virion- 
associated RNA polymerase to express in vitro its enzymatic activities. K ÷ 
triggers this switch-on of RNA polymerase functions, while Na + antagonizes 
it; divalent cations modulate the process. During activation of the core- 
associated RNA polymerase, outer capsid proteins are removed. The RNA 
polymerase activity disappears when virions are completely disrupted. The 
isolated inner core containing all RNA segments is inactive, suggesting that the 
RNA polymerase is located inside the core shell and is disassembled after 
removal of the outer shell. Thus, it has been difficult to isolate the RNA 
polymerase in an active form [37]. 

Bovine rotavirus RNA segment 1 encodes VP1 of 1088 amino acid residues, 
which carries the conserved sequences of RNA-dependent RNA polymerase 
[15], but VP2 encoded by RNA segment 2 is also an essential component of 
RNA polymerase [48]. VP2 of infectious bursal disease virus (IBDV) carries 
guanyltransferase and methyl transferase activities [78]. 

RNA polymerases of double-strand plant RNA viruses 

As in the case of animal viruses, RNA polymerase activity has been found 
associated with purified particles of Phytoreoviruses [47, 50], Fijiviruses and 
Cryptoviruses [1, 9, 51]. Enzymes involved in RNA cap formation such as 
methyltransferase are also associated with double-strand RNA viruses [71]. 
Addition of the methyl donor, S-adenosylmethionine, stimulates transcription 
in vitro, indicating that the reactions of cap formation and RNA synthesis are 
coupled. 

Since the 5' and 3' terminal sequences are conserved between RNA segments 
of Phytoreoviruses and exhibit some complementarity, they may function as 
both promoter and origin for transcription and replication, respectively, by the 
same RNA polymerase. Analysis of these cis-acting signals by site-directed 
mutagenesis is, however, precluded by the lack of a reconstituted in vitro system. 

RNA polymerases of minus-strand RNA viruses 

In this group of single-strand RNA viruses, the presence of RNA polymerase in 
virions is mandatory to initiate infection, since their RNA genomes are in the 
anti-sense form, and the genomic RNA cannot serve as mRNA for translation. 
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Thus, the naked vRNA alone is insufficient to initiate an infection. One of the 
unique characteristics of the RNA polymerase of negative-strand RNA viruses 
is that it transcribes the RNA genome only in assembled nucleocapsid form. 
Negative-strand animal RNA viruses fall into two major groups, one carrying 
the non-segmented RNA genomes and the other containing segmented RNA 
genomes. Up to the present time, the RNA polymerase has been purified from 
vesicular stomatitis virus (VSV) of non-segmented animal RNA viruses and 
influenza virus of segmented animal RNA viruses. 

RNA polymerases of minus-strand animal RNA viruses 

Rhabdovirus RNA polymerase family 

Most of the information on transcription and replication of non-segmented 
viruses has come from studies with VSV, the prototype virus of the Rhabdoviridae. 
The genome of VSV is a linear single-strand RNA of about 11.2 kb (Fig. 1). The 
ribonucleoprotein (RNP) core contains the genome RNA, which is tightly bound 
with nucleocapsid protein (NP), and two other minor proteins, L (RNA 
polymerase J3 subunit) and NS (~ subunit). Both L and NS are individually 
inactive, but when combined, they regain the activity of N-vRNA complex- 
dependent RNA synthesis, indicating that both L and NS are essential subunits 
of the VSV RNA polymerase holoenzyme (reviewed in [37]). 

The VSV genome contains, reading from the 3' to the 5' terminus, a leader 
sequence, five genes in the order N-NS-M-G-L, and the 5' untranslated trailer. 
Using purified virions, five monocistronic mRNAs are synthesized in vitro in a 
sequential fashion, due to obligatory entry of the RNA polymerase at the 
promoter located at the 3' end of the vRNA. Two contradictory mechanisms of 
transcription have been proposed [37]: either the five genes are transcribed into 
a single polycistronic transcript, which is later processed to monocistronic RNA 
("RNA processing model"); or transcription is initiated at the beginning of each 
gene and terminated at its end ("termination and reinitiation model"). Trans- 
cription initiated from the template 3' terminus is attenuated at the end of the 
leader sequence, releasing short leader RNA; concurrent encapsidation of these 
nascent RNAs by the NP protein affects the level of read-through beyond this 
point. In this connection, it is interesting that the host protein La, a component 
of ribonucleoprotein complexes made from RNA polymerase III transcripts, 
specifically binds to this VSV leader RNA [87]. 

The product RNAs of in vitro transcription are capped and polyadenylated. 
Hence, purified VSV virions contain enzyme systems for RNA modification. 
The RNA modification activities are associated with the RNA polymerase 
holoenzyme (NS-L or ~[3 complex). The L protein is multifunctional: the catalytic 
site for RNA polymerization is located on the L protein [60], and thus the 
L protein is involved in both transcription and replication; the site on L for 
polyadenylation is, however, different from the catalytic site for RNA polymeriz- 
ation [-34], and the site involved in cap formation is also different from the site 
for RNA synthesis. In addition, the L protein carries a protein kinase activity 
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for phosphorylation of the NS protein [75]. Protein phosphorylation controls 
not only RNA synthesis but also virus uncoating [88]. Since an otigopeptide 
with the same amino acid sequence as the C-terminal proximal region of NS 
interferes with transcriptase activity of the L protein [89], the C-terminal 
domain of NS may be involved in protein-protein contact with L. Expression of 
the cDNA clones for both L and NS [76] will enable detailed mapping of the 
functional sites on these RNA polymerase subunits. 

An alternative function of the RNA polymerase is the synthesis of full-length 
cRNA, which serves as the template for vRNA synthesis. The virus infection 
cycle involves a balance between the two functions of the RNA polymerase, 
transcription and replication. Several different mechanisms have been proposed 
for the switching of RNA polymerase from transcription to replication [37]. The 
N protein is needed for vRNA to function as the template for RNA synthesis; 
in addition, excess N associates with nascent RNA products and the formation 
of N-RNA complexes prevents transcription attenuation, allowing to produce 
the genome-size read-through cRNA. The NS protein also plays a role in the 
switching control, because the NS protein interacts not only with L but also 
with NP. NS is an exceptional protein as to the extent of its pi~osphorylation: 
there are, in all, 33 potential sites of phosphorylation, 12 threonine and 21 serine 
residues, which mostly reside in the N-terminal proximal region. The L-NS 
interaction is controlled by the level of NS phosphorylation. A heavily phos- 
phorylated and extremely acidic N-terminal domain constitutes a novel struc- 
ture that resembles the phosphate backbone of RNA, to which NP binds tightly. 
The formation of NS-NP complexes prevents self-aggregation of free NP. 
Furthermore, NS displaces RNA-bound NP in a localized manner, thereby 
allowing the RNA polymerase to gain access to the template RNA. 

Paramyxovirus infections share many characteristics with those of rhab- 
doviruses. The RNP cores contain one molecule of non-segmented vRNA, 
approximately 2500 molecules of NP, 100 300 molecules of P (equivalent to 
VSV NS) with a molecular weight of 50 55 kDa, and 50-100 molecules of L 
protein with a molecular weight of about 200 kDa. The functional RNA 
polymerase is composed of L(~) and P(0t) proteins [37]. The addition of cellular 
factors stimulate transcription in vitro by detergent-treated paramyxovirus 
virions or RNP cores isolated from virus particles. Tubulin is a host factor for 
the RNA polymerase activity associated with VSV and HVJ (Sendai virus). On 
the other hand, microtubule-associated proteins (MAPs) stimulates in vitro 
RNA synthesis by HVJ (or Sendai virus). The synthesis and assembly of RNP 
cores in infected cells take place in association with the cellular cytoskeletal 
framework. 

Orthomyxovirus RNA polymerase family 

The genome of influenza virus is composed of one molecule each of eight (A and 
B type viruses) or 7 (C type virus) RNA segments of negative polarity (Fig. 1). 
In the early stages of virus infection, two types of vRNA copy are produced: 
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mRNA with a 5'-cap and 3'-poly(A) tail and full-length cRNA without cap 
structure and poly(A) tail. At late stages, however, progeny vRNA is synthesized 
by copying cRNA. The growth of influenza virus is unique because continued 
synthesis of host cell nuclear RNA is required for viral transcription to occur, 
as RNA molecules synthesized by RNA polymerase II are used as primers for 
primary transcription of influenza virus [37]. The first step in capped RNA- 
primed transcription is the cleavage of existing capped RNA by a "capped 
RNA endonuclease" associated with influenza viral RNA polymerase. Viral 
RNA polymerase recognizes the cap-t structure at the RNA 5'-end, measures a 
distance of 10-11 nucleotides from the cap structure, and cleaves next to purine 
bases or prior to either A or U residues. Transcription of viral genome RNAs is 
initiated using the resulting capped oligonucleotides as primers. This unusual 
"cap snatching mechanism" of transcription is employed by other enveloped 
segmented minus-strand RNA viruses and ambisense RNA viruses such as 
bunyaviruses and arenaviruses. Besides its priming function for viral transcrip- 
tion, the cap-t structure acts as an allosteric effector for activation of virion- 
associated RNA polymerase. 

Virion-associated RNA polymerase catalyzes only mRNA synthesis [58]. 
Isolated RNP cores with RNA-synthesizing activity contain four virus-specific 
proteins: NP, which represents over 95~o of the total core proteins, and three P 
proteins, i.e., two basic, PB 1 and PB2, and one acidic PA protein. The cleavage 
of capped RNA, primer-dependent initiation of RNA synthesis, elongation of 
RNA chains, and termination and polyadenylation of the transcripts are all 
carried out by these complexes. Moreover, the influenza virus RNA potymerase 
is capable of replacing bases at the growing ends of nascent RNA molecules 
[36]. Such apparent proof-reading function has never been observed for any 
RNA polymerases. 

Centrifugation of RNP cores in CsC1 leads to dissociation of NP, leaving 
the P proteins bound to vRNA [33]. The isolated RNA-P protein complexes 
devoid of NP are active in the synthesis of short RNA chains, but further 
elongation of RNA chains requires the presence of NP [32]. The dissociation of 
P proteins can be achieved by centrifugation in CsTFA. The solubilized RNA 
polymerase is composed of each one of the three P proteins [33] and exhibits 
RNA synthesis activity dependent on exogenously added templates [62]. Clear 
evidence for the requirement of all three P proteins for enzymatic activity was 
given by enzyme reconstitution experiments using individual P proteins, which 
were isolated from virions by SDS-gel electrophoresis followed by thioredoxin 
renaturation [81] or purified from insect cells expressing cDNA for each P 
protein carried on baculovirus vectors [43]. 

Chemical cross-linking experiments have been carried out to identify the 
functional sites. For example, pyridoxat 5'-phosphate (PLP) was cross-linked to 
PB1, indicating that PB1 has a nucleotide-binding site [72]. Genetic analyses 
indicate that PBt plays a major role in RNA synthesis, while PB2 is involved 
in endonucleolytic cleavage of capped RNA. Mutations in the RNA polymerase 
genes affect virus growth markedly. Hence, the growth attenuation of cold- 
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adapted influenza viruses carry mutations in one of the P protein genes. 
Likewise, the attenuation of avian influenza viruses in humans is due to the 
reassortment of one of the genes encoding either RNA polymerase subunits 
or NP. 

RNA polymerases of minus-strand plant RNA viruses 

Virion-associated RNA-dependent RNA polymerase activity has been found in 
plant rhabdoviruses. In the case of wheat rosette stunt virus (WRSV) [80], both 
detergent-treated virions and isolated nucleocapsids exhibit RNA polymerase 
activity. Like animal rhabdoviruses, the enzyme activity can be regained upon 
mixing of L and NS proteins and using N-associated RNA template. 

Products synthesized in vitro by the virion-associated RNA polymerase of 
plant rhabdoviruses contain genome-length and single-strand cRNA, indicat- 
ing that the RNA polymerase acts not only as transcriptase but also as replicase. 

RNA polymerases of ambisense RNA viruses 

Sequence analysis of RNA virus genomes revealed that a group of viruses 
previously recognized as minus-strand viruses form a different class, ambisense 
viruses, including viruses belonging animal bunyaviruses and arenaviruses, and 
plant bunyaviruses and tenuiviruses. The strategy of gene expression of 
ambisense viruses is completely different from that of minus-strand viruses as 
both genome (vRNA) and anti-genome (cRNA) code for specific viral proteins. 

RNA polymerases of ambisense animal RNA viruses 

Viruses belonging to the Bunyaviridae, the largest family of animal RNA viruses, 
contain three RNA segments, L, M and S, in their genome. As also noted for the 
negative-strand viruses, the 3'- and 5'-terminal sequences of the three RNA 
segments show sequence homology of between 11 to 13 nucleotides, and are 
complementary to each other, allowing the formation of panhandle structures. 
RNA polymerase is found associated with virus particles. As in the case of 
influenza virus transcription, the bunyaviruses employ a cap-snatch mechanism 
for transcription initiation. These observations altogether indicated that 
bunyaviruses could be at least negative-strand viruses. 

Sequence analysis of the S segment of Punta Toro virus, however, indicated 
that the 5'-proximal half of S-vRNA codes for a non-structural protein NSs, 
although the 5'-proximal half of S-cRNA (antigenome RNA) encodes N protein. 
This type of RNA was proposed to be designated as "ambisense RNA", i.e., 
both vRNA and cRNA carry coding sequences (reviewed in [37]). Such an 
ambisense coding strategy was later identified in Pichinde virus, a member of 
the Arenaviridae. The virus-associated RNA polymerase is responsible for tran- 
scription of vRNA to allow expression of cRNA-encoded NSs at early stages of 
infection. Like the influenza virus RNA polymerase, the RNA polymerase 
associated with La Crosse virus, a bunyavirus, carries the activities not only of 
primer-dependent RNA synthesis but also of capped RNA endonuclease. The 
RNA polymerase has been isolated from none of animal bunyaviruses. 
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RNA polymerases of ambisense plant RNA viruses 

The plant bunyavirus, tomato spotted wilt virus (TSWV), and tenuiviruses, such 
as rice stripe virus (RSV) and rice grassy stunt virus (RGSV), carry single-strand 
ambisense RNAs as their genomes (Fig. 1). In the case of RSV, for example, at 
least three out of four RNA segments appear to use an ambisense coding strategy 
[82]. Expression of the putative open reading frames on both vRNA and cRNA 
strands has been demonstrated using in vitro translation systems [29]. 

As with animal ambisense viruses, an RNA polymerase activity is associated 
with purified virions of tenuiviruses. The only RNA polymerase gene so far 
sequenced is that of TSWV [20]. Barbier et al. [6] isolated the RNA polymerase 
activity by CsC1 centrifugation of purified RSV virions. The active fraction 
contained two viral structural proteins, a 30 kDa nucleocapsid protein and a 
230 kDa putative polymerase protein. An in vitro RNA synthesis system was 
reconstituted using this RNA-free protein fraction and short model templates 
carrying the conserved 5' and 3' terminal sequences. This showed that, as in the 
case of influenza virus, a minimum promoter function resides in the panhandle 
secondary structure formed by the complementary termini cr in the 3' terminal 
sequence of 11-14 nucleotides in length. 

The mechanism and regulation of transcription/replication of ambisense 
viruses are poorly known. Several lines of evidence indicate that, for gene 
expression of an ambisense RNA, subgenomic mRNA is formed from each RNA 
strand; and full-length vRNA and genome-size cRNA are synthesized only 
during replication. During virus maturation, cRNA is also assembled, albeit with 
low efficiency into virus particles, which after extraction generates double-strand 
forms by hybridizing with vRNA. 

Molecular architecture of RNA-dependent RNA polymerases 

Amino acid sequence comparisons of viral RNA polymerases have highlighted 
conserved domains corresponding to the following three sets of functions: RNA 
polymerase functions including RNA polymerization, nucleoside triphosphate 
(NTP) binding, and template and product binding [13, 42, 45, 64], RNA helicase 
functions for unwinding intramolecular secondary structures or template- 
product intermolecular duplexes [26, 31]; and RNA capping functions including 
methyltransferase [74]. These domains are usually composed of several blocks 
of conserved structural motifs. 

The canonical GDD tripeptide originally proposed by Kamer and Argos 
[42] in the domain for RNA polymerization is now considered to be the 
hallmark of the viral RNA-dependent RNA polymerases. In many cases, the 
GDD motif is preceded by Tyr and is located within a hydrophobic amino acid 
stretch. Sequences surrounding the (Y)GDD motif show some similarity among 
each group of viruses sharing the same replication strategy. As might be expected 
from the difference in replication strategies, RNA polymerases from plus- and 
minus-strand viruses differ in their sequences even in the most conserved GDD 
motif; the consensus sequence is SDD for segmented minus-strand viruses, and 
GDN(Q) for unsegmented minus-strand viruses [64]. In contrast, double-strand 
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viruses carry conserved sequences rather similar to those of plus-strand viruses 
[13, 45]. In the case of RNA-dependent DNA polymerases (or reverse trans- 
criptases), this motif is modified to (Y)MDD. 

The RNA helicase and RNA methyltransferase domains of plus-strand 
viruses are not found in all virus families [28]. For instance, the helicase domain 
including the GKT/S motif is absent from the small genomes of plant carmo- and 
sobemoviruses; while the methyltransferase domain is a characteristic N-terminal 
component of the alphavirus RNA polymerase family, but is not required for 
RNA viruses which employ the cap-snatch mechanism for transcription 
initiation. 

Poch et al. [65] showed that the RNA polymerase domain is composed of 
4 major motifs. Motif A, DxxxxxD, is an acidic motif [corresponding to motif 1 
of Bruenn [13] and motif VI of Koonin [45]]; motif B, GxxxTxxx(N/E)(S/T), is 
the core motif for nucleotide binding [motif 2 of Bruenn and motif V of Koonin]; 
motif C, (Y)GDD, is the core motif for catalytic function [motif 3 of Bruenn and 
motif VI of Koonin]; and motif D, LKR, is a basic motif [motif 6 of Bruenn and 
motif VII of Koonin]. These motifs are often spaced regularly with more variable 
hinges, altogether forming a chain of "concatenated motifs" [65]. 

In the crystal structure of the human immunodeficiency virus type I (HIV-I) 
reverse transcriptase at 3.5A resolution, the conserved (Y)MDD motif exists on 
a ~-hairpin in the enzyme active center [44]. Inokuchi et al. (unpubl.) postulated 
that this motif is involved in metal ion binding at the catalytic site of the enzyme. 
As demonstrated for phage Q~ and poliovirus RNA polymerases, mutations in 
this motif result in significant toss of enzymatic activity [35, 38, 39]. However, 
some viral RNA polymerases carry different amino acid residues at one or two 
positions within this motif sequence: the Tyr residue in (Y)GDD motif is strictly 
conserved in picornavirus-like RNA polymerases, but is variable in alphavirus- 
like RNA polymerases. Substitution of Met for the Tyr residue in the poliovirus 
(Y)GDD motif results in a loss-of-function mutation, which can be suppressed 
by an intramolecular secondary mutation [38]. In this position, Cys is found in 
black beetle virus (BBV) and TMV; Ile is found in SND and Middleburg virus 
(MDV); Met is found in southern bean mosaic virus (SBMV); and Ser is found 
in yellow fever virus (YFV), BMV and AMV [4, 65]. In these cases, amino acid 
changes in the motif may be suppressed by secondary mutations elsewhere within 
the same molecule. 

Two well-conserved sequence motifs have been found to be associated with 
purine nucleotide triphosphate (NTP)-binding activity [25, 79], i.e., the first 
motif A (G/AXXXXGKS/T) and the second motif B (DEAD) occurring 
approximately 20 40 amino acids downstream (3') from site A. The latter site 
is believed to interact with the Mg 2+ cation of the Mg-NTP complexes for 
RNA- or DNA-dependent NTPase activity. Two superfamilies of DNA helicases 
involved in replication, recombination and DNA repair have been described 
with consensus features similar to those described here for NTP-binding 
1-26, 31]. 
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Evolution of viral RNA-dependent RNA polymerases 

Sequence comparison of viral RNA polymerases is an approach suitable for 
defining the phylogenetic relationships between RNA viruses, because all viruses 
carry the RNA polymerase gene. Rates of evolution of cellular genes average 
t0-9 substitutions per site per year. On the other hand, RNA viruses evolve at 
rates a millionfold higher than their hosts with DNA genomes [70]. Quantitative 
estimation indicates that the error frequency of poliovirus (POL) and vesicular 
stomatitis (VSV) RNA polymerase ranges from 10 _3 to 10 -4 both in vitro and 
in vivo. The rapid fixation of mutations in RNA viruses implies, for instance, 
that the similarity observed between viruses which infect insect vectors and either 
animal or plant hosts indicates that their divergence took place recently. It can 
be best explained if all of the viruses in these groups originally infected insect 
cells and subsequently evolved to infect either plants or animals. Supporting this 
prediction, plant arboviruses such as plant bunya- and tenuiviruses share regions 
of sequence similarity with insect-transmitted animal bunyaviruses, arguing for 
a common origin E20, 82]. 

Both the gene organization within viral RNA genomes and the sequence 
organization within single viral genes sometimes display mosaic structures. The 
fact that different phylogenies are obtained from the amino acid sequences of 
various viral genes indicates that virus evolution also proceeds by recombination 
of modules [21]. Recombination by means of RNA polymerase jumping or 
template switching during replication has been well documented by the RNA 
sequence analysis of DI RNAs of several viruses, including polioviruses and 
influenza viruses. 

Perspectives 

The viral RNA-dependent RNA polymerases are extraordinarily complex, 
acting as not only RNA replicase but also transcriptase, and catalyzing not only 
RNA polymerization but also RNA modifications. Sequence analysis of the genes 
coding for the RNA polymerases from various viruses indicate mosaic structures 
consisting of multiple functional domains and motifs. The domain organization 
of RNA polymerase proteins seems to correlate with the strategy of gene 
expression and replication. Research is being focussed towards two directions: 
mapping of the functional domains involved in each reaction; and searching for 
the molecular mechanisms of interconversion between replicase and transcrip- 
tase. 
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